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Abstract

Human performance in microgravity is characterized by reversed skeletal muscle actions in terms of active vs. passive mode
contractions of agonist/antagonist groups that may challenge principal biodynamics (biomechanical forces translated from muscle
to bone) of the skeletal muscle-bone unit. We investigated active vs. passive muscle motions of the unloaded hindlimb skeletal
muscle-bone unit in the 21 days tail-suspended (TS) rat using a newly designed stepper exercise device. The regimen included
both active mode motions (TSA) and passive mode motions (TSP). A TS-only group and a normal cage group (CON) served as
positive or negative controls. The muscle and bone decrements observed in TS-only group were not seen in the other groups
except TSP. Active mode motions supported femur and tibia bone quality (5% BMD, 10% microtrabecular BV/TV, Tb.Th., Tb.N.
parameters), whole soleus muscle/myofiber size and type II distribution, 20% increased sarcolemma NOS1 immunosignals vs.
CON, with 25% more hybrid fiber formation (remodeling sign) for all TS groups. We propose a new custom-made stepper device
to be used in the TS rat model that allows for detailed investigations of the unique biodynamic properties of the muscle-bone unit

during resistive-load exercise countermeasure trials on the ground or in microgravity.
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Introduction

In human spaceflight, resistive exercise regimen is considered
as effective prescriptions to minimize the risks of microgravity-
induced musculoskeletal system impairments, psychological
problems (depression), and cardiovascular insufficiencies'”. The
unique biodynamic properties (i.e., biomechanical translational
forces from muscle to bone) of the deconditioned human mus-
culoskeletal system to exercise stimulation and thus efficacy of
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exercise-driven countermeasure protocols for the human body
in microgravity are however less well understood compared to
the well-studied biomechanical or functional properties of the
human musculoskeletal system on Earth.

Human performance on the ground is principally character-
ized by alternating active and passive motion phases®. In active
motions, the muscle contracts volitionally to overcome resist-
ance caused by one’s own body weight, whereas in passive mo-
tions, external forces from the training device or even manpower
itself help to counteract the resistance in such a way that trans-
lation of the biomechanical forces from muscles to bone (i.e.,
biodynamics) will be considerably reduced if not negligible. For
example, passive motions are performed in routine clinical hip
joint tests and passive knee extensor stretching to overcome con-
strained joint movements or to offset muscle fatigue/stiffness in
sports. Thus, relatively low mechanical loading of the muscle-
bone interface will be produced by passive motions controlled
by the sportsman himself or his/her physiotherapist.



Both working load and power/force are major functional de-
terminants supporting the musculoskeletal apparatus in terms
of a 1G-adapted physiologically bone-string (string=muscle-
tendon unit) interplay in normal human movement and sports.
In space, absence of gravitational load (UG) though mimics
“an invisible hand” that virtually assists an astronaut’s per-
formance working against resistance forces produced by me-
chanical loading during routine work and performance. Due
to altered mass inertia in microgravity repetitive bouts on
presently used countermeasure devices’ may likely also result
in considerably altered motion patterns of a normal leg muscle
and its antagonist counterpart with respect to a reversed push-
pull motion of flexor and extensor leg muscle groups following
e.g., ergometer cycling in space even if similar gravitational
load is provided by the device in microgravity. As a conse-
quence, reversed activity patterns of closed vs. open chain
muscles are apparently initiated during on-orbit exercise reg-
imen that might produce some aberrant biomechanical stress
of the Astronaut’s joint-bone-muscle interface in a given mo-
tion body segment while the outcome of such adverse biody-
namical stress on structural and functional properties of the
muscle-bone unit following physical exercise countermeasure
in spaceflight are presently largely unknown.

Evenmore, most of the astronaut’s preflight training on the
ground or even the routinely prescribed inflight countermeasure
protocols on orbit include more or less strenuous resistive exercise
regimens with repetitive bouts routinely and frequently used by
various athletes in sports to improve neuromuscular power and
force during their competitions on the ground. However, the
unique biodynamic demands of the deconditioned human musku-
loskeletal system on orbit are difficult to be studied in astronauts
due to the known mission constraints (e.g., compliance with ex-
ercise). Recent inflight data of on-orbit exercise protocols, for ex-
ample, showed that astronauts on the International Space Station
(ISS) performed on-orbit training but without the expected posi-
tive training effects on structural and functional muscle or bone
parameters”'. As a consequence, more detailed protocol moni-
toring such as compliance with exercise prescriptions and increase
in duration and working load were proposed to further improve
efficacy of inflight countermeasure protocols''2 If the outcome
of presently onboard exercise countermeasure protocols per-
formed in microgravity were, at least partly, also due to possible
altered biodynamic properties of the muscle-bone interface in mi-
crogravity has not been elaborated so far.

We used the tail-suspended (TS) rat model, an accepted ro-
dent experimental analog to human spaceflight, for principal
investigations on active muscle contractions induced by spon-
taneous muscle contractions by controlled plantar electrical
impulse activation, and compared them to passive muscle con-
tractions triggered by passive hind limb lifting"® using a newly
custom-made exercise stepper device for active vs. passive
mode leg motions in rodents thereby modeling biomechanical
stress parameters induced by altered movements following
hind limb-unloading on the ground. Our major aim was to pro-
vide pertinent evidence for distinct qualitative and quantitative
training effects on principal bone and muscle properties.

L-W. Sun et al.: Bone and muscle preserved by exercise in TS rats

Materials and methods

Experimental animals and animal care. Female 8-week-
old Sprague Dawley rats were purchased from Experimental
Animal Center of Beijing University (body weight ranged 215
to 235 g). After one week of adaptation to standard laboratory
cages (n=2, each cage), twenty animals (n=20) were randomly
selected and divided into four groups (n=>5, each): tail-suspen-
sion (TS), tail-suspension plus active exercise (TSP), tail-sus-
pension plus passive motion (TSP) and a control (CON) group.
In TS, TSP and TSA, rats were subjected to tail suspension for
a duration of 21 days of hind limb unloading'*. While tail-sus-
pended, the TSP and TSA rats were subjected individually to
either passive mode motion or active mode exercise induced
by a custom made TS-rat training device designed in our lab-
oratory (Figure 1). All TS-rat groups including CON were sub-
jected to the same nursery/housing conditions with 12h
dark-light cycles and food and water ad libitum for 21 days in
the animal facility of the Department at Beihang University,
China. Animal treatment and care was according to Regula-
tions for the Administration of Affairs Concerning Experimen-
tal Animals promulgated by Decrete No.2 of the State Science
and Technology Commission of China and the Guiding Prin-
ciples for the Care and Use of Animals approved by Beijing
Government. All protocols were approved by the Animal Care
Committee of Beihang University, China.

Exercise training with a stepper device. We designed a novel
exercise stepper training device for active and passive mode train-
ing protocols for TS-rats as shown in Figure 1. Briefly, the rat’s
trunk was placed in a fixed box (30° angle) while its tail was sus-
pended via fixation to an overhead TS crossbeam. The rat’s left
and right rear feet were taped on the stepper footplates with med-
ical adhesive tape. While suspended, the rat’s body maintained a
head down tilt angle of 30° to secure for complete hindlimb un-
loading. Active mode leg motion: When active mode exercise was
performed, the training was started by the pulse electrical arc stim-
ulator as previously reported". Electric impulse-induced reflexive
muscle activation of the left and right rear leg was alternately
achieved by electrodes applied to the footplate in such a way that
a short voltaic arc (>1000 V, 200 ms) was produced adjacent to
the plantar region without direct electrode contacting on the skin
thereby inducing uncomfortable skin sensation on the foot paw.
Active leg motions in the conscious TS rat was induced sponta-
neously and alternately to the rear feet without direct stimulation
of a given nerve or a hind leg muscle group. As a consequence,
the TS-rat always actively moved its left or right hind limb in an
alternating pattern together with the two adjacent foot stepper ped-
als. Each impulse resulted in active leg muscle contractions (vari-
antly in one left and one right leg) as monitored by EMG and each
active bout was considered as being part of resistive load training
as the rat hind limb muscles needed to overcome a load of 0-4 N
(Figure 1C) produced by a spring fixed between pedal and bottom
plate of the device that, in turn, helped to return pedals to their
starting positions between individual bouts. Passive mode leg mo-
tions: When passive mode exercise was performed by TS-rats on
the same stepper device, a lifting motor drove the pedal thus over-
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Figure 1. Custom-design of a passive or active resistance exercise device (stepper) for the tail-suspended (TS)-rat model. (A) Cartoon drawing of stepper
construction for use with the TS-rat experimental model. (B) Photograph showing TS-rat during exercise on the stepper device in the laboratory. The rat’s
trunk was placed in a fixed box (30° angle) and hind paws were fixed by adhesives on the stepper footplates. When active mode exercise was performed,
training was initiated by short pulses of the electrical arc stimulator. When passive mode exercise was performed, a lifting motor drove the pedal. (C) The
force of the spring was exerted as the rat’s hindlimb was contracting. The maximum force was 4 N corresponding the maximum displacement (3.5 cm).

coming the load of 0-4 N produced by a spring that brought about
passive contraction to the TS-rat’s hind limb muscles without elec-
tric impulse stimulation. This motion was considered as passive
mode leg motion. As the original position was always achieved
by the spring load, both active and passive mode exercise included
passive muscle stretching as final part of each bout. The conscious
rats of the TSA and TSP group were trained twice a day (at 9 a.m.
and 7 p.m.), with the stepper training approximately lasting about
6 min per day including exactly 40 bouts.

Electromyogram (EMG) of calf. A rat’s surface EMG de-
tection system was developed as previous described'®. This sys-
tem mainly included a four-pin surface electrode attached to rat’s
hairless calf and discharged via an amplifying-filtering circuit.

Dual energy X-ray absorptiometry (DXA) of bone.
Before start (day 0) and after end of the TS experiment (day 22,
all groups), rats were anaesthetized by 1% pentobarbital sodium
(6 ml/kg, i.p.) and bone mineral density (BMD) of entire femur
was measured in vivo using a clinical DXA machine (Norland
XR-36, USA) with small animal software supplementation. For
each group, BMD-change to baseline (in%) was calculated as
BMD % ,4ge=(BMD,,;-BMDy)/ BMD;;x100.

Micro-computed tomography (uWCT) measurements of
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bone. Before start (day 0) and after end of experiment (day 22),
rats were anaesthetized appropriately (as for DXA measure-
ments) for in vivo scan by uCT (SkyScan1076, Belgium). The
metaphyses of distal femurs and proximal tibia of rats were
scanned as previously reported'’. Briefly, all scans were in the
mode of 70kV X-ray voltage, 143 pA current, | mm alu-
minium filter, 18 um pixel size, 360° tomographic rotation and
a rotation step of 0.6°. The measured region was commenced
at the position of 1.898 mm to the growth plate level and ex-
tended to the diaphysis for 150 transverse slices (4.745 mm to
the growth plate level). All scans were reconstructed with the
same parameters. The region of interest (ROI) was delineated
by freehand drawing from the same investigator, then trabec-
ular/cortical BMD-change to baseline (in%) was calculated as
BMD % change-Trab/Cort= ( BM DTrab/Cort-ZZd_ B MDTrab/Cort-Od)/
BMDy,/com0a% 100. And the trabecular microstructural param-
eters of both distal femur and proximal tibia were calculated,
including: 1) BV/TV (Bone volume fraction), 2) Tb.Th (Tra-
becular thickness), 3) Tb.N (Trabecular number), and 4) Tb.Sp
(Trabecular separation). In addition, cross-sectional area
(CSA) of rat whole calf muscles (including m. soleus and m.
gastrocnemius) was calculated at 4.745 mm to the growth
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Figure 2. Body weights of rats.

plate. All parameters were calculated as change rate similar to
BMD, that is CSA% e rate=(CS Ao~ CS Ag)/CS A% 100.
Skeletal muscle. Following the in vivo measures as described
above, rats were sacrificed with narcotic overdose (1% Pentobar-
bital Sodium, 18 ml/kg, i.p.). The soleus muscle (and bones, see
below) was immediately excised and frozen rapidly in liquid ni-
trogen and transferred to -80°C freezer for storage. From the mus-
cle tissue blocks, consecutive series of 8 um thick cryosections
were cut, mounted on coded glass slides, and immunostained for
anti-slow (type I) and anti-fast (type IT) myosin-heavy chain pro-
teins (sMyHC, fMyHC, Sigma Inc.) as previously reported™® to
verify the two major types of myofibers including hybrids. In ad-
dition to anti-MyHCslow and -fast immunostaining, anti-Dys-
trophin (submembrane protein marker, diluted 1:500) was used
in triple-staining protocols on the same cryosections to clearly de-
lineate the outer fiber membrane for accurate size determinations
(cross-sectional area, CSA) of slow and fast myofibers. In addi-
tion, we used nitric oxide synthase type-1 (NOS1) as a marker of
muscle activity'®. The primary monoclonal or polyclonal antibod-
ies were detected via affinity-purified secondary anti-mouse or
anti-goat antibodies labeled with three different fluorescent probes
(ALEXA 488, 555 and 615, Molecular Probes Inc., dilutions
1:1000-1:2000). All slides were mounted with coverslips using
Vectashield™ mounting medium (Vector Laboratories. CA. USA)
and thereafter inspected with a high-resolution three channel laser
confocal microscope (Leica TCS SP-2, Germany). Immunos-
tained cryosections from the TS, TSA, TSP and CON animal
groups were scanned at identical magnifications (x40 objective)
in the same scan sessions using identical scan/image/laser and
pixel settings in order to achieve unbiased quantitative pixel-in-
tensity measures and comparison between groups using the soft-
ware pack of the supplier (Leica # 1234567 software release).
NOS1 immunofluorescence intensity. SOL cryosections (8 pm
thickness) were double-immunolabelled with anti-NOS1 and anti-
fast-myosin heavy chain (fMyHC) antibodies, specific immuno-
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Figure 3. Bone mineral density (BMD) changes versus baseline of
femora by DXA. (Values are means + SD, *p<0.05 compared to CON).

markers of fast myofibres type-II. The expression of NOS1 in my-
ofibers type I and II was determined by measuring the relative flu-
orescence intensity of immunostained sarcolemmal membrane
structures according to an established immunostaining protocol'®.
Briefly, the area pixel intensity of a selected region of interest (ROI)
within the sarcolemma area of about 1.000 um? of both types I and
II myofibers was measured in digitised confocal image scans and
expressed as arbitrary units using Leica software (in the range of 0-
255 a.u.). At least ten myofibers, of type I and of type II were meas-
ured in each cryosection from each animal, each group (for a total
of 20,000 um?) in at least three independent immunostaining ex-
periments. Changes of NOSI1 intensity was determined by area-
based pixel intensity measurements between individual animals
from each group (TS, TSA, TSP, CON, n=5 each), and were cal-
culated as percent changing of arbitrary units (a.u.) of each group
versus CON (baseline set as 0%). Immunostaining experiments
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Figure 4. Trabecular and cortical BMD (g/cm?) of metaphyses in distal femurs and proximal tibia by pCT. (A) trabecular BMD. (B) Cortical

BMD. (Values are means + SD, * p<0.05).

with secondary detection antibodies only omitting monoclonal pri-
mary anti-NOS1 were run as negative controls.

Bone ash weight. Femurs and tibias of right hind limbs
were excised clean of soft tissues and were treated by modified
method as previously described". In details, bones were im-
mersed in solvent (2 vol. chloroform: 1 vol. methanol) to ex-
tract fat for 5 days, then dried at 105° in drying oven for 36 h
until weight was stable. Dry weight was measured when cool-
ing. All specimens were burned to ash at 700°C in a muffle
furnace for 24 h. Then, the ratio of ash weight was calculated
as AW %= ash weight/dry weightx100.

Three-point bending test. Femurs of left hind limbs were ex-
cised clean of soft tissues and wrapped by saline-soaked gauze
bandage and then preserved in -20° for three-point bending test.
Three-point bending of rat femur in the mediolateral direction was
carried out on Shimadzu AG-10KNIS testing machine as previ-
ously reported”. Briefly, the span was about 20 mm. Before actual
testing, a small stabilizing preload (10 N) was applied on the me-
dial surface of the femur at a rate of 0.1 mm/s. The bending load
was applied at a rate of 0.2 mm/s until failure of the specimen.
The maximum load, stiffness, energy absorption and Young’s
modulus of the femoral mid shaft were determined and calculated.

Statistical analysis

All values were expressed as means + standard deviation
(SD). Statistical analyses were performed between groups with
SPSS 13.0 using Univariate and t-test analysis. The level of
statistical significance was set at p<0.05.

Results
Rat body weight

The rat body weight was measured during the experiment
(Figure 2). There was no significant difference among the gen-
eral body weight of the four rat groups.
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Bone mineral density (BMD) from DXA and uCT scans

The DXA-BMD (g/cm?) of femurs decreased significantly
in TS and TSP compared to CON animal group p<0.05 (Fig-
ure 3). We found no significant differences between TSA and
CON. As expected, these results confirmed that tail-suspen-
sion resulted in significantly decreased BMD (g/cm?) p<0.05,
which could be prevented by active (TSA) rather than passive
motion (TSP) exercise countermeasure using the stepper
training protocol.

Both trabecular and cortical BMD (mg/cm?) determined by
the uCT method in TS and TSP group also decreased signifi-
cantly compared to either the CON or TSA animal groups
p<0.05, while there were no significant differences found be-
tween the CON and TSA group (Figure 4).

Bone microstructural parameters

We next compared the 3-D reconstructed bone microstruc-
ture of CON with TS, TSP and TSA group by the pCT method
as further visual documentation of the inner bone microarchi-
tecture (Figure 5A). The 3-D reconstructed microstructure of
trabecular bone was significantly deteriorated by TS, and to
lesser extend also by TSP, whereas the microstructure was
largely preserved by TSA (Figure 5A). All other calculated in-
dividual parameters (BV/TV, Tb.Th, Tb.N, and Tb.Sp) showed
significant differences between TS and TSP versus CON
p<0.05. No differences were found between TSA and CON
(Figure 5B-E). However, visible deterioration of normal bone
microstructure was present in bones from TS-rats of the pas-
sive mode (TSP) exercise group using the same stepper train-
ing device as TSA rats.

Three-point bending test

In TS rats, stiffness, maximum load, energy absorption and
Young’s modulus were significantly decreased compared with
the CON group using the three-point bending test of bone
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Figure 5. Trabecular microstructure of distal femurs and proximal tibias by uCT. (A) Three-dimensional (3D) reconstruction of rat trabecular
bone of distal femur. The reconstruction region was obtained starting from the position of 1.898 mm (100 slices) to the growth plate level and
extended to the diaphysis for 30 transverse slices. (B) BV/TV, Bone volume fraction, (C) Tb.Th, Trabecular thickness, (D) Tb.N, Trabecular
number, (E) Tb.Sp, Trabecular separation. (Values are means + SD, *p<0.05).

p<0.05 (Table 1). In TSP rats, energy absorption and Young’s
modulus were significantly different compared with CON rats
p<0.05, and all calculated parameters did not show significant
differences compared to the TS group. Compared to CON,
TSA rat bone values did not show significant changes which
were however detectable between TSA vs. TS rats.

Ash weight measurements

The ratio of ash weight (AW) of the right femur and tibia is
showed in Figure 6. Both TS and TSP group showed signifi-

cant differences in values compared to CON and TSA rats
p<0.05. In addition, there was no significant difference com-
pared to CON in femoral bones.

Whole Calf Muscle Cross-Sectional Area (CSA)

Determination of the whole CSA of rat calf muscles was
done by puCT in parallel to bone scans to document more gen-
eral changes in size variations of rat calf muscles between ex-
perimental groups in digitized cross-sectional images. The
CSA of whole calf muscles (m. soleus, m. gastrocnemius) de-
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Para. CON

TS

TSP TSA

186.68+44.081
91.43+4.12
48.52+7.42
8682.02 +1466.14

Stiffness [N/mm)]

Max Load [N]

Energy Absorp [mJ]
Young’s Modulus [N/mm?]

134.61£22.31*
79.02+6.33*
32.94+5.45%
6419.92+1469.77*

183.34+37.55%

92.72+11.16*

48.66+7.02 &
8809.43+1932.76%&

147.27+10.75
82.71+8.49
35.78+4.44%*
6704.34+348.93*

Values are means + SD
*indicates significant difference compared to CON,
*indicates significant difference compared to TS,
4indicates significant difference compared to TSP.

Table 1. Descriptive data of three-point bending.

creased significantly in TS and TSP compared to CON or TSA
p<0.05. There was no significant difference found between
TSA and CON (Figure 7).

Myofiber CSA and slow/fast type distribution

We also determined the histological CSA of individual slow
(type I) and fast (type II) myofibers and the ratio of slow/fast
hybrid fibers (i.e. immunoreactive for slow and fast MyHC)
in cryosections of m. soleus which is a reference slow-type
muscle in rats sensitive to gravitational load or unloading (Fig-
ure 8). Compared to CON, the CSA of slow (type I) and fast
(type II) as well as of the hybrid myofiber subpopulation (Fig-
ure 8B, shown as left to right bar clusters plotted against y-
axis) was decreased in all groups (TS, TSP and TSA) with the
only exception of the fast myofibers in the TSA group (Figure
8B, middle plot clusters) that compared to CON did not show
significantly changed CSA values. Compared to TS, slow and
fast myofiber CSA was always increased in TSA, but not in
TSP group. In addition, the CSA values of the hybrid fibers in
the TSA or TSP group were significantly higher compared to
those seen in other groups p<0.05). The baseline CSA levels
of CON rats however were not achieved neither by rats of the
TSA nor TSP group (Figure 8).

Compared to CON, the type I (slow) and II (fast) myofiber
distribution pattern in m. soleus was significantly altered in all
three groups (TS, TSA and TSP) p<0.05. Compared to TS
only, the myofiber type I and II pattern is comparable to both
TSA or TSP. In addition, we also monitored the relative
amounts of hybrid fibers (signatures for myofiber type remod-
eling, Figure 8B, left cluster) in soleus myofibers with no sig-
nificant changes between TSA and TSP p<0.05.

NOS1 Expression in SOL muscle and its muscle fibers

As a morphological signature for muscle activity, we
analysed the NOS|1 fluorescence intensity present at the sar-
colemma region of soleus muscle fibers in all experimental
groups. NOS1 immunohistochemistry showed strong immuno-
fluorescence at sarcolemma membrane structures in cross-sec-
tioned soleus myofibers in the CON group that was however
nearly absent from atrophic myofibers in the T'S group, or only
faintly expressed in the TSP group as documented by high-res-
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Figure 8. Triple-immunostained cryosections showing the pattern of slow (type I, red) and fast (type II, green) myosin heavy chain (MyHC)
co-immunostained with membrane marker dystrophin in rat soleus muscle. (A) CON (control), TS (tail suspended only), TSA (active exercise),
and TSP (passive exercise) group. Note the increased amount of hybrid fibers (yellow label) in TSA group, (B) Quantitative determination of
myofiber cross-sectional area (CSA) in all four groups (n=5, each group; *p<0.05 TSA vs. TSP or vs. CON). In this plot graph (B), 4 experimental
groups are plotted as three separate clusters of type 1, type 2, or hybrid fibers (left to right) against CSA values (y-axis, 0-3.000 um?). Each
single plot reads as means = single horizontal black line in colored bar; extension of colored body of bar= +/- standard deviation S.D.; longitudinal
lines through bar body= max./min. values. (C) Quantitative determination of percent change in slow (type I) vs. fast (type II) myofiber type
distribution in rat m. soleus in all groups (n=5, each group; *p<0.05). ns=not significant (TSA vs. TSP). Bar represents 100 pum.
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Figure 9. Nitric oxide synthase type-1 (NOS1, green) immunoreactivity at sarcolemma membranes of myofibers in rat soleus muscle. (A) Control
(CON) group (normal cage control), and following 21 days of TS (no exercise), TSA (active mode exercise) and TSP (passive mode exercise). Note
that the network-like NOS 1 myofiber membrane pattern (i.e., sarcolemma-associated NOS1) is absent from TS and TSP, but present in TSA rats.
(B) Plot graph showing quantitative determination of NOS1 fluorescence intensity at sarcolemma membranes in myofibers of all groups (n=5, each
group; *p<0.05, t-test). The four experimental groups (Control, TS, TSA TSP) are plotted against NOS1 immunofluorescence intensities (y-axis, O-
120 arbitrary values). Each single plot reads as means = single horizontal black line in colored bar; extension of colored body of bar=+/- standard
deviation S.D.; longitudinal lines through bar body=max. / min. values. * significance at p<0.05 vs Control or TSA; Bar (A) represents 100 um.

olution confocal microscopy (Figure 9). By contrast, soleus my-
ofibers of TSA animals showed a strong sarcolemmal NOSI
immunofluorescence comparable to baseline levels of the CON
group (Figure 9). The quantitative pixel image analysis of the
immunosignal intensity confirmed reduced sarcolemma NOS|
fluorescence intensities in both TS and TSP compared to the
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CON group (Figure 9). Our results showed NOS1 myofiber
membrane proteins that are both negatively regulated in TS
only and positively regulated via active mode (TSA) p<0.05,
but not via passive mode (TSP) muscle contractions in rat solei
myofibers subjected to 3 weeks of TS following experimental
conditions using the same stepper training device.
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Figure 10. EMG of passive and active mode exercise. (A) human biceps brachii, (B) rat calf muscle (triceps surae). Note amplitude of “passive
motion” relative to active exercise is greater for human than rat subjects. Multiple spikes around peak spikes denote auxiliary activation different

in human vs. rat muscle (i.e., sharp delineated spikes at passive motions).

Electromyogram (EMG) of active vs. passive exercise

The TS-rat active and passive mode exercise performed on
the designed stepper device was also monitored in hind limb
calf muscles with EMG detection and compared to the signal
patterns (mV) in human biceps brachii performing resistive
load bouts using 1.5 kg of weight lifting (Figure 10A). The
general signal patterns recorded during the two different active
or passive TS-rat exercise bouts (Figure 10B) was comparable
to the alternating signal patterns recorded from those in the
human biceps brachii muscle with differential amplitude peak
characteristics (described in Figure 10 legend). Even if direct
comparison of muscle activity patterns may be critical between
human and animal species, EMG signal patterns in both flexor
muscle groups likely monitored active vs. passive muscle ac-
tivity in general. At least, the results indicated that the active
or passive motion exercise for rat was achieved on the custom-
made training device.

Discussion

Since exercise has shown little success in mitigating bone
loss from long-duration spaceflight, some researchers tried to
combine exercise with other regimens. Recently, a combined
exercise and nutrition intervention partially maintained bone
mass during spaceflight?' while Swift et al. discovered that
bone formation to resistance training during disuse was
blunted by concurrent alendronate treatment®*. Therefore, the
development of adequate countermeasures to prevent micro-
gravity-induced musculoskeletal loss and to provide successful

postflight rehabilitation is still critical. Based on our present
findings, we here altered biodynamic properties of the mus-
cle-bone interface during resistive on-orbit exercise protocols
(i.e., reversed active vs passive muscle activation) to counter-
act musculoskeletal deconditioning of astronauts should be ad-
dressed more carefully in future countermeasure developments
and protocols.

To further unravel some of the biodynamic mechanisms in
the muscle-bone unit of the calf following unloading, we were
curious to determine if the mode shift from active vs. passive
motion performed in a 1G (control rat group) vs. simulated pG
environment (rat hind limb unloading) may provide an impor-
tant yet underestimated cue to properly counteract weightless-
ness-induced bone loss and muscle atrophy. The present
findings may also help to define improved physical counter-
measure regimen not only for future animal research in space-
flight but might also enable the Astronaut in the near future to
make use of a biodynamically-based muscle activation in ad-
dition to the presently used on-orbit resistive exercise coun-
termeasure protocols to maintain musculoskeletal functions
for safe performance control and health in long duration space
missions and thereafter.

In ground-based animal experimentation (rats or mice) active
mode exercise is usually applied via routine treadmill and/or
running wheel exercises or even progressive loading exercise
programs such as swimming regimens®*?, Likewise, passive
motion movements are usually applied following experimental
nerve transections (muscle denervation), or alternatively stud-
ied in anesthetized rats®’. Such experimental regimen certainly
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cannot be applied to similar human studies in Space for ethical
reasons. In order to furthermore study the biodynamic proper-
ties in terms of active vs. passive muscle activation in the mus-
cle-bone unit in an experimental animal model simulating
microgravity (TS-rat) we designed a novel exercise regimen
using a custom-made stepper device that allows for direct com-
parison between training outcome for a leg muscle-bone unit
in two conscious TS-rat groups using either active (TSA) and
passive mode (TSP). One limitation of this study is the inability
to ensure equal contraction speed during the active vs. passive
contraction. This may result in variable contraction-to-rest ratio
that might affect the mitigation of bone loss®®. Therefore, an al-
ternative method should be designed to further investigate the
influence of contracted speed in our model.

Our present results from routine bone structural markers
provided multiple evidences that BMD, microstructure and
biomechanical properties were equally supported by active
rather than passive mode exercise to counteract TS-induced
osteopenia and thus both exercise modes effectively offset loss
in the TS-rat bone quality. Our results from skeletal muscle
analysis including activity-dependent biomarkers such as
NOST1 expression performed on the soleus calf muscle (a ref-
erence slow-type and gravity-sensitive postural calf muscle in
rodents and humans) confirmed that structural and molecular
parameters were clearly affected by TS and, to lesser extent,
also by TSP, but remained largely unchanged following the
TSA exercise regimen. Such findings supported the notion that
active mode exercise performed on the ground-based rat step-
per device clearly prevented major changes in disuse-induced
muscle atrophy signatures that, for example, were found in
mice calf muscles exposed to long-duration exposure (91 days)
to real microgravity on the ISS%.

Apart from the known principal biomechanical properties
of the musculoskeletal system, human performance on the
ground (1 G) is based on complex integrative mechanisms of
peripheral and central nervous system pathways such as the
vestibular/visual input, muscle/tendon receptors and skin af-
ferents or neuroeffector control mechanisms which converge
in an adequate performance control that is well-adapted to
human normal life on Earth®**'. Nevertheless, the motion pat-
terns in human performance in microgravity (LG) appear to be
different from the well-known motion patterns performed by
the 1 G-adapted locomotor apparatus on Earth''. This fact may
likely contribute for example to the observed and reported sub-
optimal outcome of the presently prescribed exercise counter-
measure regimen to overcome musculoskeletal deconditioning
inflight in Astronauts on the International Space Station®’.

Resistive load exercise countermeasure protocols performed
by Astronauts on the International Space Station (ISS) on orbit
unexpectedly showed weaker effects than previously
thought”'°, suggesting that experience values gained by resis-
tive exercise protocols on Earth also may not be easily extrap-
olated to on-orbit countermeasure protocols to offset
musculoskeletal system deconditioning in human spaceflight.
For example, some of the insufficient on-orbit training effects
observed with the exercise countermeasure protocols on the
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ISS', may be, at least partly, explained also by the unique bio-
dynamic properties i.e. mechanically active muscle chains (i.e.,
optimal or habitual coordination of muscle groups and units
in open vs. closed chains) between the joint-bone-muscle in-
terfaces as well as by the altered mass inertia (e.g., resistive
load provided by the exercise device) used on orbit. However,
more sophisticated animal paradigms may be necessary to fur-
ther unravel differential agonist versus antagonist muscle
group activation and to study changed neural activation of ag-
onist/antagonist or synergist muscle groups and the unique
vestibular input to the neuromuscular system in-flight versus
that observed in 1 G.

In conclusion, using simulated microgravity modeled via
hind limb unloading in rats we found that different modes of
exercise (active vs passive) actually highlighted different ef-
fects on various bone and muscle parameters in rodents using
the same stepper device. As expected, active exercise appeared
to be more effective than passive motion to prevent disuse-in-
duced bone loss and maladaptation of unloaded rat skeletal
muscle supporting the need for spontaneous muscle activation
of the soleus to prevent deconditioning of the calf muscle-bone
unit. Even though the exact biomechanical properties of the
unloaded musculoskeletal system remain to be defined in more
details they may likely be altered in a microgravity environ-
ment during spaceflight with some impact on the overall out-
come of resistive exercise countermeasure inflight in both
animals and humans. Therefore, more attention should be paid
to the unique biodynamic demands and properties of the mus-
cle-bone interface in case if resistive exercise modes success-
fully performed on the ground will be used as effective
on-orbit countermeasure protocols for animals and possibly
also for human spaceflight missions.
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