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Abstract Numerous results indicate on interactions between
muscles and bones. Thus, mechanical, genetic, endocrine, and
age-related factors influence both tissues at the same time.
Nevertheless, the details of physiological mechanisms of in-
teraction between muscles and bones are still unclear. The
purpose of this study was to evaluate the changes in low ex-
tremity muscles and bones during gravitational hindlimb
unloading in rats. After hindlimb unloading during 7, 14, 21,
and 30 days, muscles from the low extremities were collected
and measured to estimate the muscle weight and perform
cross-sectional analysis. Femoral bones were collected in or-
der to evaluate weight, density, and geometrical parameters of
the bone. Additionally, a test with a three-point bending was
carried out to evaluate biomechanical bone properties. Results
show that loss of muscle weight can be observed already at
1 week of hindlimb unloading with the maximum changes at
14 days. Changes in bone tissue showed the maximum loss of
bone weight at 21 day. By 30 days of unloading, the density
and rigidity of a bone were decreased; however, the most
profound changes were observed in reduction of bone dura-
bility. These data support a hypothesis that the atrophy of
skeletal muscles may promote the subsequent bone
deterioration.
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1 Introduction

Studies performed in conditions of a microgravity or on
models designed to minimize influence of gravity support
the hypothesis that influence of gravitational load on a various
parts of the musculoskeletal system can be a consequence of
evolution of biomechanical structures [1]. It was reported that
in conditions of microgravity, postural muscles have the
greatest loss in weight [2–5]. It was also demonstrated that
changes in muscular force can be observed without increase
in muscle mass. Similar results were reported for bone tissue;
such increase in bone weight does not necessarily lead to
improvement in mechanical properties [6]. These results sup-
port the importance of future evaluation of the functional
changes in muscles and bones in order to estimate the influ-
ence of the gravitational load. Numerous data indicate on the
interactions between muscles and bones in normal condition
and in pathological states; nevertheless, the physiological and
pathological mechanisms of this interaction remain unclear
and require future investigations [7, 8]. The goal of this study
was to estimate the atrophic changes in low extremity muscles
and changes in bone properties in the conditions of hindlimb
unloading in rats.

2 Material and Methods

All tests were conducted on nonlinear laboratory rats
(180–200 g). As a model of gravitational unloading, we used
antiortostatic support model [9]. All experiments were per-
formed according to bioethical standards and were approved
by local ethical committee of the Kazan Federal University.
Chloral hydrate was used for anesthesia (5 mg/kg,
intraperetoneal, Sigma-Aldrich).
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After influence of experimental conditions, low extremity
muscles were dissected and evaluated. First weight of each
muscles was determined, and then, the muscular samples were
fixed with a fabric Tissue-Tek® glue (OCT™ Compound
4583) on a cardboard and immediately frozen with a liquid
nitrogen. Serial cryostatic cuts (10 μm) were made from each
muscular sample. The area of cross-section was measured for
at least 100 fibers with an image analysis system
QUANTIMET-500 (Leica, Germany) with a colored digital
video camera of JVC TK-1280E. The femoral bones were
dissected from all the tested rats with following weight mea-
surement, density evaluation, and measurement of geometri-
cal parameters. At the end, the stress tests with a three-point
bending were performed. The three-point bending technique
was described in details elsewhere [10]. During this test, the
assessment of rigidity and durability of a diaphysis of a femur
bone was performed. To estimate the Young’s modulus, the
differentiation of a linear site of each bone was performed.
This differentiation was consisted in consecutive reconstruc-
tion of the linear regression based on a method of the smallest
squares during changes at the right border of a linear site, up to
reliable approximation of 0.99.

In this case, the equation for calculation of Young’s modu-
lus from the equation of the elastic line can be presented as:

E ¼ kL3

192J
:

The critical stress and proportional limit were calculated
based on equations:

σ½ � ¼ FmaxLd
16J

;

σlin ¼ F intLd
16J

;

where L—length of the sample, J—the moment of inertion of
a cross-section of the sample, d—diameter of the sample,
k—coefficient of linear regression, Fmax—force in the point B
on the chart, and Fint—a point of intersection between the cal-
culated linear regression and an experimental loading curve.

Two groups we r e i nve s t i g a t ed : con t r o l and
Bhypogravitational.^ The confidence intervals were calculated
for each parameter with confidential probability of 95 %.

3 Results and Discussion

After 7 days of antiortostatic support, the mass of the soleus
muscle (SOL) was decreased and was 67 ± 8 % (p < 0.05) of
the control animals. After antiortostatic support for 14 days,
the mass of SOL was 57 ± 5 % (p < 0.05) in comparison to the
intact animals. Themass of the gastrocnemius muscle (GM) at
7 days after antiortostatic support was only slightly decreased

compare to the control rats, 96 ± 3 % (p < 0.05). With increas-
ing the time of positioning to 14 days, the weight to GM
decreased to 68 ± 8 % (p < 0.05). The mass of the tibialis an-
terior muscle (TA) after 7 days of positioning was only slight-
ly different from the control rats and was 101 ± 6%. However,
after 14 days of gravitational unloading, the mass of TA mus-
cle decreased to 61 ± 5% (p < 0.05) from the control. The area
of cross-section of SOL after 7 days of unloading decreased to
48 ± 2 % (p < 0.05). The area of cross-section of GM and TA
after 7 days of unloading changed less, 19 ± 5 % and 2 ± 3 %
for GM and TA accordingly. However, after 14 days, it was
consistent with 31 ± 6 % (p < 0.05) for SOL, 73 ± 5 % for
GM, and 81 ± 6 % for TA (p < 0.05).

The average density of a femoral bone at 30 days of posi-
tioning in the control group was 1.43 ± 0.06 g/cm3, and in
experimental group—1.38 ± 0.10 g/cm3. Based on the aver-
age values of the Jung’s module, the reduction in bone rigidity
at 35 % was observed after 30 days of antiortostatic support.
The bone strength in the control group was 55.4 ±
12.22 MPas, and in experimental group—18.12 ±
2.64 MPas, that indicates the decrease in bone durability by
64 % (p < 0.05), which can increase the risk of low-energy
fractures.

These data show that the loss of muscle mass can be ob-
served already at 1 week after unloading with the maximum
changes at 14 days. Changes in muscles proceed to the changes
in bones where themaximum changes were observed at 21 day.
These results may indicate that the muscular atrophy can pro-
mote the subsequent change in bone properties during
unloading. These results support a dominant role of muscle
over a bone in a homeostatic control over these two types of
tissue [11] and the fact that the size of muscles can correlate
with bone size and durability [12]. Other results also suggest
that Bmyokines^ can influence activity of bone cells [13], for
example, suppressing apoptosis of osteocytes [14].

4 Conclusions

These results emphasize that the muscle atrophy precedes the
change in a bone tissue after unloading and support our hy-
pothesis that the muscle atrophy can promote the subsequent
deterioration of a bone structure. This further emphasizes that
rehabilitation strategies directed on preservation of muscle
loss also help to support the bone structure during gravitation-
al unloading.
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