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Abstract Adaptation of morphological, metabolic, and
contractile properties of skeletal muscles to inhibition of
antigravity activities by exposure to a microgravity envi-
ronment or by simulation models, such as chronic bedrest
in humans or hindlimb suspension in rodents, has been well
reported. Such physiological adaptations are generally
detrimental in daily life on earth. Since the development of
suitable countermeasure(s) is essential to prevent or inhibit
these adaptations, effects of neural, mechanical, and
metabolic factors on these properties in both humans and
animals were reviewed. Special attention was paid to the
roles of the motoneurons (both efferent and afferent neu-
rograms) and electromyogram activities as the neural fac-
tors, force development, and/or length of sarcomeres as the
mechanical factors and mitochondrial bioenergetics as the
metabolic factors.
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Introduction

Exposure to microgravity environments has been well re-
ported to induce various prominent changes in the prop-
erties of skeletal muscles responsible for maintenance of
posture and ground support, i.e., muscles composed pre-
dominantly of slow-twitch fibers [1-12]. Atrophy associ-
ated with a shift of fiber phenotype toward a faster type has
been a consistent finding in response to chronic gravita-
tional unloading. Here we briefly review the mechanism
responsible for the muscular adaptation to gravitational
unloading. The morphological, metabolic, and contractile
properties of skeletal muscles are influenced by neural [6—
8, 13-17], mechanical [4, 6, 10, 15, 16, 18-20], and
metabolic activities [18, 21-26]. Therefore, we will also
cite the data obtained from various ground-based studies
that reported on the muscular responses to altered levels of
these activities.

Morphological properties

It has been reported that gravitational unloading by expo-
sure to weightlessness causes atrophy mainly in slow anti-
gravity muscles and/or muscle fibers [4-9, 12, 27-38].
Modest or no atrophy was generally seen in fast-twitch
muscles and/or muscle fibers of rats [9, 39] and mice [30,
34, 35, 37]. However, some recent studies reported com-
parable atrophy in the mouse soleus, which is composed
mainly of fast-twitch fibers, as well as fast-twitch plantaris
and gastrocnemius, following unloading [40, 41]. It was
also reported that 16-36 % fiber atrophy in the fast-twitch
vastus lateralis muscle of astronauts was observed after
11 days of spaceflight, with the relative effects being
greater atrophy in fast- than slow-twitch fibers [42].
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Possible mechanisms responsible for such adverse effects
are discussed in the following Sect. “Phenotype-specific
responses.” Muscle atrophy is also induced by ground-
based simulation models, such as hindlimb suspension [9,
43-49], denervation [50], deafferentation [50, 51], spinal
cord transection [52], tenotomy [15, 53, 54], joint immo-
bilization [55-57] in animals, and/or human bedrest [58—
60].

Since the atrophy and hypertrophy of fibers are influ-
enced by a dynamic equilibrium between muscle protein
synthesis and breakdown, responses of the distribution of
myonuclei and satellite cells in single muscle fibers were
studied [6, 20]. In response to 16 days of hindlimb sus-
pension of adult Wistar Hannover rats, the mean numbers
of myonuclei and mitotic active/quiescent satellite cells in
a single fiber, sampled from tendon to tendon, decreased by
49 and 70/63 % from those of the pre-experimental levels
in the soleus [20]. Growth-associated increases of the
number of myonuclei and satellite cells, as well as the fiber
cross-sectional area (CSA), in soleus were also inhibited by
hindlimb suspension from day 4 after birth [61, 62]. These
results clearly suggest that gravitational unloading inhibits
the protein synthesis in antigravity muscles.

Roles of neuromuscular activation

One of the causes for the unloading-related changes in
muscle properties is often attributed to a decrease in neu-
romuscular activation [13-17]. Electromyogram (EMG)
activity of the soleus [63] and adductor longus [77] in rats
and humans (unpublished observation) decreased when
they were exposed to p-G during the parabolic flight of a
jet airplane. Both soleus EMG and afferent neurogram
levels, recorded at the 5th lumbar segmental level of spinal
cord in rats, were increased in response to the elevation of
gravity (1.5- to 2-G) during the ascending phase [63].
These activities were suddenly dropped in the p-G envi-
ronment, increased again during the descending phase
(1.5-G), and normalized toward the 1-G level. However,
the responses of efferent neurogram levels were minor.
The daily activation levels, analyzed by chronic
recording of EMG in ankle plantarflexors [13, 15, 17], not
dorsiflexors, and adductor longus muscle [6] also decrease
in response to hindlimb suspension. Soleus EMG (~ 80 %)
and both afferent (~30-40 %) and efferent neurograms
(~20 %) decreased in response to acute hindlimb sus-
pension relative to those recorded during quadrupedal
prone rest on the floor [15]. Although the EMG levels were
stable during the first 3—4 days of continuous suspension,
these activities were gradually increased thereafter. After
14 days, they reached the baseline levels recorded at rest
on the floor before the initiation of suspension. Similar
responses were also noted in the neurograms. The afferent
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neurograms were kept low during the first 1 week, then
gradually increased and reached levels even above the
baseline. Similar responses of efferent neurograms were
also seen. Their levels between 10 and 14 days after sus-
pension were even greater than the baseline on the floor.

The properties of slow and fast muscles are altered in
response to cross innervation [64]. Therefore, it was
thought that the properties of muscles are regulated by
motoneurons. However, recent studies suggested that the
properties of skeletal muscles are regulated by the neural
and mechanical activities of muscle itself through the af-
ferent-input-associated positive or negative feedback [6,
15], since the activities and patterns of afferent neurograms
are closely related to the muscular activities.

Responses of EMGs in the soleus, plantaris, lateral
portion of gastrocnemius, and tibialis anterior to 9-week
continuous suspension were studied [17]. Suspension-re-
lated decreases and gradual recoveries of EMG levels,
which are described above, were also seen in the ankle
plantarflexors during 1-2 weeks. However, the EMG ac-
tivities of these muscles gradually decreased, and the
lowest activities were seen at the end of suspension. On the
contrary, the activities of ankle dorsiflexors, tibialis ante-
rior, even increased in response to hindlimb suspension
first. Although they decreased gradually, the mean activity
levels were maintained above those of the cage controls
(p > 0.05). The EMG activities of all muscles immediately
increased in response to reloading on the floor. A promi-
nent increase was noted especially in the tibialis anterior.
These activities generally returned to the cage control
levels within 1 week.

The recoveries of soleus EMGs and neurograms were
closely related to the reorganization of sarcomeres. Due to
the plantarflexion-related passive shortening of muscle
fibers and sarcomeres (Fig. 1B) in response to hindlimb
suspension, tension development was inhibited (Fig. 1A)
[15]. Since the number of sarcomeres was decreased
(Fig. 1C) and the interval of each sarcomere was elongated
after 2 weeks of continuous suspension, tension develop-
ment at the plantarflexed position (120° and 140°) became
possible to some degree because of this reorganization of
sarcomeres (Fig. 1A). However, the soleus muscle con-
tinued to atrophy in spite of the return to normal activation
levels [17, 49], clearly indicating that the direct cause of
atrophy was not simply a decrease in the activation level of
the muscle. Furthermore, it is unclear why EMG levels of
plantarflexors decreased again during the continuous
chronic suspension.

The unloading-related fiber atrophy and shift of pheno-
type to fast characteristics in slow-twitch adductor longus
muscle, which are shown below, were more prominent in
the caudal than in the rostral region [6]. The EMG activity
in the caudal region, with higher distribution of fibers
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Fig. 1 Relationship between the anterior angle of the ankle joint and
passive (open and closed circles) and active (arrows) tension
development (A: n = 5 for each group) and the mean in vivo length
of sarcomeres (B; 10 rats for each group and 5 muscles or 5 x 30
fibers for each angle) before and after 14-day hindlimb suspension.
The total sarcomere number per fiber is also illustrated (C; 5 muscles
or 5 x 60 fibers for each group). Mean + SEM. * and : p < 0.05 vs.
pre-suspension control and the levels at a 160° ankle joint angle,
respectively. Cited from [15]

expressing slow-type myosin heavy chains (MHCs) and of
myonuclei and satellite cells, at rest on the floor was tonic.
But the integrated EMG activities in the caudal region
decreased and the patterns became phasic in response to
unloading.

Roles of mechanical stress

In addition to the unloading-related changes in EMG
levels, there are also decreases in active and passive force

development. During unloading, the ankle joints are
chronically extended, resulting in a passive shortening of
the ankle plantarflexors [10, 15, 16]. In this “slack” posi-
tion, force production is minimized further, even if the
muscles are activated. For example, the tension develop-
ment at the distal tendon of the soleus muscle was minimal
because of the plantarflexion of ankle joints, maintained at
~140° to 160°, during hindlimb suspension of rats (Fig. 1)
[15]. Thus, both the active and passive tension levels of the
plantarflexors would be expected to be relatively low,
particularly during the early phases (up to 2 weeks) after
the initiation of unloading.

Wang et al. [20] reported that the distribution of satellite
cells was significantly lowered in the central region of a
single muscle fiber in atrophied soleus muscle following
hindlimb suspension. The mean length of each sarcomere
in the central region was ~2.0 um in the muscle fibers of
hindlimb-suspended rats vs. 2.6 pm in muscle fibers sam-
pled from quadrupedal resting rats on the floor. No tension
was developed when the sarcomere length in soleus muscle
was shortened more than 2.1 vs. 3.0 um during rest on the
floor (Fig. 1) [15]. Thus, it is suggested that the loss of
satellite cells in the central region of muscle fibers [20]
may be influenced by the decrease in the mechanical stress.
A decrease in myonuclear number was also associated with
atrophy in these muscle fibers, indicating that protein
synthesis was inhibited in response to lowered mechanical
stress.

Region-specific responses of various parameters in ad-
ductor longus muscle to 16 days of hindlimb unloading and
reloading were reported [6]. Prominent unloading-related
fiber atrophy in adductor longus muscle was noted in the
caudal compared to rostral region. Atrophy of type I fibers
in the caudal, not rostral, region was induced after un-
loading, but recovered toward the control level after 16-day
ambulation (Fig. 2). The growth-associated increase of the
myonuclear number seen in the caudal region of control
rats was inhibited by unloading. The number of mitotic
active satellite cells decreased after unloading only in the
caudal region. Sarcomere length in the caudal region was
passively shortened during unloading (2.35 4 0.29 vs.
2.84 £ 0.24 pum on the floor), but that in the rostral region
was unchanged or even stretched slightly. The EMG ac-
tivity in the caudal region decreased after acute unloading,
but that in the rostral region was even elevated during
continuous unloading. The EMG levels in the caudal region
gradually increased up to the 6th day, but decreased again.
The responses of fiber properties in adductor longus muscle
to unloading and reloading were indicated to be closely
related to the region-specific mechanical as well as neural
activities, the caudal region being more responsive.

Effects of 14 days of hindlimb unloading or overloading
caused by ablation of synergists, with or without
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Fig. 2 Region-specific
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Table 1 Responses of fiber CSA Myonuc. Myonuc. domain Myonuc. CSA Nucleoli
properties in rat soleus to No./mm No./myonuc.
functional overloading (FO),
hindlimb unloading (HU), and FO " N " N "
deafferentation with (DA+FO)
or without FO (DA) vs. normal HU Ll W l 1 -
cage controls DA ! - ! - -
DA+FO — - — T T

Functional overloading was performed by ablation of the distal gastrocnemius and plantaris tendons.
Deafferentation was performed at the fifth level of the spinal cord. Cited from [51]

CSA, cross-sectional area; myonuc, myonuclei or myonucleus

deafferentation, on the fiber CSA, myonuclear number,
size, and domain, the number of nucleoli in a single my-
onucleus, and the levels in the phosphorylation of the ri-
bosomal protein S6 (S6) and 27 kDa heat shock protein
(HSP27) were studied in rat soleus muscle [51]. Hyper-
trophy of fibers (424 %, Table 1), associated with in-
creased nucleolar number (from 1-2 to 3-5) within a
myonucleus and myonuclear domain (427 %) compared to
the pre-experimental level, was induced by ablation of
synergists. Such phenomena were associated with in-
creased levels of phosphorylated S6 (484 %, Table 2) and
HSP27 (428 %). Fiber atrophy (—52 %), associated with a
decreased number (—31 %) and domain size (—28 %) of
myonuclei and phosphorylation of S6 (—98 %) and HSP27
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(—63 %), and with increased myonuclear size (419 %)
and ubiquitination of MHC (+33 %, p > 0.05), was ob-
served after unloading, which inhibited the mechanical
load.

Responses to deafferentation, which inhibited the EMG
level (—47 %), were generally similar to those caused by
hindlimb unloading, although the magnitudes were minor
(Tables 1, 2) [51]. The deafferentation-related responses
were prevented and the nucleolar number even increased
(+18 %) by the addition of synergist ablation, even though
the integrated EMG level was still 30 % less than that of
controls. It is suggested that the load-dependent mainte-
nance or upregulation of the nucleolar number and/or
phosphorylation of S6 and HSP27 plays an important
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Table 2 Responses of muscle mass and phosphorylation of riboso-
mal protein S6 (p-S6) and 27-kDa heat shock protein (p-HSP27) in rat
soleus muscle to functional overloading (FO), hindlimb unloading
(HU), and deafferentation with (DA+FO) or without FO (DA) vs.
normal cage controls

Mass p-S6 Total HSP27 p-HSP27
FO (i) m —or] "
HU Wi Wi - W
DA ! W - l
DA+FO - —or - N

See Table 1 for the treatments. Cited from [51]

role(s) in the regulation of muscle mass. All of these data
strongly indicate that the muscle adaptations induced by
gravitational unloading are directly associated with the
levels of mechanical loading. It was also indicated that
such regulation was not necessarily associated with the
neural activity.

Effects of metabolic factor(s)
Responses to heat stress

Effects of metabolic factors, other than the mechanical and/
or neural factors, on the morphological properties of
skeletal muscle are also reported. Naito et al. [65] reported
that preconditioning by application of heat stress in order to
increase the heat shock protein 72 (HSP72) expression
attenuated unloading-related muscle atrophy. HSP72, one
of the stress proteins, in skeletal muscle is also upregulated
by exercise training [66, 67]. Even though the specific ef-
fect of heat stress itself or upregulation of HSPs on the
response of muscle is still unclear, the exposure to heat
causes an increase in the muscular protein content via the
stimulation of protein synthesis and/or depression of pro-
tein degradation. Goto et al. [68] also reported beneficial
effects of heat stress on the recovery of atrophied muscle.

Heat stress was also reported to enhance the prolif-
erative potential of skeletal muscle and induce muscle
hypertrophy [69]. An increase in the number of muscle
satellite cells in skeletal muscle was observed in response
to heat stress [70]. Heat stress has also been suggested to
stimulate p70 S6 kinase [69] and calcineurin [71] in
skeletal muscle. The hypertrophic effects of heat stress on
human skeletal muscles [72, 73] and cultured muscle cells
[74] were also evaluated.

Responses to mitochondrial bioenergetics

Mitochondrial bioenergetics is closely related to the con-
tents of high-energy phosphates and/or metabolic rate.
Chronic exposure to cold stimulated the mitochondrial
bioenergetics, associated with lowered high-energy

phosphate content and increased mitochondrial enzyme
activities in skeletal muscle [75]. Similar phenomena were
also induced in rat skeletal muscles by feeding with cre-
atine analog B-guanidinopropionic acid [26, 76].

Hip joints of rats were abducted and extended backward
during exposure to microgravity [77] and hindlimb sus-
pension [6]. Such phenomena may cause the loss of muscle
temperature to ambient air. Lower temperatures in the calf,
foot, rectal and tail regions were reported in rats during
10 days of hindlimb suspension [78]. Decreases in blood
flow [79] and water content in hindlimb muscles [16]
during gravitational unloading of rats were also reported.
These results suggest that one of the causes of muscle at-
rophy induced in response to gravitational unloading might
be related to the lowered muscular temperature in addition
to the inhibited contractile activity indicated by reduced
EMG activities [6, 13, 15, 17]. However, it is obvious that
lowered temperature may not be the factor causing the
inhibition of mitochondrial metabolism, indicated by the
lowered enzyme activities shown below, due to gravita-
tional unloading.

Phenotype-specific responses

Greater atrophy of slow fibers vs. fast fibers was induced in
soleus muscle of rats after spaceflight and hindlimb sus-
pension [9]. However, the size of fibers, irrespective of
type, was unaffected in the medial portion of the gastroc-
nemius and tibialis anterior sampled from the same rats
[39]. These results indicated that the antigravity effect on
slow-twitch muscle or muscle fiber atrophy was more than
on fast-twitch muscles and muscle fibers, and on ankle
extensors more than flexors. Furthermore, fibers in the
caudal region atrophied more than those in the rostral re-
gion of slow-twitch adductor longus muscles of the same
Wistar Hannover rats in response to unloading [6]. This
region-specific response was related to the different effects
of neural (EMG) and mechanical stress (sarcomere length)
induced by the altered dimensional structure of muscle. An
unloading-related decrease in the EMG activity, with a
shift from slow-type tonic to fast-type phasic patterns, and
passive shortening of sarcomeres, which inhibits the me-
chanical stress and then mitochondrial bioenergetics, were
prominent in the caudal region.

However, it is still unclear why fibers expressing a
specific type of MHC are more susceptible to unloading,
even within the same muscle. Further, greater atrophy of
soleus muscle is induced in Wistar Hannover than Wistar
and Sprague-Dawley rats following the same kind of hin-
dlimb unloading [6, 20]. This is why it is speculated that
gene expression, specific to the types of fibers and/or ani-
mal species, may play a critical role in the induction of
these adverse responses.
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Metabolic properties
Oxidative enzymes

The specific activities of mitochondrial enzymes (per
unit weight or protein), such as succinate dehydrogenase
(SDH) [16], B-hydroxyacyl CoA dehydrogenase [16, 19,
43], citrate synthase [19, 43, 79-81], and cytochrome
oxidase [19, 80], measured in whole homogenates of
unloaded and atrophied soleus muscle are generally
lower than in normal controls. However, the specific
activity of SDH measured in single muscle fibers is
often maintained or even elevated [4-6, 9, 45, 46, 59,
82]. However, the total activity of SDH per whole fiber
CSA was decreased [6, 9]. These results suggest that an
unloading-related decrease of mitochondrial enzyme
levels advances when muscle or muscle fibers atrophy.
The data also indicate that the rates of their decreases
are parallel to or less than those of the cytoplasmic
volume of fibers since the relative volume of connective
tissues is increased [83].

Further, the SDH activity measured in the cross section
of muscle fibers is significantly higher in the subsar-
colemmal than intermyofibrillar region [28]. Spaceflight
caused a significant decrease in SDH activity in the
subsarcolemmal region. It was also reported that the
distribution of mitochondria in the subsarcolemmal area
of the adductor longus muscle of flight group was 31 %
less than that in ground controls [12]. These results sug-
gest that an unloading-related decrease of mitochondrial
enzymes may be of functional importance and where
those enzymes are distributed within a fiber should be
considered.

Glycolytic enzymes

Responses of the specific activities of glycolytic en-
zymes, such as lactate dehydrogenase (LDH) [16, 19,
43] and a-glycerophosphate dehydrogenase [9, 82] in rat
soleus, and phosphofructokinase in human vastus later-
alis [80], to gravitational unloading were also reported.
The specific activities (per unit weight or protein) of
LDH [16, 19, 43] and phosphofructokinase [80], mea-
sured in whole homogenates, remained stable in re-
sponse to unloading. No changes [9] or slightly elevated
a-glycerophosphate dehydrogenase activities [82] in
single muscle fibers were reported. However, the total
LDH activity in whole muscle [16, 19] was decreased.
These results clearly suggest that the activities of gly-
colytic as well as oxidative enzymes in skeletal muscles
are generally decreased in response to mechanical un-
loading. Further, such phenomena are parallel to or
slower than the fiber atrophy.
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muscle following 3-month spaceflight vs. the age-matched ground-
based vivarium laboratory control. Mito, mitochondria; Glyc, gly-
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proteolysis. Cited from [35]

Gene and protein expression related to metabolism

Significant downregulation of 15 mitochondria-related
proteins was induced in the neck muscle of mouse fol-
lowing 3-month spaceflight, although four proteins were
upregulated (Fig. 3) [35]. As for the glycolysis-related
proteins, five proteins—fructose-bisphosphate aldolase A
isoform 1, glycerol-3-phosphate dehydrogenase (NAD™)
(cytoplasmic), L-LDH A chain isoform, 2, 6-phospho-
fructokinase (muscle type), and phosphorylase—were
upregulated significantly. However, downregulation was
not seen in any glycolytic proteins. These results, including
the downregulation of genes related to mitochondrial
metabolism, including B-adrenoceptor, as described below
[34], imply that the metabolic properties were shifted from
oxidative to glycolytic metabolism even in fast-twitch
muscle because of unloading-related changes of the
metabolic rate.

Density of p,-adrenoceptor

B,-Adrenoceptors play a regulatory role in respiratory and
metabolic function, although its significance is not yet fully
understood [84]. However, B,-adrenoceptors in skeletal
muscles play an important role in glucose metabolism and/
or homeostasis by activation of the sympathetic nervous
system [85, 86]. Further, the density of B,-adrenoceptors is
considerably greater in slow- than fast-twitch muscle [87]
or muscle fibers [18], suggesting that they are closely re-
lated to oxidative metabolism in skeletal muscle.
B>-Adrenoceptor density in skeletal muscle is increased
by exercise training [87, 88] and electrical stimulation at
10 Hz [89]. Application of these mechanical and/or neural
stimuli also causes an increase of mitochondrial enzyme
activities or shift of fibers toward the slow-twitch type [87-
89]. However, the density of ,-adrenoceptor in soleus [23]
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and plantaris muscles [24] of rats was decreased in re-
sponse to hindlimb suspension and spaceflight, respec-
tively. Spaceflight-related significant downregulation of
genes related to cellular metabolism (vs. ground-based
laboratory control) in neck muscle (rhomboideus capitis) of
wild-type mouse (male C57BL/10J, 8 weeks old at the
launch of space shuttle), exposed to microgravity for
3 months on the International Space Station (ISS), was
observed [34]. Downregulation of the B-adrenoceptor gene,
also seen in this muscle, agrees with the previous findings
observed in response to hindlimb suspension [23] and
spaceflight [24]. These results suggest an unloading-related
inhibition of oxidative metabolism.

Similarly, the maximal binding capacity (Bpax) of Bo-
adrenoceptor in soleus was decreased following feeding of
creatine, as well as inhibition of mechanical stress on
muscles by hindlimb suspension, which caused elevation of
high-energy phosphate contents in rat calf muscles (Fig. 4)
[23]. The Bnax of Pr-adrenoceptor was, on the contrary,
increased in response to chronic depletion of creatine by
feeding B-guanidinopropionic acid, which also caused a
decrease of high-energy phosphate contents in muscles
[21-23, 26]. The metabolic rate, level of resting oxygen
consumption [26], and mitochondrial enzyme activities of
skeletal muscles in these rats [76, 90, 91] were greater than
in rats fed normal food, and contractile properties were
shifted from fast- to slow-twitch type [92, 93]. These
findings suggest that the mechanism responsible for the
regulation of muscular properties is closely related to the
mechanical and metabolic factors.

(fmol/mg protein)
3007 O Ground control
Unloaded
Il Creatine supplied
200
100
(1]

Control diet

B-GPA diet

Fig. 4 Responses of the maximum binding capacity of B,-adreno-
ceptors in rat soleus to hindlimb unloading and/or supplementation of
creatine or its analog, B-guanidinopropionic acid (B-GPA). Mean +
SEM. * and **: p < 0.05 and 0.01 vs. ground control; © and '
p < 0.05 and 0.01 vs. the respective group in the control diet group.
Cited from [23]

Fiber phenotype
Myosin heavy chain expression

Gravitational unloading by spaceflight and/or hindlimb
suspension causes a shift of fiber phenotype from slow to
fast in soleus and adductor longus [1, 4, 6, 9], but not in
fast-twitch muscles [39, 44, 47]. Figure 5 shows the re-
gion-specific responses of fiber types in adductor longus
muscle of Wistar Hannover rats to 16 days of hindlimb
unloading and reloading [6]. The percent distribution of
slow fibers was generally greater in the caudal and middle
regions than in the rostral region. The caudal and middle
regions in the control rats were composed of approximately
97 and 92 % of fibers expressing pure type I MHC at the
beginning of the experiment, respectively. Meanwhile, the
mean percentage of pure type I fibers in the rostral region
was 61 %, and the distribution of type I+II and II fibers
was 14 and 25 %, respectively.

After 16 days of growth on the floor, all fibers in the
caudal region became pure type I [6]. The percentage of
type I fibers in the middle and caudal region in the un-
loaded group decreased from the pre-experimental levels,
and de novo appearance of type I41I fibers was noted. The
percentage of type I fibers in all regions of the unloaded
group was less than in the age-matched control. The per-
centages of type I4II fibers of the unloaded group in the
middle and caudal, but not rostral, regions were sig-
nificantly greater than those of the pre-suspension and age-
matched control levels. Thus, it is suggested that unload-
ing-related adverse effects in the caudal region are influ-
enced by inhibition of mechanical and neural activities, as
described above.

The fiber phenotypes in the caudal region were nor-
malized after 16-day ambulation [6]. However, the un-
loading-related transformation toward fast type in the
rostral and middle region was not completely normalized,
although there was a trend to recover toward the control
level. The percentages of type I and I4+II fiber in the
middle region and that of type I+II fiber in the rostral
region were still different from those of the age-matched
controls.

Figure 6 shows the responses of fiber phenotypes in
soleus muscle of male Sprague-Dawley rats to 2 weeks of
spaceflight (Space Transport System-58 of the Spacelab
Life Sciences-2 mission) [1]. Spaceflight resulted in a
significant decrease of type I and Ila + I fibers as well as
the complete loss of type Ila fibers. Further, de novo ex-
pression of type IIb and neonatal MHCs and fibers coex-
pressing various types of MHCs was also noted. However,
the distribution of these fibers disappeared after 9 days of
ambulation recovery in a 1-G environment (data not
shown).

@ Springer



300

J Physiol Sci (2015) 65:293-310

Fig. 5 Region-specific

. A Rostral region
responses of fiber phenotypes in 100

adductor longus muscle of I:] I T
; 80
Wiatar Hannover rats to 16 days W . T
of hindlimb suspension and 60 T Z T
ambulation recovery. § . | T
Mean £+ SEM; n = 5 in each ~ 40 .
group/stage. See Fig. 2 for the : 5
symbols and abbreviations. 20 1’ -
Cited from [6] 0 73
B Midde regi
gion
100 a 2
a ta
80 *Ta T
__ 60 T
Q\Q/ 40 _T_ *Ta
20 a a a a a
0 /ﬁ x -
C caudal region a a §a
100 T T
a *Ta
80 1
a 60
s *
L1
20 a 2 a a
0 - 7= 772
Control Unloaded Control Unloaded
Pre Day 16 Day 32

Three intracellular calcium handling proteins, i.e.,
calsequestrin-1 (found in fast skeletal muscle), parvalbu-
min alpha, and sarcoplasmic/endoplasmic reticulum calci-
um ATPase 1, in mouse neck muscle were significantly
upregulated in response to 3-month spaceflight [35].
Ryanodine receptor 1 (skeletal muscle) was also
upregulated. These responses, in general, are consistent
with a shift toward a faster phenotype reported elsewhere
[1, 4, 6, 9].

Relationship to myosin ATPase activity

It was reported that the activity of myosin ATPase is cor-
related with the speed of muscle contraction [94]. There-
fore, the staining of myosin ATPase in muscle fibers were
utilized to classify the properties into either slow- or fast-
twitch type [9, 39]. However, the quantitative activities of
myosin ATPase in muscle fibers did not change, even
though the fiber phenotypes were shifted from slow to fast
type in response to spaceflight [9, 35] or hindlimb sus-
pension [6, 9, 16, 82], according to the classification using
the classic myosin ATPase staining [9, 16, 82] or current
method using antibodies specific for slow and fast MHC [6,
35]. These results suggest that the shift of fiber phenotypes
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is not directly related to the changes of myosin ATPase
activity.

Contractile properties
Animal studies
Effects of unloading in mature rats

Unloading-related changes of contractile properties were
observed in muscle and/or muscle fibers with atrophy and
a shift of MHC phenotype, as described above. Caiozzo
et al. [2] analyzed the in situ contractile properties of
soleus approximately 3 h after the landing of the space
shuttle in male Sprague-Dawley rats exposed to micro-
gravity for 6 days (n = 6). The maximal isometric tension
(P,) was decreased by 24 % and maximal shortening
velocity (V,) was increased by 14 % following spaceflight
vs. those in the ground-based controls (n = 6). At the end
of the 2-min fatigue test, the flight muscles generated only
34 % of P,, whereas the control muscles generated 64 %
of P,. On the contrary, it was also reported that the fa-
tigue resistance in atrophied soleus remains remarkably
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Fig. 6 Mean percentages of rat soleus muscle fibers expressing
various isoforms of myosin heavy chain (MHC) after 2 weeks of
spaceflight. *, ** and T, p <0.05, p <0.005, and p < 0.001 vs.
control. Cited from [1]

high [49, 95]. Such phenomena may in part be at-
tributable to (1) lowered absolute tension development,
(2) relatively stable levels of oxidative enzyme, SDH, in
fiber as described above [4, 5, 9, 45-47], and/or the
shorter diffusion distance from the blood capillary to the
center of the fiber due to atrophy.

The contractile speed-related properties
soleus muscle were shifted toward fast-type, although
fast muscles were not affected [49, 96-98]. The time-to-
peak tension was reduced. The V,, of whole muscle [49,
96, 98] and single fibers [99-101] was increased fol-
lowing unloading. Interestingly, elevation of myosin
ATPase activity, which could be proportional to an in-
crease of V,, was not always observed [9, 48, 97, 102].
Further, the one-half relaxation time was decreased,
perhaps due to changes in sarcoplasmic reticulum ki-
netics [103].

An unloading-related shift of muscle toward a faster
phenotype was also suggested by changes in protein ex-
pression. As described above, three intracellular calcium
handling proteins and ryanodine receptor 1 (skeletal mus-
cle) in mouse neck muscle were significantly upregulated
in response to 3-month spaceflight [35]. The shift of con-
tractile properties is generally consistent with the shift of
fiber phenotype and metabolic properties.

in slow

Effects of unloading during the growing period

Force development Effects of hindlimb unloading during
the 3-month growing period followed by 3-month ambu-
lation recovery on the contractile properties of single fibers
expressing only type I MHC were studied in rat soleus
[104]. The larger fibers generally develop greater force
than small fibers because of the higher number of cross
bridges. Thus, the absolute tension production was ~97 %
less in the unloaded muscle fibers (Fig. 7C) with smaller
CSA (~—80 % vs. control) (Fig. 7B). However, the rela-
tive tension, normalized by fiber CSA, was also less in the
unloaded than control fibers (Fig. 7D). All of these pa-
rameters gradually recovered toward the control levels
during the 3-month ambulation.

Shortening velocity The V, was ~97 % greater at the
end of 3-month unloading than the age-matched control
rats (Fig. 7E). The sensitivity of fibers to Ca’" was
evaluated as pCaso, which is the Ca®" concentration when
half of the maximum tension has been obtained. The mean
pCas in the unloaded fibers (5.44) was less than that in the
controls (5.84) at the 3rd month after birth. These proper-
ties gradually recovered toward the control levels. Similar
responses of the size, as well as contractile properties, of
single fibers to long-term bedrest were also seen in human
soleus, as described below [60].

Number of neuromuscular junctions Interestingly, muscle
fibers with multiple distributions of neuromuscular junc-
tions, detected by staining for acetylcholine receptor
(AchR) using o-bungarotoxin, were noted at the end of
3-month unloading (Fig. 8) [104]. At postnatal day 4, a
single junction was noted at the middle portion in all of the
fibers analyzed, suggesting that the aggregation of AchR
had already formed normally (Fig. 9A). Approximately
97.2 % of muscle fibers of control rats had a single junction
area at the age of 3 months, and ~2.8 % of fibers had two
junctions. However, the fibers containing one junction were
only ~60 % in the unloaded fibers, and ~32, 7, and 1 %
of the fibers had 2, 3, and even 5 endplates. The single
junction in the fiber was located at the middle region of the
fiber length. Double junctions were located at the proximal
and distal regions of the fibers.

The total fiber number of the soleus muscle at the 4th
day after birth was ~800 and was increased to ~ 2500
following the normal 3-month growth [61]. The growth-
related fiber formation was not influenced, even if the rats
were hindlimb-unloaded between postnatal day 4 and
month 3. It is suggested that the unloading may cause an
abnormal innervation in some newly formed fibers during
the postnatal development, since all fibers in 4-day-old rats
had single innervations. However, the number of junctions
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A Pictures showing the typical patterns of tension development in
single fibers of control and unloaded rats immediately after 3-month
cage housing or unloading. B Changes in the cross-sectional area of
fibers, which were used for the analysis of contractile properties.
C Absolute maximally activated isometric tension (P,). D Relative
maximally activated isometric tension (Fy,,y) per fiber cross-sectional

was normalized within 1-month reloading (Fig. 9B). It is
indicated that the formation and/or location of the junction
area in soleus muscle fibers may be regulated, in part, by
the gravity-dependent motor activity after birth.

The fibers coexpressing the multiple isoforms of MHCs
were noted in the soleus muscle fibers at the end of
3-month unloading [104]. However, these fibers disap-
peared within 1 month of reloading. It is speculated that
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the appearance of fibers coexpressing various types of
MHC may be closely related to the unloading-associated
abnormal activity due to the plural inputs from the multiple
junctions. The relationship between the location of junc-
tions and the phenotype or function of fiber is unclear since
the matured muscle fibers are generally innervated by a
single motoneuron, regardless of their phenotype [105].
However, the multiple innervations may affect the motor
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performance. Abnormal patterns of EMG in hindlimb
muscles, such as coactivation of dorsiflexor and plan-
tarflexor muscles, were observed during walking on the
floor after chronic unloading [17]. Walton et al. [106] also
reported that new-born rats that were hindlimb-unloaded
from the postnatal day 8-13 could not swim. These find-
ings suggest that the gravitational unloading during the
critical period for development of the motor system causes
a failure of morphological and functional growth of
skeletal muscle fibers.

Human studies
Spaceflight

It was reported that the absolute maximal voluntary con-
traction (MVC) of the human plantarflexor muscles de-
clined by 20-48 % following 6-month spaceflight [107].
The absolute isometric torque, measured during MVC of
the same muscle group, also decreased (~ 17 %) following
90-180 days in microgravity [108]. Further, ~21 (12—40)
% decline in the absolute peak force of the slow type I fiber
was observed following a 17-day spaceflight [109, 110]. In
addition, the absolute peak force of type Ila fibers in soleus
was 25 % lower than the pre-flight value [111]. The effects

of 180 days of spaceflight on the MVC of calf muscle
[112] and the structure and function of slow and fast fibers
in the gastrocnemius and soleus muscles [109] of nine ISS
crew members were also reported. Prolonged weightless-
ness produced a decline in the MVC of calf muscle
(~13 %) and in the absolute peak force, as soleus type I
(35 %) > soleus type II (27 %) > gastrocnemius type I
(25 %) > gastrocnemius type II fibers (7 %). Although
these results indicate the fiber type-dependent decline in
peak force, flight-duration-dependent effects were not
observed.

Bedrest

The responses of contractile properties in human soleus to
bedrest were also studied [60, 113-116]. Effects of 2 and
4 months of bedrest on the contractile properties of slow
fibers in soleus muscles of male subjects, sampled by using
needle biopsy, were reported [60]. The mean fiber di-
ameters were 8 and 36 % smaller after 2 and 4 months of
bedrest, respectively, than the pre-experimental level
(Fig. 10). The P, and maximum activated force (F,,. ) per
CSA decreased after bedrest. Such phenomena may be
related to a greater reduction of contractile proteins than
other structural or metabolic proteins following unloading.
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However, the precise mechanism is still unknown. The
common logarithm value of the free Ca®" concentration
required for half-maximal activation (pCaso) was also de-
creased. In contrast, the V,, was increased after bedrest.
After 1 month of recovery, fiber diameters, P,, Fiyax per
CSA (p > 0.05), and pCasg increased, and the V,, decreased
toward the pre-bedrest levels. Effects of 60 days of bedrest
were also compared between male and female subjects
[113, 114]. The diameter of soleus muscle fibers expressing
type I MHC (—14 % in both males and females), P,
(=38 % in males and —35 % in females), and power
(=39 % in males and —42 % in females), but not of con-
tractile velocity, decreased following bedrest. There were
no sex differences in the responses of contractile properties
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of single muscle fibers. These contractile responses to in-
activity are similar to the results obtained from animal
studies describes above.

Responses to countermeasures

Effects of exercise and/or nutritional treatment as the
countermeasures for prevention of bedrest-related adverse
effects were also studied [60, 113, 114]. Effects of knee
extension/flexion exercise by wearing an anti-G Penguin
suit for 10 h daily, and the effects of loading or unloading
of the plantarflexors with (Penguin-1 group) or without
(Penguin-2 group) placing elastic loading elements of the
suit, respectively, were investigated during 2 months of
bedrest [60]. In the Penguin-1 group, mean fiber diameter,
P,, Fiax per CSA, V,, and pCas, were similar before and
after bedrest. However, the responses of fiber size and
contractile properties to bedrest were not prevented in the
Penguin-2 group, although the degree of the changes was
less than those induced by bedrest without any counter-
measures [60]. These results indicate that long-term bedrest
results in reductions of fiber size, force-generation ca-
pacity, and Ca”" sensitivity, and enhancement of shorten-
ing velocity in slow fibers of soleus muscle, as described
above. It was suggested that knee extension/flexion exer-
cise was not useful as the countermeasure for the soleus.
However, the data also indicate that continuous mechanical
loading on muscle, such as stretching of muscle, is an ef-
fective countermeasure for the prevention of muscular
adaptations to gravitational unloading.

Trappe et al. [113, 114] investigated the effects of
aerobic and resistance training on the properties of soleus
muscle fibers during bedrest. The lower body negative
pressure (LBNP) treadmill device was used for aerobic
training. The treadmill was positioned vertically so that all
treadmill exercise activity was performed with the subject
in a horizontal (zero degree) position. The subjects per-
formed 40-min exercise ranging from 40 to 80 % of pre-
bedrest peak oxygen uptake, followed by 10-min resting
LBNP 2-4 days per week. During the course of 60-day
bedrest, 29 exercise sessions were prescribed. Resistance
training was performed by using supine squat (SS) exercises
on an inertial ergometer. Resistance exercise was scheduled
for each subject approximately every third day (2-3 days/
week) for a total of 19 sessions. The inertial ergometer was
in the 6° head-down tilt position, and all resistance exercises
were performed in the supine position. Ten minutes of light
supine cycling and submaximal SS repetitions were com-
pleted as warm-up. The SS exercise consisted of four sets of
seven maximal concentric and eccentric repetitions. There
were 2-min intervals between sets.

A nutritional countermeasure was also performed to
provide an additional amount of protein and free leucine



J Physiol Sci (2015) 65:293-310

305

Fig. 10 Responses of

contractile profiles of slow

soleus muscle fibers to 2 and A
4 months of bedrest and

1 month of ambulation recovery 120 -
in male subjects. A Fiber
diameter. B Absolute Ca>"-
activated maximal force (P,). 100 -
C Relative Ca®>-activated
maximal force (F,,x) per cross-
sectional area. D Unloaded ’é‘ 80
shortening velocity (V). 3
Mean + SEM. FL, fiber length. ‘:
*and ©: p < 0.05 vs. pre-bedrest 9 60 -
and 4 months of bedrest, o
respectively. Number of fibers: £
25 per group. Cited from [60] 8 40
(]
20 -
oL
C
150
& 100 |
£
—~—
=z
=
X
£
L 50
0 =

during the bedrest [113, 114]. An additional protein level
was maintained +0.45 g/kg body weight/day. In addition,
subjects received 3.6 g/day of free leucine, 1.8 g/day of
free valine, and 1.8 g/day of free isoleucine, which were
equally divided out over the three meals of the day. Thus,
the total protein intake for the bedrest with nutrition
countermeasure group was 1.6 g/kg body weight/day. To
compensate for the additional increase in energy intake
from protein, the carbohydrate content was reduced during
the bedrest period.

The results showed the combination of aerobic and re-
sistance exercise was effective for protection against ad-
verse effects induced by bedrest in the upper (vastus
lateralis) and lower leg (soleus) muscles in both males
[113] and females [114], although beneficial effects of
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nutritional treatment alone were not obtained. However, it
was reported that the exercises were not effective for pre-
vention of the reduction of calf muscle mass and perfor-
mance along with a slow-to-fast transition of fiber type in
gastrocnemius and soleus muscles, although nine crew
members had access to a running treadmill, cycle er-
gometer, and resistance exercise device on the ISS [112].
They performed aerobic exercise (~ 5 h/week) at moderate
intensity and resistance exercise (3—-6 days/wk) incorpo-
rating multiple lower leg exercises. It is speculated that
mobilization of muscles during exercise may not be iden-
tical between in-flight and on-ground conditions, even if
the same exercise device is utilized. Therefore, it was
suggested that exercise prescription and/or hardware on the
ISS should be modified.
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Further investigations to be performed

Although it is generally accepted that the specific tension
per unit CSA or weight is constant, some studies [49, 96]
also reported that the magnitude of the decrease in the P,
was greater than that in muscle mass. Therefore, the
specific tension per unit weight or CSA was lowered
(Figs. 7D, 10C). Such phenomena may be due to the
greater decrease in myofibrillar protein [48, 117], espe-
cially in thin filament density [118], lattice spacing [119,
120], and/or the relative increase of the non-contractile
tissue [81, 83] and interstitial volume [121].

The Ca®" sensitivity in the muscle fibers is dependent
on the isoform of troponin C [122, 123] and/or the coop-
erativity between thin and thick filaments [124]. As de-
scribed above (Fig. 7F), the Ca’t sensitivity was modified
by unloading. It has been reported that the intracellular free
Ca”" concentration in soleus muscle with unloading-in-
duced atrophy is elevated in a resting state [125]. Un-
loading might cause an alteration of intracellular Ca®"
movement in muscle fibers, resulting in modification of the
Ca*" sensitivity. Reloading promoted the normalization of
the fiber characteristics. However, the molecular responses
of Ca®" sensitivity-modification are still unclear.

The activity of myosin ATPase is correlated with the
speed of muscle contraction [94]. However, the quantita-
tive activities of myosin ATPase in muscle fibers did not
change, even though the fiber phenotypes were shifted
from slow to fast type in response to spaceflight [9, 35] or
hindlimb suspension [6, 9, 16, 82]. These results suggest
that the shift of fiber phenotypes is not directly related to
the changes of myosin ATPase activity.

The precise mechanisms responsible for these phe-
nomena seen following gravitational unloading and/or
reloading are still unclear. Therefore, further investigations
should be carried out to elucidate these mechanisms.

Conclusion

Adaptation of morphological, metabolic, and contractile
properties of skeletal muscles to inhibition of antigravity
activities was reviewed. Generally, studies have suggested
that atrophy of muscles and/or muscle fibers is closely
related to the decrease of tension development due to
passive shortening of muscle fibers and sarcomeres. Such
responses are also associated with inhibition of the ac-
tivities of EMG and motoneurons, mainly afferent input.
Further, these physiological adaptations were associated
with inhibited mitochondrial energy metabolism. The
studies also suggested that the shift of fiber phenotypes and
contractile properties toward the fast-twitch type was
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influenced by neural (shift from tonic to phasic activity)
and metabolic factors.
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