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The goal of the research was to identify the structural and functional characteristics of the rat’s left ventricle under antiorthostatic
suspension within 1, 3, 7 and 14 days, and subsequent 3 and 7-day reloading after a 14-day suspension. The transversal stiffness of
the cardiomyocyte has been determined by the atomic force microscopy, cell respiration—by polarography and proteins content—
by Western blotting. Stiffness of the cortical cytoskeleton increases as soon as one day after the suspension and increases up to the
14th day, and starts decreasing during reloading, reaching the control level after 7 days. The stiffness of the contractile apparatus
and the intensity of cell respiration also increases. The content of non-muscle isoforms of actin in the cytoplasmic fraction of
proteins does not change during the whole experiment, as does not the beta-actin content in the membrane fraction. The content of
gamma-actin in the membrane fraction correlates with the change in the transversal stiffness of the cortical cytoskeleton. Increased
content of alpha-actinin-1 and alpha-actinin-4 in the membrane fraction of proteins during the suspension is consistent with
increased gamma-actin content there. The opposite direction of change of alpha-actinin-1 and alpha-actinin-4 content suggests

their involvement into the signal pathways.

1. Introduction

Exposure to microgravity causes various changes in the
human cardiovascular system, particularly a cephalic fluid
shift in the cranial direction [1, 2] and a change in the heart’s
systolic volume [3-5].

In order to simulate most of the effects in the human
body under weightlessness, the model of antiorthostatic sus-
pension by the tail is used with rodents, such as rats. It has
been demonstrated that the effects typical of the muscle and
bone tissue in microgravity can be satisfactorily reproduced
in ground experiments using antiorthostatic suspension [6,
7].

However, the existing data about changes in the car-
diovascular system are quite contradicting. Most researchers
observe fluid shift and presence of hypovolemia in rats
during the antiorthostatic suspension [8—10]. Shellock et al.
[11] demonstrated that the intensity of change depends on
the suspension angle. For instance, central venous pressure

increased in rats suspended at 45° and 20° and did so reliably
more in the first case than in the second case as soon as after
8 hours of suspension. After 24 hours of suspension, this
value in rats suspended at 20°C did not differ from that of
the control group, while the group of rats suspended at 45°
demonstrated a reliably higher value than the control group
[11].

The effects of the early period cause increased volumetric
load on the heart by activating cardiopulmonary receptors
[12]. At the same time, Yin et al. [13] and Cui et al. [14]
demonstrated that, after 4 weeks of suspension, the heart
weight and arterial pressure of rats do not change, while the
pressure in the left ventricle decreases. The sensitivity of the
baroreceptor reflex after 14 days of suspension also remains
unchanged [15]. This data demonstrates that the effects of
the acute period are already compensated by that time.

At the same time, there is data demonstrating a decreased
contractility of the rat’s heart as a result of long-term
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suspension [16—19]. At the cell level, Dunlap et al. [20] dem-
onstrated that the maximum contraction force of single-
skinned cardiomyocytes of rat decreased by 15% after 7 days
of suspension, as did calcium sensitivity, which the authors
believe may be related to a change in the level of expression of
contractile proteins as a result of a the increased volumetric
load on the heart.

A number of authors observed decreased contractility
of the myocard and decreased oxygen consumption during
long-term suspension [21, 22]. However, Bigard et al. [23]
did not observe any changes in the intensity of cell respira-
tion of rat’s cardiomyocytes after 3 weeks of antiorthostatic
suspension. At the same time, increased activity of oxidative
ferments and mitochondrial creatin kinase was observed in
the right ventricle of rats after a 2-week experiment [24].

Thus, to sum up the existing literature, we can state that,
at early stages of antiorthostatic suspension, the volumetric
load on the heart is increased, and increased activity of
mitochondrial ferments is observed. Later, during long-term
antiorthostatic suspension, no changes in the heart weight
and arterial pressure were observed in rats, even though the
central venous pressure decreased. The contractile ability of
the myocard decreased, including on the level of single car-
diomyocytes. At the same time, no changes were identified in
the intensity of cell respiration during long-term suspension,
although oxygen consumption by the heart did decrease.

We suggested that at least the initial stages of suspension
increase the mechanical load on the cardiomyocytes, unlike
the cells of skeletal muscles, which have a lesser load under
these conditions. Then, at early stages of reloading, the fluid
shift is reversed and the mechanical tension of the car-
diomyocytes should decrease. Meanwhile, changes in me-
chanical tension of the skeletal muscles are in the opposite
direction. Our earlier data confirm that the stiffness of the
cortical cytoskeleton of the skeletal muscle fibres is decreased,
possibly due to the destruction of submembrane F-actin
and dissociation of actin-binding proteins due to a change
in the mechanical tension of the skeletal muscle cell [25].
This is why this study examines the transversal stiffness
and the content of a number of cytoskeletal proteins in
the cardiomyocytes, and to determine the intensity of cell
respiration at the early stage of antiorthostatic suspension
and during the subsequent reloading.

2. Materials and Methods

The experiments have been performed with the tissue of the
left ventricle of a Wistar rat (n = 49 animals) weighing
from 225 to 255g. To simulate the microgravity conditions
in rodents, antiorthostatic suspension was used according to
the Ilyin-Novikov method modified by Morey-Holton et al.
[7]. Control animals were housed at the vivarium conditions
and received standard food and water ad Ilibitum. The
duration of suspension was 1, 3, 7, and 14 days. Reloading
within 3 and 7 days was performed in the same conditions as
vivarium control. Short period of reloading (3 and 7 days)
after long-term gravity disuse (14 days) is of fundamental
importance for understanding the cellular mechanisms of
the acute period of readaptation. The following groups were
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created: “Control”, “1-HS”, “3-HS”, “7-HS”, “14-HS”, “14-
HS + 3-R’ and “14-HS + 7-R”, with 7 animals in each group.

All procedures with animals were approved by the bio-
medical ethics committee of the State Research Center of
Russia at the Institute of Biomedical Problems of the Russian
Academy of Sciences.

2.1. Atomic Force Microscopy. Cardiomyocytes were obtained
from a part of the tissue of the rat’s left ventricle using
the standard method [26, 27], but without using Triton X-
100. Before the experiments, samples were stored at —20°C
in a buffer containing equal parts of relaxation solution R
(20 mM MOPS, 170 mM of potassium propionate, 2.5 mM
of magnesium acetate, 5mM of K,EGTA, and 2.5mM of
ATP) and glycerol.

On the day of the experiment, the samples were trans-
ferred to solution R where single glycerynized cardiomy-
ocytes were singled out.

In order to obtain demembranized cardiomyocytes, sin-
gle glycerynized cardiomyocytes in the R solution were incu-
bated for 12 hours at +4°C with the Triton X-100 detergent
with the final concentration of 2% v/v. Such concentration
of the detergent used and the long incubation time enable
completely removing the membranes of cardiomyocyte to
analyze only the myofibrillar apparatus. After treatment with
the detergent, the obtained demembranized cardiomyocytes
were cleaned in the R solution.

In order to measure the transversal stiffness, the obtained
cardiomyocytes were fixed on the bottom of the liquid cell of
the atomic force microscope, attaching their tips with special
Fluka shellac wax-free glue (Sigma). Depending on the series
of experiments, the cell was filled either wih the relaxation
solution R, or activation solution A (20 mM MOPS, 172 mM
of potassium propionate, 2,38 mM of magnesium acetate,
5mM CaEGTA, 2.5mM of ATP), or rigor solution Rg
(20 mM MOPS, 170 mM of potassium propionate, 2,5 mM
of magnesium acetate, 5mM of K,EGTA). All contractions
of the cardiomyocyte were isometric since the tips of the
cardiomyocytes were fixed.

All experiments were conducted at +16°C.

Atomic force microscopy was used in order to determine
the transversal stiffness of various compartments of the
cardiomyocyte. The method of obtaining images of the car-
diomyocyte surfaces to perform local measurements of
transversal stiffness has been described in detail earlier [25,
28, 29].

Measurements of transversal stiffness of both glyceryniz-
ed and Triton X-100-treated cardiomyocytes were conducted
using the Solver-P47-Pro platform (NT-MDT, Russia). The
indentation depth was 150 nm. We tested at least 21 car-
diomyocytes from each sample (n = 147 at least, from each
group).

The results were processed in a special program in
MatLab 6.5.

2.2. Cell Respiration by Polarography. A part of the tissue of
the left ventricle was immediately placed into cold solution
A (2.77mM of CaK,EGTA, 7.23 mM of K,EGTA, 6.56 mM
of MgCl,-6H,0, 0.5mM of DTT, 50 mM of KMes, 20 mM
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of imidazole, 20 mM of taurine, 5.3 mM of ATP, 15 mM of
phosphocreatine, pH = 7.1), where it was split into bunches
of cardiomyocytes 3-4 mm long and about 1mm thick.
Then, the fibres were incubated in solution A with saponin
(50 ug/mL) for 30 minutes with slight stirring, at +4°C, to
partially skin the membrane. After that, fibre bunches were
cleared of saponin for 10 minutes in solution B (2.77 mM
of CaK,EGTA, 7.23mM of K,EGTA, 1.38 mM of MgCl,,
0.5mM of DTT, 100 mM of KMes, 20 mM of imidazole,
20 mM of taurine, 3 mM of K;HPOy, pH = 7.1).

Oxygen adsorption rate was evaluated using the Saks
polarography method [30]. Bunches of skinned cardiomy-
ocytes were incubated in solution B with 2 mg/mL of bovine
serum albumin (BSA) free of fatty acids. For exogenous
substrates of the respiratory chain, we used a mix of 5mM of
glutamate and 2 mM of malate, and added 1 mM of ADP to
determine the maximum respiration rate. Changes of oxygen
concentration were measured using the Clark’s electrode and
YSI Model 53 Oxygen Monitor (Yellow Spring Instrument
Co., USA) at +22°C. The solubility of oxygen in 1 mL of the
incubation environment at this temperature was assumed at
460 ng-at [31].

The following parameters of respiration were measured:
Vo—basal oxygen consumption rate, Vgiu+ma—respiration
rate on substrates (5 mM of glutamate + 2 mM of malate),
Vmax—maximum respiration rate (in the presence of 1 mM
of ADP). After the measurements, the cardiomyocytes were
extracted from the polarographic cell, dried at +95°C and
weighed to calculate the rates per mg of dry weight. Res-
piratory control (RC) was calculated as the respiration rate
in the presence of ADP to the respiration rate on exogenic
substrates. We tested n = 7 samples from each group.

2.3. Western Blotting. In order to determine the protein
content, a part of the rat’s left ventricle was frozen at the
temperature of liquid nitrogen. The method described in
Vitorino et al. [32] was used to prepare tissue extracts and
obtain the membrane and cytoplasmic fraction of pro-
teins. Denaturating polyacrylamide gel electrophoresis was
performed using the Laemmly method at the Bio-Rad
system (USA), as described earlier [25]. Basing on the
measured concentration of total fraction protein content,
equal amounts of protein were added to each hole. The
transfer to the nitrocellulose membrane was performed using
the method of Towbin et al. [33].

In order to determine each protein, specific monoclonal
primary antibodies based on mice immunoglobulines were
used (Santa Cruz Biotechnology, Inc.) in the manufacturer-
recommended dilutions: 1:200 for desmin, 1:300 for beta-
actin, 1:100 for gamma-actin, 1:100 for alpha-actinin-1,
1:100 for alpha-actinin-4—1:100. For secondary antibod-
ies, we used biotinylated goat antibodies against mice IgG
(Santa Cruz Biotechnology, Inc.) diluted 1 : 5000.

In order to determine alpha-actinin-2 content, specific
monoclonal primary antibodies based on rabbit immu-
noglobulines were used (Santa Cruz Biotechnology, Inc.)
diluted 1:200 as recommended by the manufacturer. For
secondary antibodies, we used biotinylated goat antibodies
against rabbit IgG (Sigma, Germany) diluted 1: 5000.

Afterwards, all membranes were treated with streptavidin
conjugated with horseradish peroxidase (Sigma, Germany)
diluted 1:5000. Protein lines were identified using 3,3’-
diaminobenzidine (Merck, USA).

We tested n = 7 samples from each group.

2.4. Statistical Analysis. The results obtained during the
experiments were statistically processed with ANOVA, using
a post hoc t-test with the confidence level P < 0.05 to evaluate
the certainty of difference between the groups. The data was
represented as M + SE, where M is the average arithmetic
value and SE is the average value error.

3. Results

3.1. Transversal Stiffness of Various Parts of the Sarcolemma
and Contractile Apparatus of Fibres of Rat’s Left Ventricle
during Antiorthostatic Suspension and Subsequent Reloading.
In the control group (Table 1), the transversal stiffness of
the contractile apparatus of fibers of the left ventriculum of
rat near the semisarcomere, that is, between the Z-disk and
the M-band increased in the sequence relaxation-activation
rigor. This value increased significantly from relaxation to
activation. This situation did not change after 24 hours of
antiorthostatic suspension.

However, in three days, the stiffness of the contractile
apparatus significantly increased near the semisarcomere
both in the relaxed and in the activated/rigor states compared
to similar states in the control group. This increase was even
more prominent seven days after antiorthostatic suspension.
3-day reloading after 14-day suspension caused significant
reduction in the transversal stiffness in all states relative to
both the 14-HS group and the control group. However, after
seven days of reloading, the transversal stiffness returned to
the level of the control group.

Nevertheless, during the antiorthostatic suspension and
subsequent reloading, when contraction was activated, the
stiffness of the semisarcomere reliably decreased compared
to the relaxed state.

At the M-line, the stiffness of the contractile apparatus of
fibers of the left ventricular of rat was higher than the stiffness
of the semisarcomere. During antiorthostatic suspension, the
transversal stiffness of the M line remained unchanged, but
it significantly decreased after three days of reloading that
followed a 14-day suspension. After 7 days of reloading, the
transversal stiffness of the M-line did not differ from the
control group values.

The transversal stiffness of the Z-disk is significantly
higher than in the semisarcomere and the M band. As
described above, it also increased during activation and rigor.
The changes in transversal stiffness of the Z-disk over time
were similar to those of the M-line, except that it decreased
more after 3 days of reloading.

The transversal stiffness of various segments of glyc-
erynized fibers of the left ventricular of rat (Table 2) in the
control group increased during the activation of contraction
and in rigor compared to the relaxed state.
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TaBLE 1: Transversal stiffness (pN/nm) of isolated rat’s Triton-treated left ventricular myocytes in liquid in relaxed, calcium activated (pCa
=4.2) and rigor states under gravitational unloading and subsequent reloading.

State
Group Relaxed Activated (pCa =4.2) Rigor
Transversal stiffness of the half-sarcomere area k, .,
Control (n = 165) 7.1+0.4 11.0 + 0.5 13.2 + 0.5%
1-HS (n = 153) 6.8 +0.3 10.3 = 0.3¢ 12.9 = 0.3¢
3-HS (1 = 149) 8.2 + 0.3* 13.8 + 0.4*/® 14.7 = 0.3%/@
7-HS (n = 148) 8.9 + 0.3* 13.5 + 0.3%/® 153 = 0.3%/@
14-HS (n = 157) 8.7 + 0.4* 13.6 = 0.4%/® 15.6 = 0.4%/¢
14-HS + 3-R (n = 162) 43 +0.3%° 6.8 +0.3%/@/ 8.2 +0.5%/¢/3
14-HS + 7-R (n = 151) 7.7 £0.3 11.0 + 0.9° 13.4 + 0.6°
Transversal stiffness of the M-band area k,
Control 9.9 + 0.6 15.0 = 0.6° 16.4 = 0.5¢
1-HS 8.9 +0.5 14.1 +0.4° 15.8 = 0.5¢
3-HS 9.3 +0.5 14.8 +0.6° 16.3 = 0.5¢
7-HS 10.6 = 0.4 14.9 = 0.5° 16.5 = 0.8¢
14-HS 9.8 +0.5 14.2 + 0.6° 15.7 + 0.3®
14-HS + 3-R 6.2 + 0.3%/% 12.6 + 0.4%/@/% 13.1 + 0.4%/@/%
14-HS + 7-R 9.3 +0.4 143 + 0.8° 17.1 +0.5®
Transversal stiffness of the Z-disk area k, 74

Control 16.0 = 1.3 225+ 1.5% 24.5 + 0.9¢
1-HS 15.4 = 0.6 21.6 +0.3% 24.8 + 0.6°
3-HS 15.9 = 0.6 23.4+0.7% 26.1 +1.3%
7-HS 159 £ 0.5 21.7 £ 0.3 25.9 + 0.6°
14-HS 15.8 +£ 0.8 21.9 +0.9¢ 229 +0.7°
14-HS + 3-R 7.5 £ 0.4%/% 13.4 + 0.5%/@/5 16.0 + 0.4%/@/5
14-HS + 7-R 15.4 = 0.6 21.4 +0.5° 23.4 + 1.4°

*P < 0.05 as compared to the analogous state of the group “Control”, ®P < 0.05 as compared to the relaxed state at the same group, *P < 0.05 as compared to

the analogous state of the group “14-HS”.

After one day of antiorthostatic suspension, the transver-
sal stiffness of the sarcolemma between the Z-disk and M-
band projections in the relaxed state significantly increased
relative to the control values, but did not differ from the con-
trol values in the activated and rigor states. After three days
of suspension, the transversal stiffness of the sarcolemma
increased even more and continued to increase up to the 14th
day, and it significantly differed from the control value in the
relaxed, activated, and rigor states. Moreover, after 14 days of
suspension, the transversal stiffness values of this area during
activation and in rigor did not significantly differ from the
values in the relaxed state. After 3 days of reloading, the
transversal stiffness of the sarcolemma decreased compared
to values in the 14-HS group, but only reached the levels of
the control group by the 7th day of reloading.

The transversal stiffness of the sarcolemma in the M-
band projection in the relaxed state significantly increased
compared to the control levels by the 3rd day of suspension
and subsequently increased up to the 14th day. The transver-
sal stiffness values in this area in the activated and rigor states
did not differ from the control level. After 3 days of reloading
following a 14-day suspension, the transversal stiffness of the
membrane in the M-line projection decreased, but reached
the control group level only after 7 days of reloading.

The transversal stiffness of the sarcolemma in the Z-disk
projection significantly increased only by the 14th day of
suspension, significantly decreased after 3 days of reloading,
and did not differ from the control group levels after 7 days.

3.2. Cell Respiration of Fibres of the Rat’s Left Ventricle
under Antiorthostatic Suspension and Subsequent Reloading
(Table 3). The basal respiration rate (Vy) of the rat’s left
ventricle fibre increased by 43% (P < 0.05) after 24 hours of
antiorthostatic suspension compared to the same value in the
control group. However, after three days of suspension, Vj
decreased, reaching the control group level, and subsequently
remained unchanged during the antiorthostatic suspension.
After 3 days of reloading following a 14-day suspension,
the respiration rate on endogenous substrates was below the
control group’s level by 33% (P < 0.05), while after 7 days of
reloading it did not differ from the control level.

The respiration rate on exogenous substrated (Vgiu+Mal)
after one day of suspension increased by 88% (P < 0.05)
compared to the control group and remained high up to the
14th day of suspension. After 3 days of reloading, this value
decreased by 14% (P < 0.05) compared to the 14-HS group
and was significantly less than the control group’s. After
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TaBLE 2: Transversal stiffness (pN/nm) of isolated rat’s permeabilized left ventricular myocytes in liquid in relaxed, calcium activated (pCa
=4.2) and rigor states under gravitational unloading and subsequent reloading.

State
Group Relaxed Activation (pCa = 4.2) Rigor
Transversal stiffness of sarcolemma between the M-band and Z-disk projections k
Control (n = 165) 4.03 +0.11 9.1 +0.4° 9.67 + 0.24°
1-HS (n = 153) 4.80 = 0.22* 9.5 + 0.5¢ 10.1 = 0.3¢
3-HS (n = 149) 6.22 + 0.29% 10.2  0.3%/® 10.8 + 0.4*/@
7-HS (n = 148) 7.79 + 0.12* 10.5 + 0.3%/@ 13.3 + 0.4*/©
14-HS (n = 157) 12.3 + 0.4* 12.9 + 0.4* 13.3 +£0.3%/®
14-HS + 3-R (n = 162) 6.4 + 0.5%/% 7.5 +0.3%/% 8.4+ 0.6%/5/®
14-HS + 7-R (n = 151) 43+04 8.9 +0.5% 9.2 +0.3%
Transversal stiffness of sarcolemma at the M-band projection k , s
Control 2.85 +0.12 6.8 = 0.5¢ 7.4 + 0.6°
1-HS 2.68 = 0.17 6.6 +0.3% 7.0 +0.3¢
3-HS 3.77 + 0.25* 6.7 + 0.4° 7.7 + 0.5¢
7-HS 5.79 + 0.19* 6.9 +0.3% 7.9 +0.3%
14-HS 7.55 + 0.13* 7.9 + 0.6* 9.4 + 0.3/
14-HS + 3-R 3.57 £ 0.20%/% 5.9 + 0.4%/¢ 6.3 +0.3%/¢
14-HS + 7-R 3.1+0.3 6.2 +0.4° 7.0 + 0.6
Transversal stiffness of sarcolemma at the Z-disk projection k, 74s
Control 10.0 = 0.3 145 +1.2¢ 15.3 = 0.5¢
1-HS 10.7 = 0.8 15.4 +0.3¢ 16.3 = 0.5¢
3-HS 10.6 = 0.3 14.8 + 0.3° 152 +0.7°
7-HS 10.4 = 0.3 11.9 + 0.3® 16.5 + 0.3°
14-HS 17.2 £ 0.4* 17.9 + 0.4* 18.2 = 0.5%/®
14-HS + 3-R 9.2 +0.3%/% 10.3 £ 0.6%/° 11.9 + 0.5%/%/¢
14-HS + 7-R 99 +0.7 15.1 = 0.8¢ 15.6 = 0.4¢

*P < 0.05 as compared to the analogous state of the group “Control”, ®P < 0.05 as compared to the relaxed state at the same group, *P < 0.05 as compared to

the analogous state of the group “14-HS”.

TaBLE 3: Cell respiration of the rat’s left ventricular myocytes under gravitational unloading and subsequent reloading.

Parameter
Group Vi, ng-atom O- VGlusmal, Ng-atom O- Vmax, ng-atom O- Respiration ratio
-min~!-mg~! -min~!-mg~! -min~!-mg~!
Control (n =7) 148 £ 1.4 15.9 £ 0.9 22.7 + 1.6 1.46 = 0.11
1-HS (n = 7) 21.2 + 1.9* 29.7 + 2.8%* 49.0 + 5.1* 1.64 + 0.07
3-HS (n=7) 16.3 + 1.1¥ 26.0 + 1.5* 47.5 + 2.3* 1.91 £ 0.21*
7-HS (n=7) 16.9 = 0.8% 28.3 + 1.9* 449 + 2.1* 1.59 £ 0.13
14-HS (n = 7) 16.4 + 1.2% 27.6 = 1.5* 44,5 + 2.1* 1.64 = 0.14
14-HS +3-R (n = 7) 9.9 + 0.6%/%/% 13.6 + 0.7%/%/% 18.5 + 1.9%/%/% 1.44 +0.12
14-HS+7-R (n=7) 15.7 = 1.7 172 + 1.4 25.1 £ 1.6 1.58 = 0.15

*P < 0.05 as compared to the group “Control”, ¥P < 0.05 as compared to the group “1-HS”, 3P < 0.05 as compared to the group “14-HS”.

7 days of reloading, Vgiurmal did not differ from the control
group level.

Changes in the maximum respiration rate determined by
adding ADP (Vimax) of rat’s left ventricle fibre changed after
suspension and after recovery were consistent with changes
in the respiration rate on exogenous substrates Vgiy+Mal-

The estimated value reflecting the efficiency of coupling
of oxidation and phosphorylation, known as respiratory con-
trol, increased after three days of antiorthostatic suspension

by 31% (P < 0.05) relative to the control group and then
decreased and did not differ from the control group’s during
further suspension and subsequent reloading.

3.3. Cytoskeletal Protein Content in Rat’s Left Ventricle Fibres
during Antiorthostatic Suspension and Subsequent Reload-
ing. Relative alpfa-actinin-2 content in the total protein
(Figure 1) remained unchanged during antiorthostatic sus-
pension. However, during the early period of readaptation



200
o *
£5 150 T x * *
- =
o =
8§ 100-
=
8o
cs 50
g2
0 — T 7 T T T » T 2 T 2
£ T N = TS T
5 — ~ = = + = +
&)
[0 a-actinin-2
Bl Desmin

FIGURE 1: Protein content in the rat’s left ventricular myocytes
under gravitational unloading and subsequent reloading; n = 7
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FIGURE 2: Beta-actin content in the rat’s left ventricular myocytes
under gravitational unloading and subsequent reloading; n = 7
samples for each group; *P < 0.05 as compared to the group
“Control”, *P < 0.05 as compared to the group “14-HS”

(after 3 days) following the 14-day suspension, its content
reduced by 26% and returned to the control group level after
7 days of reloading.

Desmin content (Figure 1) during suspension increased
by 42% after one day, and exceeded the control group’s by
32-34% on the 3rd, 7th, and 14th day. During the reloading
period following the 14-day suspension, desmin content, as
well as alpha-actinin-2 content, reduced by 24% after 3 days
and did not differ from the control group’s after 7 days of
reloading.

Beta-actin content (Figure 2) in the cytoplasmic fraction
and in the membrane fraction of proteins did not differ from
the control group level under antiorthostatic suspension and
subsequent reloading.

Gamma-actin content (Figure 3) in the cytoplasmic frac-
tion of proteins, just like beta-actin content, did not change
during the suspension and subsequent reloading. In the
membrane fraction, gamma-actin content exceeded the con-
trol level by 44% after 1 day of suspension, by 80% after
3 days, by 130% after 7 days, and by 150% after 14 days.
After 3 days of reloading following a 14-day suspension,
gamma-actin content in the membrane fraction of proteins
significantly decreased to the control group’s level and
remained the same after 7 days of reloading.
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FiGure 3: Gamma-actin content in the rat’s left ventricular
myocytes under gravitational unloading and subsequent reloading;
n = 7 samples for each group; *P < 0.05 as compared to the group
“Control”, 5P < 0.05 as compared to the group “14-HS”
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FiGure 4: Alpha-actinin-1 content in the rat’s left ventricular
myocytes under gravitational unloading and subsequent reloading;
n = 7 samples for each group; *P < 0.05 as compared to the group
“Control”, *P < 0.05 as compared to the group “14-HS”.

Alpha-actinin-1 content (Figure 4) in the cytoplasmic
fraction of proteins significantly decreased by 19% after 7
days of antiorthostatic suspension and by 14% after 14 days.
During the reloading, its content increased and did not differ
from that of the control group. For alpha-actinin-1 content
in the membrane fraction of proteins, the trends were
different. After 7 days of suspension, its content increased
by 31%, and by 47% after 14 days. During the reloading, its
content decreased and did not differ from that of the control
group.

Alpha-actinin-4 content (Figure 5) in the cytoplasmic
fraction of proteins, unlike alpha-actinin-1 level, increased
and exceeded the control level by 35% after 3 days, by
82% after 7 days, and by 93% after 14 days. During the
reloading following 14 days of suspension, its content started
to significantly decrease after 7 days of readaptation, but still
exceeded the control group level by 59%. Alpha-actinin-4
content in the membrane fraction of proteins changed in
a similar way to alpha-actinin-1 content in the membrane
fraction. It increased by 51% after 1 day of suspension, by
59% after 3 days of suspension, by 55% after 7 days of
suspension, and by 75% after 14 days of suspension. During
the reloading following 14 days of suspension, its content
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FiGure 5: Alpha-actinin-4 content in the rat’s left ventricular
myocytes under gravitational unloading and subsequent reloading;
n = 7 samples for each group; *P < 0.05 as compared to the group
“Control”, *P < 0.05 as compared to the group “14-HS”.

started decreasing and reached the control level by the 7th
day of readaptation.

4. Discussion

The results of this research suggest that antiorthostatic sus-
pension causes a number of changes in the cardiomyocytes
of rats.

The results of AFM measurements of the stiffness of the
myofibrillar apparatus of rat’s left ventricle cardiomyocytes
suggest that transversal stiffness of the Z-disk and M-line in
the relaxed state was 16.0 = 1.3 pN/nm and 9.9 + 0.6 pN/nm,
respectively, which is close to the results described in Zhu
et al. [27] that have been obtained by analyzing bunches of
myofibrils from the left ventricle of adult cows, where the
stiffness of the Z-disk was 18 + 2.5 pN/nm, and that of the
M-line was 11 + 0.5 pN/nm. In the rigor state, the transversal
stiffness of the Z-disk and the M-line, according to our data,
was 24.5 + 0.9 pN/nm and 16.4 = 0.5 pN/nm, respectively,
while in Zhu et al. [27] they were at 25 + 2 pN/nm and
17 + 0.5 pN/nm, respectively.

In the course of antiorthostatic suspension, the transver-
sal stiffness of the contractile apparatus of the rat’s left ventri-
cle cardiomyocytes near the Z-disk and the M-line remained
unchanged. However, after 3 days of reloading following a
14-day suspension, these parameters significantly decreased.
Akiyama et al. [34] demonstrated that calpain treatment
during the first minutes caused significant decrease of
transversal stiffness of the Z-disk in single myofibrils in
rigor state of the cardiac muscle of newly born rats from
25.8 pN/nm before the treatment to 11 pN/nm after the
treatment, which the authors explained by the destruction
of alpha-actinin-2. This is why we have analyzed the relative
content of this protein in the course of suspension and
subsequent reloading relative to the control group. Alpha-
actinin-2 content did not change during the suspension,
decreased by 26% after 3 days of reloading and returned
to the control level after 7 days of readaptation following
14 days of suspension, which is consistent with our Z-
disk transversal stiffness measurements and the results of
Akiyama et al. [34].

The transversal stiffness of the contractile apparatus near
the semisarcomere increased after 3 days and remained
increased up to the 14th day of antiorthostatic suspension.
The changes in the transversal stiffness as a mechanical
parameter reflect the changes in the structure in question.
Since the contractile apparatus is a significantly nonuniform
structure, any changes in the transversal stiffness may be
caused due to a number of physical and chemical factors
(temperature, pH, and others), and the phosphorylation
level of the light chains of myosin or interfilament spacing.
However, in all of the experiments, we have conducted the
physical and chemical parameters that remained stable.
Changes in the level of phosphorylation of light myosin
chains may cause higher probability of closing crossbridges
[35] and, consequently, lead to higher transversal stiffness.
Thus, Persechini et al. [36] demonstrated that phospho-
rylation of light myosin chains causes increased strain
in activated fibres. The number of closed crossbridges is
evaluated by the maximum contractile force and calcium
sensitivity. However, Dunlap et al. [20] in their experiments
noted a reduction in the maximum contractile force and
calcium sensitivity of the rat’s cardiomyocytes after 7 days
of antiorthostatic suspension. At the same time, an increase
of the transversal stiffness of the contractile apparatus of
cardiomyocytes in the absence of any increase of cell di-
mensions may cause a reduced maximum contractile force,
which has been demonstrated by Lieber et al. [26], and may
explain the reasons for reduced contractility of the myocard
during antiorthostatic suspension. The effect of changes of
the interfilament spacing on the transversal stiffness was
shown by Matsubara et al. [37], Xu et al. [38], and Ranatunga
et al. [39] in experiments with osmotic agents. Stretching of
the cardiomyocyte as a result of increased volumetric load on
the heart may theoretically cause the interfilament spacing
to decrease and the transversal stiffness to subsequently
increase, thus decreasing the maximum contractile force of
a single cardiomyocyte and the contractility of the myocard
in general. However, this assumption requires further exper-
imental proof.

On the other hand, the observed decrease of the max-
imum contractile force and calcium sensitivity of single
cardiomyocytes of the rat during antiorthostatic suspension
[20] may be related not just to the possible change in
the inter-filament spacing, but also due to changes in the
muscle fibre structure. Synchronous contraction of single
myofibrils is partially due to their structural link provided
by desmin, the protein that forms intermediate filaments.
At early stages of antiorthostatic suspension, we observe a
decrease of desmin content [29, 40] in the soleus muscle,
where a decrease of calcium sensitivity and the maximum
contractile force of the fibre was also observed [41], which
is apparently related to activation of calpain, the calcium-
dependent protease, under these conditions [40]. Our results
in this research suggest that relative desmin content in the
total protein increases, unlike in the soleus muscle, as soon as
on the first day, and remains higher than the control group
level within the whole period of antiorthostatic suspension,
but decreases below the control group level after 3 days
of reloading. This is why we can suggest that both factors



(increase of desmin content and possible change of the inter-
filament spacing) may have affected the increase of transver-
sal stiffness of the contractile apparatus in cardiomyocytes.
At the same time, desmin is one of the key proteins deter-
mining localization of mitochondria [42]. In the absence
thereof, mitochondria sustain structural and functional
damage [43]. Furthermore, the function of mitochondria
may be affected by changes of their form due to stretching
or compression of the membrane, which is mediated by
the cytoskeleton [44]. Thus, Milner et al. [45] discovered
abnormal agglomerations of subsarcolemmal mitochondria
clusters and swelling of mitochondria with simultaneous
degeneration of their matrix in the soleus muscle fibre of
null-desmin mice. Moreover, the same authors measured the
intensity of cell respiration and showed that both the oxygen
consumption rate and ADP dissociation constant were
reliably decreased compared to the same values of mice in
the control group [45]. With regard to cardiomyocytes, Saks
et al. [46] showed that oxygen consumption rate depends on
the state of the cytoskeleton. However, Bigard et al. [23] did
not observe any changes in the cell respiration rate of rat’s
cardiomyocytes after 3 weeks of antiorthostatic suspension.
Our results suggest that basal cell respiration rate remained
nearly unchanged during antiorthostatic suspension, and
only slightly increased (although significantly) during the
first day. The respiration rate after adding glutamate and
malate to the environment, as well as the maximum respi-
ration rate significantly increased as soon as after one day
and remained high during the whole suspension period, up
to the 14th day. After 3 days of reloading following 14 days
of antiorthostatic suspension, all of the above parameters
significantly decreased compared to the control level. The
difference between our data and the results by Bigard
et al. [23] may be due to different duration of suspension.
Nevertheless, the fact that it is the maximum respiration
rate and the respiration rate on endogenous substrate that
increases most suggests that the number of mitochondria
and/or concentration of respiratory chain complexes therein
could increase, which did not cause an increase of the basal
respiration rate given the unchanged amount of endogenous
substrates. This suggestion is evidenced by the increase of
relative desmin content in the total protein that is required
to determine localization of mitochondria and regulate their
membrane permeability, and by the increase of content of
other oxidizing ferments and mitochondrial creatine kinase
[24]. However, the question remains about the reason of
possible increase of expression of mitochondrial proteins
in cardiomyocytes during antiorthostatic suspension at the
earliest stages. With regard to soleus muscle fibre, the reasons
for decreased cell respiration rate may be related to increased
content of phosphorylated forms of high-energy phosphates
in soleus fibers during microgravity conditions [47], which
may cause reduced activity of 5'-adenosinemonophosphate-
dependent protease, which stimulates expression of mito-
chondrial proteins via the protein kinase cascade and regu-
lates a number of other processes of energy metabolism [48].
But for soleus fibers mechanical tension decreased under
suspension. Due to mechanical tension of cardiomyocytes
increased under suspension, a reverse process may take place
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in cardiomyocytes. That could cause increased respiration
rate, but another reason may not be ruled out. Thus, recent
results in Goffart et al. [49] suggest that alpha-actinin-4
may be linked to the promotor area of the cytochrome
gene ¢, causing higher expression thereof. Alpha-actinin-4 is
nonmuscle isoform of alpha-actinin, a protein of the spectrin
family [50]. It functions as an antiparallel homodimer,
linking the ends of actin threads [51]. Furthermore, alpha-
actinin-4 links the actin cytoskeleton with the membrane
and enables interoperation of the cortical cytoskeleton with
cytoplasmic signal proteins [52].

In view of the above, we decided to analyze the structure
of cortical cytoskeleton of cardiomyocytes during antiortho-
static suspension and subsequent reloading. AFM results
suggest that, in the relaxed state, the transversal stiffness of
the membrane with adjacent cortical cytoskeleton increased
near the middle of the semisarcomere, that is, between the
projections of the Z-disk and M-line after 1 day, and con-
tinued to increase during antiorthostatic suspension. The
stiffness of the membrane in the Z-disk and M-line projec-
tion also grew, but somewhat later, that is, after 14 and 3 days
of suspension, respectively. Increased stiffness of all parts of
the membrane during activation of contraction and rigor
of fibre remained the same as in the control group, which
was expected because desmin content remained unchanged,
as desmin enables transfer of tension from the contractile
apparatus to the membrane of the cardiomyocyte.

Similarly to the results of Costa et al. [53] obtained using
human aortic endothelium cells, it can be suggested that
changes in transversal stiffness of cardiomyocytes are related
to changes of the submembrane actin cytoskeleton, which
is consistent with the data of Collinsworth et al. [54]. The
increased transversal stiffness of the cortical cytoskeleton of
cardiomyocytes may be related to increased content of non-
muscle actin isoforms (beta and gamma) and actin-binding
proteins, particularly alpha-actinin-1 and alpha-actinin-4.
Thus, it is known that alpha-actinin-1 is expressed in
cardiomyocytes [55] and in skeletal muscle cells, along with
alpha-actinin-4, at various stages of differentiation [49].

In order to verify this assumption (that increased trans-
versal stiffness of the cortical cytoskeleton of cardiomyocytes
may be linked to increased content of non-muscle actin
isoforms), we have analyzed relative content of these proteins
in the cytoplasmic and membrane fractions. Our results
suggest that beta-actin content in the cytoplasmic and mem-
brane fraction remained unchanged during antiorthostatic
suspension and subsequent reloading. Gamma-actin content
in the cytoplasmic fraction of proteins also remained the
same as the control group level during suspension and
reloading. However, gamma-actin content in the membrane
fraction of proteins increased significantly on the first day of
antiorthostatic suspension and continued to increase up to
the 14th day, following the same trend as that of transversal
stiffness. It should be noted that the increase of non-muscle
F-actin (beta-actin) was observed in cat’s cardiomyocytes
during stimulated hypertrophy [56] although gamma-actin
content was not measured.

At the same time, alpha-actinin-1 content in the cyto-
plasmic fraction of proteins decreased after 7 days of
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suspension, but increased in the membrane fraction. During
3-day reloading following 14 days of antiorthostatic sus-
pension, alpha-actinin-1 content in the membrane fraction
decreased, while it increased in the cytoplasmic fraction and
did not differ from the control group’s level after 7 days of
reloading in both fractions. At the same time, alpha-actinin-
4 content in the membrane fraction of proteins grew on
the first day of antiorthostatic suspension and continued to
increase up to the 14th day, and, starting from the third day,
its content in the cytoplasmic fraction exceeded the control
group level. During the reloading period, alpha-actinin-4
content in the membrane fraction fell to the control group
level, and also decreased in the cytoplasmic fraction although
it did not reach the control group level.

It should be noted that hardly anything is known about
the role of non-muscle forms of alpha-actinin in skeletal
muscle cells and cardiomyocytes. Nevertheless, there is
evidence that the increase of relative alpha-actinin-4 content
in the cytoplasmic fraction is linked to the decrease of alpha-
actinin-1 content, there and formation of a cancer pattern
of fibroblasts [57]. Results exist suggesting that cancer trans-
formation of cells, particularly lymphocytes, is accompanied
by increased stiffness thereof, measured by an AFM [58].
Consequently, increased stiffness of the cells is related to the
development of their submembrane cytoskeleton, reduction
of alpha-actinin-1 content and increase of alpha-actinin-4
content in the cytoplasmic fractions of proteins.

In the conclusion, to sum up our experimental results
and the above discussion, we can hypothesize the following
sequence of events in cardiomyocytes at early stages of an-
tiorthostatic suspension and subsequent reloading after the
end of experimental exposure. Increased volumetric load on
the heart at early stages of antiorthostatic suspension causes
deformation (stretching) of the cardiomyocyte, involving
coordinated stretching of the contractile apparatus and the
cortical cytoskeleton. Stretching of the contractile apparatus
may cause smaller inter-filament spacing and, consequently,
the observed increase of myofibril stiffness, which can be
the reason for reduced contractility of the cardiomyocyte.
Furthermore, we can suggest a hypothesis (that has to
be proven experimentally) that stretching of the cortical
cytoskeleton will cause dissociation of alpha-actinin-1 from
submembrane actin, and initiate overexpression of non-
muscle actin and alpha-actinin-4, since the content of these
two nonmuscle isoforms of alpha-actinin is interrelated.
Increased content of non-muscle actin in the membrane
fraction will require increased content of both isoforms of
alpha-actinin in the membrane fraction as well to form the
structure of the cortical cytoskeleton, which will be reflected
in its increased stiffness that we observed in our experiments.
At the same time, increased content of alpha-actinin-4 in
the cytoplasmic fraction that we observed may cause higher
cytochrome ¢ content (but this suggestion needed in the
experimental verification) and intensified cell respiration
that we demonstrated. Since desmin is required for normal
operation of mitochondria and oxidizing-phosphorylation
processes, the increased desmin content is physiologically
justified due to intensified cell respiration. At the same time,
the processes will be reversed at early stages of reloading, as

we observed in our experiments, because of the reverse fluid
shift and reduced volumetric load on the heart.

Thus, in our study, we have determined the transversal
stiffness of various parts of the contractile apparatus and the
membrane with cortical cytoskeleton of rat’s cardiomyocytes
in the course of antiorthostatic suspension and subsequent
reloading, as well as the cell respiration rate and relative con-
tent of alpha-actinin-2, desmin, non-muscle actin (beta
and gamma), alpha-actinin-1, and alpha-actinin-4 in the
membrane and cytoplasmic fractions of proteins. The above
parameters describe structural and functional state of rat’s
cardiac muscle cells during antiorthostatic suspension and
reloading, which led us to suggest a hypothetical mechanism
of reaction of these cells to changes in external conditions,
which requires further research to be experimentally con-
firmed.
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