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Effects of suspension-induced osteopenia on
the mechanical behaviour of mouse long bones
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Whereas most studies of tail-suspension induced osteopenia have utilized rat femora, the
present study investigated the effects of a 14 day tail-suspension on the mechanical behaviour
of mice femora, tibiae and humeri. Force—deflection properties were obtained via three-point
bending for long bones from suspended and contro! mice. Whole bone behaviour was
characterized by converting the force—deflection values to stiffness, strength, ductility and
energy parameters which were not normalized for specimen geometry. The effects of a
systematic variation in the deflection rate over the range 0.1-10 mmmin ! were also
evaluated. Statistical analysis indicated that the primary effect of the tail-suspension period
was lowered bone mass which was manifested mechanically through lower values of the bone
strength parameters. These effects were similar in the bones of both the fore and hind limbs.
The results also demonstrated that the stiffness, ductility and energy characteristics were much
less influenced by the tail-suspension. Whereas a significant dependence of the bone strength
values upon deflection rate was observed for the femora and humeri, the other mechanical
parameters were less sensitive. Based upon the nature of the physical and mechanical changes

observed in the long bones following tail-suspension, the mouse appears to be a suitable

animal model for the study of osteopenia.

1. Introduction
Strain generated in bones, as a result of physical
activity [1] or applied mechanical loading [2], pro-
vides a stimulus for bone growth and remodelling.
While the specific mechanism by which strain initiates
growth has not been established, the lack of strain
may account, in part, for the bone-loss characteristic
of bed-rested patients [3, 4]. The removal of normal
skeletal loading may also account for the character-
istic loss of bone mineral due to spaceflight. Space-
flight-related changes in human and animal bone
physiology are well documented and are generally
described as microgravity-induced osteopenia [5-8].
Spaceflight can produce significant calcaneus mineral
density loss in humans [5] and can affect trabecular
bone formation [6] and remodelling [7] as well as
periosteal bone formation [8] in rats. In addition to
these physiological changes, recent work shows that
certain mechanical properties of growing rat bone are
adversely affected by spaceflight [9, 10]. For example,
Shaw et al. [9] reported that a 1 week spaceflight
reduced bending stiffness and strength in the tibiae
and humeri, while Spengler et al. [10] demonstrated
that an 18.5 day flight produced a decrease in the
torsional stiffness and ultimate torque of rat femora.
Because access to spaceflight is still rather limited,
experimental protocols utilizing a variety of hindlimb
suspension techniques have been developed to simu-
late the effects of the microgravity environment during
spaceflight. Based upon a comparison of back-suspen-
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sion and tail-suspension results, tail-suspension has
been justified by Wronski and Morey—Holton [11] as
an appropriate model for the study of simulated
weightlessness. Investigations of the effects of tail-
suspension in rats show changes in osteoblastic activ-
ity [12] and histogenesis [13] as well as detrimental
effects on femoral mechanical properties [14-16].
Turner and Bell [17] demonstrated similar effects in
denervation models for hindlimb disuse. Whereas al-
most all of the tail-suspension studies described in the
literature have focused on growing rats, preliminary
results show that 2 week tail-suspension of growing
mice also induces degenerative bone changes [18].
These adverse effects include lower bone mass and a
general decrease in stiffness and strength parameters.
Moreover, Fowler et al. [19] and Haida et al. [20]
demonstrated that tail-suspension adversely influen-
ces mouse skeletal muscle integrity. These studies
suggest that mice may be a viable alternative model to
tail-suspended rats.

The overall mechanical behaviour of bone can be
quantitatively determined by the relationship between
the applied load and the resulting deformation. This
relationship governs the structural behaviour of whole
bone and reflects the material property distribution
within the bone as well as the bone geometry [21].
Of the many techniques available to characterize the
mechanical behaviour of long bone, the determination
of properties in flexure via three- or four-point bend-
ing to break is often utilized due to the relative
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simplicity of the procedure. Corrections for the cross-
sectional area at the break to convert load—deflection
to stress-strain values may not improve the degree of
precision obtained in such work because geometry at
the break may not correlate with that elsewhere along
the length of the bone [22]. In general, analysis of
bone elastic properties is complicated by the hetero-
geneous distribution of material and asymmetric geo-
metry exhibited by most long bones [21]. Further
difficulties can arise from the consistent difference in
porosity with respect to location along the longitud-
inal axis of the bone [23]. Hence, as indicated by Kusy
et al. [22], the use of non-normalized load-deflection
data obtained from simple bending and the directly
derived stiffness, strength, ductility and energy para-
meters, may provide the most representative assess-
ment of whole bone properties.

Because bone is a viscoelastic material [24], higher
values of the strength parameters would generally be
expected with increasing strain rates. Based upon the
range of deflection rates for long bone flexure tests
reported in the literature, there does not appear to be a
generally agreed upon standard rate. For example, in
two recent studies involving rat femora, deflection
rates of 1.8 mmmin ! [25] and 51 mmmin~! [16]
were utilized, corresponding to strain rates of approx-
imately 0.01 and 0.1 sec™?, respectively. These strain
rates may have been chosen due to their similarity
to reported in vivo rates [26, 27]. Because of the
generally observed dependence of force—deflection
values on deflection rate, it is appropriate to consider
the specific nature of this dependence.

The overall objective of this study was to examine
comprehensively the effects of tail-suspension on the
mechanical properties of mouse femora, tibiae and
humeri via three-point bending. These effects are
evaluated in comparison to the mechanical properties
of non-suspended control mice. The dependence of
load—deflection derived mechanical property values
upon a systematic variation in the deformation rate is
also evaluated.

2. Materials and methods
A total of 18 growing (52 day) female mice (HS strain)
were randomly assigned to equally sized suspended (S)
and control (C) groups [28]. The S mice were housed
in cages identical to those used for the control mice,
except that in the case of the former group, suspension
wires were strung lengthwise across the tops of the
cages. These mice were equipped with a dowel/swivel
suspension apparatus attached to the tails with
hypoallergenic and duct tape such that the angle of
suspension was 30°. Mice could move about the floor
of the cage freely through the use of their fore limbs.
The weights of the mice were recorded at the be-
ginning and end of a 2 week experimental period as
pre-weight (pre-wt), post-weight (post-wt) and weight
loss {wt-loss). Both the C and S mice were an average
of 52 days old at the beginning of the experiment, and
they were sacrificed over a period of 10 days to allow
for mechanical testing without freezing of the bones.
Mice matched for age were sacrificed from each group.
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The mice were closely monitored, and the suspended
mice were weighed 5 times per week. The weighing
procedure resulted in only 10-20 sec non-suspension per
weighing. The weight of the suspension apparatus was
subtracted to determine the day to day weights of the
suspended mice. The mice were sacrificed by cervical
dislocation following treatment (LP., 90 mgkg™!)
with sodium pentobarbital and loss of the corneal
reflex.

Following sacrifice, both femora, tibiae and humeri
were removed from each mouse. The mice were sacri-
ficed one at a time, and the bones were stored in saline
{0.15~, 24°C) while the other bones were removed.
These bones were cleaned, weighed (wet weight (wet-
wt)), measured (length) and mechanically tested within
1 h of their removal. For the mechanical testing, the
bones were carefully positioned on a custom-designed
anvil with 2 mm diameter supports and an effective
span of 8 mm. The femora and humeri were placed
flexure side up, while the tibiae, due to bone geometry
and their attachment to the fibulae, were oriented at
90° to the flexure side up arrangement used for the
femora and humeri. The femora, with their character-
istic elliptical cross-sections, were then loaded parallel
to the minor axis midway between the supports with a
2 mm diameter load fixture. A similar procedure was
utilized for the tibiae and the humeri although geo-
metric considerations prevented such clear definition
of axes. The three-point bending was continued
through specimen fracture in an Instron model 1331
servohydraulic testing system. The diameters perpen-
dicular and parallel to flexure (d; and d,) at the
fracture site were then measured.

The 18 femora, tibiae and humeri derived from the S
and C groups were subdivided into three groups of six
each that were tested at deflection rates of 10, | and
0.1 mm min~?, respectively. Thus, the six groups that
were evaluated in these experiments were identified
as S10, S1, 80.1, C10, C1 and C0.1. The entire testing
procedure took less than 5 min for 0.1 mmmin ™" tests
and approximately 1 min for the 1 and 10 mmmin~!
tests so that the maximum amount of water lost
during the testing was measured to be less than
~6 wt % (Fig. 1). These small weight losses were not
considered to have had a major influence on the
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Figure 1 Loss of weight from wet femora (2), tibiae (2) and humeri
{2} as a function of exposure to ambient air at 24°C. Asymptotic
weight loss reaches 34% (average for the 6 bones) at 240 min.



measured mechanical behaviour [29]. The breaking
curves were digitally sampled at 100, 10 and 1 Hz
for the respective deflection rates of 10, 1, and
0. mm min~"' and stored for later data analysis. The
bones were then dried (75°C) for 24 h and weighed
(dry-wt). The ratio of (wet-wt — dry-wt)/wet-wt ex-
pressed as a per cent (% Por) was computed as an
indicator of whole-bone porosity [30] while the differ-
ence between wet-wt and dry-wt represented the water
content of the wet bone.

The force—deflection curves were subsequently pro-
cessed by a BASIC routine that incorporated a correc-
tion for machine deflection [31] and smoothed the
discretized nature of the digital data. Mechanical
measurements were determined with this routine. The
elastic protion of the force—deflection curve was fit
with a linear regression line, and the remainder of the
curve was fit with a cubic spline. The mechanical
measurements obtained with the routine were within
2% of hand-made measurements (36 comparisons,
12 for each bone). In view of the non-uniform bone
geometry [25], the force—deflection data were evalu-
ated in terms of mechanical parameters not normal-
ized with respect to the original physical dimensions.
Stiffness {S) was defined as the slope of the linear or
elastic region of the P-8 curve. Forces corresponding
to the elastic limit (P,), the maximum strength (P, ) and
the fracture strength (P;) also were determined from
the curves. Corresponding deflection values at the
elastic limit (3,), maximum load (8,,) and fracture (3;)
were calculated. In addition, values of elastic energy
or resilience (Ag), energy to maximum load (4,,) and
energy to fracture (A4;) were calculated with regard to
the respective areas under the curve. These mechanical
parameters are defined in terms of the representative
P-§ curve shown in Fig. 2. While strength, ductility
and energy parameters corresponding to the fracture
point were included to facilitate comparison among
the suspended, control and deflection rate groups,
such values beyond the maximum load have little
physical significance with respect to the normal load-
carrying capabilities of the bone.

The body and bone weight, weight ratio, length and
diameter data were compared with a two-tailed ¢ test
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Figure 2 Representative force-deflection curve obtained during a
three-point bend test of mouse femur at a deflection rate of
I mmmin~". Superposed are definitions of the mechanical para-
meters utilized in this study. Energy parameters Ay, A,,, and A;
correspond to curve areas I, [ + 11 and I + H + III, respectively.

TABLE 1 Physical characteristics of suspended and control
groups. The data are presented as mean + s..

Parameter Suspended mice Control mice
Pre-wt (g) 21.8 +19 217 +1.7
Post-wt (g) 20.1 4+ 048° 233 +22
Loss 1.7 + 1.3 — 17 +06
Femora

Wet-wt (mg) 52,6 +3.1° 590 +44
Dry-wt (mg) 324 +2.6° 382 +31
% Por 384 +2.17 352 +1.0
Length (mm) 13.76 + 0.35 1391 + 0.36
d, (mm) 1.42 4- 0.07 1.48 + 0.10
d, (mm) 1.02 4 0.04° 1.05 + 0.04
Tibiae

Wet-wt (mg) 426 +2.7° 467 +2.7
Dry-wt (mg) 288 +1.9¢ 323 +22
% Por 323 +1.7 310 +£1.2
Length (mm) 16.52 + 0.27* 16.82 + 0.29
d, (mm) 0.97 + 0.06 0.99 + 0.05
d, (mm) 0.89 + 0.06* 0.98 + 0.04
Humeri

Wet-wt (mg) 257 +16* 2719 +£20
Dry-wt (mg) 16.6 +1.2¢ 185 +13
% Por 352 +1.5° 335 +13
Length (mm) 11,18 + 0.18 11.33 + 0.25
d, (mm) 094 + 0.05 0.94 + 0.04
d, (mm) 1.25 4+ 0.09 1.30 £+ 0.07

# Significantly different from control mice (p < 0.05).

in which average values for the two femora, tibiae and
humeri of each mouse were used. Mechanical property
data were analysed with a two-way analysis of
variance (ANOVA).

3. Results

Over the 2 week duration of the study, the tail-
suspended mice lost weight whereas control mice
gained weight (Table I). At the time of sacrifice,
body weight differences averaged approximately 14%
(p <0.001). Correspondingly, bone wet-wt averaged
8%—11% less and dry-wt averaged 10%—-15% less in
tail-suspended compared to control mice. All losses in
bone weight were significant (p < 0.05).

Only minor differences were observed in bone size
as a consequence of tail-suspension. Tibia lengths
were reduced approximately 2% and femur and tibia
diameters were reduced approximately 4% in the tail-
suspended mice. The relatively constant values of
estimated bone volume compared to the changes in
bone mass are in keeping with the measured porosity
changes (Table I). Tail-suspension resulted in 4%-9%
increase in % Por.

The mechanical tests were conducted on bones that
varied in geometry and mass. The heaviest bones were
the femora (control mean wet-wt = 59.0 mg), while the
tibiae (46.7 mg) and humeri (27.9 mg) weighed only
79% and 47% as much, respectively. The tibiae were
the longest bones (control mean length = 16.82 mm),
followed by the femora (13.91 mm) and the humeri
(11.33 mm). Thus, the femora were comparatively
thicker and shorter than the tibiae. The humeri exhib-
ited length and thickness ratios between those of the
femora and tibiae.
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TABLE II Mechanical characteristics of suspended and control groups as a function of deflection rate. The data are presented as mean

+sD.
Mechanical Suspended mice (S) Control mice (C)
parameter?®

S10° S1 S0.1 C10 Ct C0.1
Femora
S(Nmm™!) 879 +225 76.7 +19.3 762 + 158 1000 + 196 1022 + 226 899 + 8.6
P, (N)=d 119 + 24 102 + 36 97 + 29 141 + 33 143 + 1.7 97 4+ 32
P, (N)=¢ 160 + 19 146 + 26 138 + 1.8 194 + 26 178 + 14 166 + 1.8
P (N)° 137 + 35 136 + 3.1 128 + 22 193 + 26 172 + 15 165 + 1.8
8, (mm) 0.14 + 0.02 013 + 0.02 013+ 003 0.14 + 0.03 0.14 + 0.02 011+ 002
8, (mm) 028 + 0.05 0.30 + 0.08 028 + 0.04 031+ 007 030+ 0.06 030 + 0.09
8¢ (mm)° 042+ 012 041+ 0.10 0.36 + 0.07 033+ 0.07 034 + 0.06 031+ 010
Ag (mJ)3 082+ 019 0.70 + 032 0.64 + 0.29 1.02 + 035 1.02 + 015 055+ 032
Ay (m])* 2.81 4+ 0.64 283+ 095 240 + 037 394 + 1.01 370 + 1.09 A+ 117
A; (m))? 480+ 122 426 + 0.78 344 + 0.70 425+ 122 439+ 1.10 3394+ 144
Tibiae
S (Nmm~™1!) 541 + 80 510 + 65 564 + 9.1 574 + 9.1 586 + 55 56.5 +103
P, (N)y 76 + 1.1 84 + 27 63 + 12 9.1 + 12 91 + 26 83 + 04
P, (N} 99 £+ 18 102 + 22 85 + LS 11.8 &+ 24 11.7 + 24 104 + 07
P (Ny 98 + 1.8 82 + 24 83 + 15 109 + 2.1 s £ 23 93 + 12
8, (mm) 0.14 + 001 0.16 + 0.05 011 + 0.02 0.16 + 0.03 0.16 + 0.04 0.15+ 0.03
8, (mm) 021+ 004 0.24 + 0.04 0.18 + 0.04 027+ 0.06 024 + 0.06 0.21 + 0.06
8 (mm) 0214+ 004 040+ 0.24 019+ 0.05 037+ 0.17 025+ 0.06 0.24 + 0.10
Ag (ml) 0.54 + 0.08 075+ 046 037+ 011 075+ 0.19 075 + 045 062+ 0.12
Ay (mJ)= 1.19 + 0.53 1.40 & 0.50 087+ 038 1.90 + 0.70 1.64 + 0.60 1.19 + 042
A (mJ) 1.19 + 0.53 2.83 + 2.03 094 + 046 305+ 185 1.67+ 0.68 148 + 0.78
Humeri
S (Nmm~™*)° 625 + 80 576 + 70 3.7 + 55 69.8 + 73 726 +119 647 + 94
P, (N)=4 72 + 05 61 + 1.0 61 + 05 80 + 1.7 70 + 1.2 74 + 12
P, (N)>¢ 102 + 06 89 + 09 85 + 04 120 + 13 103 + 08 9.7 + 17
P (N)>¢ 84 + 1.8 76 + 24 53 + 16 103 + 1.5 90 + 14 80 + 17
8, (mm) 0124 001 011+ 0.01 011+ 001 0.11 + 0.02 0.10 & 0.02 0.114+ 002
3, (mm)? 025+ 004 020 + 0.02 022 + 0.03 024 + 0.02 021 + 0.04 019+ 0.03
& (mm) 038+ 015 0.28 + 0.06 039+ 011 032+ 0.09 028 + 0.10 0.26 + 0.05
Ag (mJy¢ 042 4+ 006 032+ 0.08 035+ 005 047+ 0.15 035+ 012 042+ 0.10
A, (mI)¢ 1.58 + 0.28 1.07 + 0.18 .10+ 020 182+ 036 133+ 032 1.09 + 034
A; (m)) 270+ 1.24 1.62 + 037 214+ 055 261+ 1.05 205+ 103 1.65+ 0.62

* The parameters correspond to stiffness (S), force (P), deflection (3) and energy (A). The subscripts e, m and f correspond to elastic, maximum
force and fracture regions, respectively. Ay refers to resilience, or elastic energy.

b Number refers to deflection rate in mm min ™.

¢ Significant dependence on mouse group (i.e. there are differences between suspended and control mice), p < 0.05.
d Significant dependence on deflection rate (i.e. there are differences between 10, 1 and 0.1 mm min~* deflected bones), p < 0.05.

The femora exhibited the largest strength and stiff-
ness values of the three bone types tested (Table 1I).
The tibiae exhibited smaller P and S values. The
humeri showed the smallest P values but an inter-
mediate level of S values. Such differences most likely
reflect, at least in part, differences in bone geometry, as
well as bone axis and flexure orientation with respect
to the loading direction.

The effects of tail-suspension are readily seen in
differences in the strength parameters P,, P, and F;.
The strength parameters were generally higher in the
control mice than the suspended mice. The elastic
limit was reduced 15%-19% for all three bone types
when tail-suspended mice were compared to controls.
Maximum strength was reduced 16%—-18% and frac-
ture strength was reduced 19%-24%. Thus, the tail-
suspension increases in % Por were matched by losses
in bone strength. For the stiffness, ductility and energy
parameters, tail-suspension generally resulted in smal-
ler differences between the control and suspended
mice. Significant reductions in stiffness were observed
in the femora and humeri but not in the inherently less
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stiff tibia. In general, similarities exist between the
physical and mechanical changes on a percentage
basis reported for rats and those obtained in the
present study (Table ITI).

Many of the strength and energy parameters exhib-
ited deflectioni-rate dependency. These dependencies
were similar in the control and suspended mice. How-
ever, the statistical significance of this dependence was
different for the three types of long bones. In the case
of the femora, P., P,,, Ay and A; all increased signific-
antly with increasing deflection rate. The overall effect
of increasing deflection rate is illustrated in the repres-
entative femoral force—deflection curves shown in
Fig. 3. These curves reflect the mean strength and
deflection values in Table II. Similar results were
observed for the humeri whereby the parameters F,,
P, P, 3, Az and A,, all increased significantly with
increasing deflection rate. In contrast, only the A,
values in the tibiae were significantly affected by the
deflection rate.

Comparison of the femora tested at 10 and
0.1 mmmin ! indicated that the strength parameters



TABLE III Effect of degenerative bone changes on physical and mechanical parameters as a result of suspension or lactation. The values
for the physical and mechanical parameters are presented in terms of per cent decrease due to suspension or lactation. The mechanical

parameters are defined as in Table II

Parameter of interest [25] [15] [16] This work
Animal rat rat rat mouse
Age (days) 36 42 120 52
Treatment time (days) 14 14 28 14
Suspension type/lactation Jactation harness tail tail
Mechanical testing®

Deflection rate (mmmin ') 10° 1.8 51 1.0
Span (mm) 19 ° 13.3 8.0
L/d ratio 4.8¢ © 4.3¢ 7.7
Physical

Body mass ¢ 459 ¢ 13.7
Bone mass 26.0 294 ¢ 15.2
Bone length © 119 ¢ 11
Mechanical

s 28.9 ¢ ¢ 250
P, ° ¢ 22.1 250
P, 292 40.9¢ 199 235
P, ° ° 20.3 209
S 79 ¢ ¢ 13
Ag © ¢ 203 314
A 39.4 ° 34.6 23.5
A, ¢ ° 34.0 30

* All tests three-point bending except [2] which was cantilever bending.

® R. P. Kusy, personal communication,
¢ Information not provided.
4 Value derived from information provided.
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Figure 3 Effect of deflection rate on the force—deflection behaviour
of mouse femora: (a) (S) tail-suspended and (b) (C) control group.
Deflection rates utilized were (M) 10 (@) 1 and (A) 0.1 mm min 1,

were an average of 26% and 15% higher at the higher
deflection rate for the control and suspended mice,
respectively. The femora energy parameters were an
average of 46% and 28% higher at the higher deflec-
tion rate for the control and suspended mice,
respectively.

In general, the observed differences between control
and suspended mice were manifested regardless of the
deflection rate utilized. Of the 30 mechanical para-
meters investigated, 10 for each bone, 13 were found to
be significantly higher in the control relative to the
suspended animals (Table II): 5 in the femora, 4 in the
tibiac and 4 in the humeri. For each of these 13
parameters, the ratios of the suspended group mean
to the control group mean were calculated for each
deflection rate (Table IV). These ratios were generally
similar for each of the three deflection rates utilized.

4. Discussion

Osteopenia in the suspended mice was reflected by
lower bone mass (Table T) and correspondingly lower
mechanical strength parameters (Table 11} compared
to control mice. A comparison of femora results to
those previously reported for rats is presented in
Table I1I in terms of percentage changes in the re-
spective physical and mechanical parameters. In gen-
eral, both physical and mechanical parameters de-
crease in the suspended and lactating animals relative
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TABLE IV Ratio of suspended group mean to control group
mean (as a percentage) for the mechanical parameters significantly
affected by suspension (Table II). The mechanical parameters are
defined as in Table II

Mechanical Deflection rate (mm min ')
parameter

10° 1 0.1
Femora
S 87.9 750 84.8
P, 84.4 713 100.0
P, 82.5 82.0 83.1
P 71.0 79.1 77.6
A, 713 76.5 77.2
Tibiae
P, 83.5 923 75.9
B, 83.9 87.2 81.7
3 89.9 713 89.2
4, 626 85.4 731
Humeri
S 89.5 79.3 83.0
P, 90.0 87.1 82.4
P, 85.0 86.4 87.6
1A 81.6 84.4 66.2

* Number refers to deflection rate in mm/min.

to the controls. A difficulty with this combined data
set is that major differences exist in the nature of the
experiments as well as the specific parameters re-
ported. For example, whereas the work of Wunder
et al. [15] involved suspension-induced osteopenia, the
data of Peng et al. [25] corresponded to lactation-
induced osteopenia. In addition, the former group
included total body mass and bone length data with
a mixed group of normalized and non-normalized
mechanical parameters whereas the latter group in-
cluded bone mass and non-normalized mechanical
properties. Despite this lack of a common data base,
the results suggest a similar overall response.
Changes in bone mechanical behaviour have been

attributed to material, structural and geometry effects
[9,10, 14, 15, 16, 32]. In the present set of experiments,
the changes in the non-normalized mechanical para-
meters induced by the suspension could have resulted
from changes in the inherent material properties of the
bone. On the other hand, such changes may have
resulted from alterations in porosity or simply due to
decreased mass. In order to evaluate the effects of
decreased mass, the mechanical parameters that show-
ed statistically significant differences (Table IT) were
normalized by the respective dry weight data (Table I)
and the results presented in Table V. The dry weight,
which includes both mineral and bone matrix weight,
was utilized because it has been strongly correlated
with ash weight in previous suspension studies
[31, 33]. Abram et al. [14] found that the ash percent-
age of bone weight was independent of suspension
periods of 0, 1, 2 and 3 weeks in rats. The dry weight
normalized results (Table V) indicate that the differen-
ces due to the suspension-induced osteopenia are
almost completely eliminated when the bone mass is
taken into account.

If the degree of whole-bone porosity is taken as the
measurement % Por, then the femora for the sus-
pended and control groups have porosity values of
38.4% and 35.2%, respectively (Table I). If the mech-
anical data of Table II are normalized with respect to
{1-% Por), then a trend similar to that observed for the
dry mass normalization is observed. Hence in the
present case, the effects of decreased mass and in-
creased porosity on the mechanical behaviour cannot
be distinguished. Although the bones recovered from
suspended mice differ from those in control mice in
terms of weight and mechanical parameters, the fun-
damental material and structural characteristics may
not differ.

Using the same procedures described above, nor-
malization of mechanical parameters by bone weight

TABLE V Dry weight normalized mechanical parameters.The data are presented as mean + s.D. The mechanical parameters are defined as

in Table I1
Mechanical Suspended mice (S) Control mice (C)
parameter

S10* S1 S0.1 C10 Cl1 Co0.1
Femora
S (Nmm~™'mg™1) 2.62 +0.54 2.37 £ 039 233 +£0.36 2.64 +0.39 2.62 + 043 238 +£0.25
P, (Nmg~')° 0.36 + 0.06 0.31 + 0.08 0.30 + 0.09 0.37 £ 0.07 037 +£0.03 0.26 + 0.09
P, (Nmg~1)° 0.48 + 0.04 045 + 0.04 0.42 + 0.04 0.51 4+ 0.03 0.46 + 001 0.44 + 0.03
B (Nmg™*y 0.41 4+ 0.09 042 4+ 0.05 0.39 + 0.05 0.51 +£0.03 0.44 + 0.02 044 4+ 0.03
& (mm mg)* 13.8 + 3.5 13.0 +23 11.7 +£22 124 +30 134 +26 120 +42
Ap (mJcg™") 0.84 + 0.02 0.88 + 0.03 0.74 + 0.01 1.04 + 0.02 0.95 + 0.02 0.81 +0.03
Tibiae
P, (Nmg™1) 0.26 + 0.03 0.29 + 0.04 022 + 004 0.28 + 0.04 0.27 4+ 0.06 0.26 + 0.02
P, (Nmg™1) 0.33 £ 0.05 0.36 4 0.06 029 +0.05 0.37 + 0.06 0.35 +0.05 0.33 +0.04
P, (Nmg™1) 0.33 +£0.05 0.29 + 0.07 0.29 + 0.05 0.34 + 0.06 035 +0.05 0.30 + 0.04
Ay (mlcg™ ) 040 + 0.17 049 4+ 0.16 0.30 +0.14 0.59 4+ 0.20 049 + 0.16 0.38 + 0.15
Humeri
S (Nmm~™'mg~?!) 3.60 + 040 3.58 + 0.47 3.24 + 049 3.78 +£ 0.38 3.83 + 046 3.56 + 0.47
P.(Nmg™!) 041 +0.03 0.38 +0.05 0.36 + 0.04 0.43 + 0.07 0.37 £ 0.05 0.40 + 0.05
P, (Nmg™1)® 0.58 + 0.02 0.55 + 0.06 0.51 +£0.02 0.65 £ 0.05 0.55 +£0.02 0.53 + 0.07
P, (Nmg~)>e 0.48 + 0.10 047 4+ 0.14 0.31 4 0.07 0.56 + 0.08 048 + 0.07 0.44 + 0.08

2 Number refers to deflection rate in mm/min.

b Significant dependence on deflection rate (i.e. there are differences between 10, 1 and 0.1 mm/min deflected bones), p < 0.05.
e Significant dependence on mouse group (i.e. there are differences between suspended and control mice), p < 0.05.
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for several rat studies indicated dependencies similar
to those reported herein for mice. Although weight
data are not available in several investigations of
mechanical behaviour [9, 14, 16], in each study where
both weight and mechanical data were presented
[15, 23, 25, 32] such normalization always decreased
the per cent differences for mechanical measurements
between groups of rats. In one case [15], such normal-
ization completely removed strength differences
between control and suspended rats.

The experimental results indicated that suspension-
induced osteopenia occurred in both the fore and hind
limbs even though complete mechanical unloading
was restricted to the hind limbs. Indeed, a statistically
significant decrease in the strength parameters occur-
red in the humeri (Table II) despite continuous use
and loading during the tail-suspension. Bikle et al.
[33] reported that growing rats (age not given) exhib-
ited similar tibia weight losses of 10.6% after 15 days
suspension but no weight loss for the humeri. If the
data of Bikle et al. [33] are characteristic, then the
effects of tail-suspension on mice and rats may signific-
antly differ. The data for the tail-suspended mice may
indicate a superposed systemic effect. The similarity of
the effects of tail-suspension on mice femora, tibiae
and humeri may indicate that either a common stress
response exists or that both the fore- and hind-limb
loading patterns are altered in tail-suspension. Where-
as results reported for mechanical changes in long
bones during spaceflight have included data from both
the tibia and humerus [9], this has not usually been
the case for tail-suspension [14-16], where data for
only the femora or the femora and tibiae have been
reported. In order to understand better the dynamics
of the induced ostecpenia, tail-suspension experiments
should be designed to evaluate both the unloaded and
loaded limbs.

The dependence of strength on strain rate has been
reported in a number of bone studies, including com-
pressive [34-36], tension [37, 38] and flexural [39]
properties. In addition, studies by McElhaney [40]
and Sedlin and Hirsch [41] demonstrated a significant
increase in the modulus of elasticity as the strain
rate was increased in compression and canti-
lever bending, respectively. However, in other studies,
lesser dependence has been demonstrated [36-38],
presumably due to differences in protocol. In general,
strength parameters have been observed to increase
monotonically as the strain rate is increased over a
few orders of magnitude to values of approximately
0.1sec™! [34, 36-40]. The specific nature of this de-
pendence is a function of variables such as bone type,
mineral content and method of loading. The strain
rates utilized in the present investigation
(1.7 x 107%-1.7 x 10”2 sec™!) are within this mono-
tonic range. In the present investigation, the strength
parameters P, B, and F; were highly sensitive to the
deflection rate used in the three-point bending test for
the femora and humeri. Although the strength para-
meters for the tibiae increased from the lowest to
highest deflection rates, the overall dependence was
not statistically significant.

The general deflection rate trend for the strength

parameters also applied to the stiffness, ductility and
energy parameters. In general, values of §, 8., o, 9,
Ag, A, and A, increased with increasing deflection
rate in all bone types for both control and suspended
mice. The range of deflection rates utilized here effect-
ively brackets many of those reported in the literature,
including those by Wunder et al. [15] for cantilever
bending and Shaw et al. [16] and Peng et al. [25]
for three-point bending. The deflection rate range of
0.1-10 mmmin~! corresponds to an approximate
strain rate range of 1.7 x 107%-1.7 x 10" 2sec™!, a
range which is likely to include in vivo strain rates [26,
27]. Given the widespread use of bone bending tests in
tail-suspension studies, the dependence of mechanical
parameters on the deflection rate may preclude direct
comparison between studies in which deflection rates
differ. On the other hand, for each of the femoral, tibial
and humeral mechanical parameters in which a stat-
istically significant tail-suspension effect could be
documented, the magnitude of the relative differences
did not appear to depend upon the deflection rate.
Although an optimal deflection rate for comparing
treatment and control groups may exist, such an
optimum was not indicated by the results of this
investigation. For the present protocol such an
optimum presumably would be bounded at low rates
by water loss considerations and at high rates by
instrument response time limitations.

Based upon the degenerative bone changes which
occurred during the 2 week tail-suspension period
used in these studies, the mouse appears to be a
suitable animal for the study of microgravity-induced
osteopenia. Despite the attention given to this phe-
nomenon, more study is required to establish clear
cause and effect relationships. For example, there is
evidence that the rat tail-suspension model is itself
not mechanistically analogous to spaceflight [42].
Toward this end, the present results may indicate a
potential advantage in the use of mice rather than rats:
given the stringent volume requirements imposed on
spaceflight experiments, the use of mice would allow
significantly more data to be obtained in the space
environment. This may allow a clearer determination
of important trends which have not been statistically
resolved due to the small sample sizes. Despite these
advantages, the relatively small size of the mouse
bones precludes length/diameter ratios as large as
~ 10 for flexural testing. Similar constraints exist for
rat femora (Table I1I). Hence, shear effects are likely
for both rat and mice bones. The presence of this shear
component will influence the absolute values of the
mechanical parameters. For example, values of modu-
lus calculated by standard flexural formulae would
underestimate the true modulus values by a maximum
of ~10% for L/D ratios similar to those of the mouse
humeri (~ 6) and =~ 20% for ratios typical of rat
femora (= 4) [43]. However, the magnitude of the
correction factor should be verified by appropriate
experimental data when possible.

5. Conclusion
The present study has established that the physical
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and mechanical behaviour of mouse long bone is
significantly affected by suspension. In general, the
bones from mice subjected to suspension had lower
mass and reduced strength properties. When normal-
ized by mass, the differences between mechanical
parameters in the suspended and control groups are
almost entirely climinated. Additional studies are re-
quired to determine to what extent geometry and
material factors contribute to this reduced mass. The
effects of a variation in the deflection rate on the
mechanical behaviour were not systematic and varied
with bone type. The femora and humeri were similar
in that increases in the deflection rate over the range
0.1-10 mmmin ! resulted in increases in the strength
and energy parameters. This dependence contrasted
with that of the tibiae in which only one of the energy
parameters was significantly affected. The overall
physical and mechanical changes which result from
tail-suspension indicate that the mouse is a suitable
animal model for the further investigation of
osteopenia.
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