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Early Deсline in Rat Soleus Passive Tension with Hindlimb 
Unloading: Inactivation of Cross-bridges or Activation of Calpains?
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Abstract—The study was aimed at testing the hypotheses about the role of cross-bridges and calpains in
reduction of rat soleus passive tension under conditions of hindlimb unloading. For this purpose, we used an
inhibitor of μ-calpain PD 150606 as well as a blocker of actomyosin interaction (blebbistatin). It was found
for the first time that a decrease in passive tension of rat soleus after 3-day hindlimb unloading is associated
with the activity of μ-calpain and does not depend on the processes of cross-bridges formation.
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It is known that, in real and simulated (hindlimb
unloading) microgravity, both passive and active as
well as both transverse and longitudinal tension of
muscles and muscle fibers is reduced [1–5]. Previ-
ously, it was found that passive and active muscle ten-
sion to a certain extent depends on the actomyosin
bonds (the so-called cross-bridges). However, the
nature of atony at different duration of hindlimb
unloading and the cytoskeletal or other factors that
determine the severity of atopic changes still remain
obscure.

On the basis of the previously obtained data, two
mutually nonexclusive hypotheses can be formulated,
which make it possible to explain the reduced passive
tension of postural muscles in hindlimb unloading.
Firstly, this is the calpain hypothesis (i.e., the assump-
tion that, in the early stages of unloading, the intensi-
fication of the calpain-dependent degradation of pro-
teins of the sarcomeric cytoskeleton leads to a reduc-
tion in the passive muscle tension [6]. Another
hypothesis is that, under unloading conditions, the
distance between the thin and thick filaments in the
sarcomeres increases, which leads to a decrease in the
number of cross-bridges and, respectively, to a reduc-
tion in the passive tension of an isolated muscle [7].

The purpose of this study was to test these hypoth-
eses. We measured the passive tension of isolated rat
soleus 3 days after hindlimb unloading simulated by
antiorthostatic suspension (i.e., removal of support of
hindlimbs). To test the first hypothesis, we used daily
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administration of the specific μ-calpain inhibitor PD
150606 [8], and the second hypothesis was tested by
treating an isolated muscle before testing with bleb-
bistatin, a selective blocker of actomyosin interac-
tions [9].

Male Wistar rats weighing 180–200 g were divided
into three experimental groups (15 animals each): the
control vivarium group (C), the group that was sub-
jected to 3-day antiorthostatic hindlimb suspension
(HS), and the group that was subjected to suspension
in combination with daily injections of the calpain
inhibitor PD 150606 (Tocris Bioscience, United
Kingdom; dose, 3 mg/kg body weight) in 10% DMSO
in both soleus muscles (PD). After the end of suspen-
sion, both soleus muscles were taken for analysis under
anesthesia with a sublethal dose of avertin. Then, the
animals were euthanized with a lethal dose of avertin.
All manipulations with animals were approved by the
Biomedical Ethics Board of the Institute of Biomedi-
cal Problems, Russian Academy of Sciences and were
performed in compliance with the internationally
accepted standards of work with experimental ani-
mals.

After extraction from animals, soleus muscles were
incubated in Krebs–Ringer solution (25 mM NaCl,
2.5 mM KCl, 1.25 mM NaH2PO4, 2 mM CaCl2,
1 mM MgCl2, 25 mM NaHCO3, and 25 mM glucose),
which was aerated with carbogen (95% O2 + 5% CO2)
to maintain the physiological pH 7.4 and oxygen satu-
ration. During the incubation at 37°C in the dark for
1 h, the incubation medium was supplemented with
75 μM (–)-blebbistatin (Apexbio Technology, United
States). Then, the optimum length of the muscle (L0)
was determined. Thereafter, the muscle was subjected
to a single direct stimulation with parallel platinum
electrodes (0.5 ms, 10 V) to produce a maximum sin-
gle contraction. Then, the muscle was stretched by
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Fig. 1. Soleus specific passive tension (mN/cm2). Desig-
nations (here and in Fig. 2): C—the control group rats;
HS—the rats that were subjected to a 3-day hindlimb
unloading; PD—the rats that were subjected to a 3-day
hindlimb unloading combined with the calpain inhibitor
PD 150606 injections; “–bleb” and “+bleb”—measure-
ments in the absence and presence of blebbistatin, respec-
tively. $p < 0.05 between the tension values at “–bleb” and
“+bleb,” *p < 0.05 compared to the control. Here and in
Fig. 2, data are represented as the median and quartile
range (0.25–0.75), n = 7 for each group.
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15% L0 for 50 ms. This length was maintained for 100 ms;
during this time, the resistance voltage was measured.
After the measurement, the muscle was returned to the
optimal length for 50 ms. All measurements were per-
formed using an Aurora Scientific 305C-LR instru-
ment (Aurora Scientific, Canada). Data were fixed at
a frequency of 1 kHz, and the obtained results were
processed using the Aurora Scientific Model 610A
Dynamic Muscle Control software (Aurora Scien-
tific).

The content of cytoskeletal proteins (myosin-bind-
ing C-protein MyBPC1, α-actinin-2, α-actinin-3,
and teletonin) was determined by Western blot hybrid-
ization. The polyclonal antibodies against the above-
mentioned proteins were from Abcam (United States)
and ProteinTech Group, Inc. (United States).
GAPDH was used as a reference protein (monoclonal
antibodies from Cell Signaling Technology, United
States). Data were statistically processed using the
nonparametric Wilcoxon–Mann–Whitney U test.

It is known that hindlimb unloading is accompa-
nied by a significant decrease in both passive and
active tension of muscles and individual muscle fibers.
For example, experiments [1] showed that the rat
DOKLADY
soleus passive tension after a 3–4-week suspension
significantly decreased. However, it remains unclear
which molecular mechanisms underlie this decrease
in tension.

In the first series of experiments we found that, in
group HS (suspension), the soleus passive tension
decreased by 20% compared to the control (Fig. 1).
The passive tension in the presence blebbistatin was
significantly lower than in its absence both in the con-
trol and after a 3-day suspension. This fact indicates
that the actomyosin interaction contributes to the pas-
sive tension of the muscle both in the control and after
hindlimb unloading. However, the absolute values of
the decrease in the passive tension in the presence of
blebbistatin did not differ in the control and HS
groups. Therefore, it cannot be concluded that the
reduction in the passive tension under the hindlimb
unloading conditions was caused by a reduction in the
actomyosin interactions.

It is known that the passive tension of muscles
under stretching is determined both by cross-bridges
[10–12] and by cytoskeletal proteins (titin, nebulin,
obscurin, and myosin-binding C-protein) [13, 14].
These proteins are degraded primarily by using the
calcium-dependent cysteine   protease calpain [6].
Therefore, the use of the specific calpain-1 inhibitor
PD 150606 makes it possible to determine the role of
the cytoskeleton degradation in the muscle tension
decrease.

We found that the passive tension in group PD (3-
day suspension combined with PD 150606 injections)
did not differ from that in the control (Fig. 1). Thus,
the inhibition of calpains prevented the decrease in the
passive tension at the early (3-day) stage of hindlimb
unloading. This fact may support the first hypothesis,
according to which the decrease in muscle tension at
this stage is determined by the calpain-dependent deg-
radation of cytoskeletal proteins.

In the final series of experiments, we determined
the content of cytoskeletal proteins by using Western
blot hybridization. The content of MyBPC1, α-acti-
nin-2, and teletonin did not differ between the groups.
The content of α-actinin-3 in group HS was signifi-
cantly (by 20%) reduced compared to the control,
whereas in group PD it did not differ from the control
(Fig. 2).

This fact consistent with the previously published
results [4], which indicated a greater vulnerability of
the Z-disc degradation zone during hindlimb unload-
ing and a possible involvement of this process in the
transverse tension reduction. Recently [15], weak
mechanical bonds between α-actinin and titin mole-
cules in the Z-disc zone in intact muscle were
revealed. Possibly, the calpain-dependent degradation
of α-actinin-3 and, respectively, the break of bonds
with titin might facilitate the decrease in the soleus
passive tension under hindlimb unloading.
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Fig. 2. Content of α-actinin-3 in rat soleus expressed in percent relative to the control group; *p < 0.05 compared to the control,
**p < 0.05 compared to group PD. 
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Thus, in this study we for the first time established
that the reduction in the passive tension as a result of a
3-day hindlimb unloading is due to the μ-calpain
activity and does not depend on the processes of for-
mation of cross-bridges (actomyosin bonds).
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