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Abstract

This study describes the morphology of the soleus myotendinous junction (MTJ) in the Rhesus monkey. Ultrastructural obser-
vations revealed a structural complexity that probably reflects functional adaptations. We also studied ultrastructural modifications
of the MTJ in response to 14 days of hypokinesia and microgravity (Bion 11 mission). The reduced limb mobility of the animals,
placed in a safety seat aboard the satellite, induced a sarcolemmal remodeling that was enhanced by the microgravity conditions.
Signs of MTJ remodeling such as alterations of contractile apparatus and myofilament-anchoring structures, T-tubule dilation, and
autophagic vacuoles could be ascribed to the microgravity. To cite this article: S. Roffino et al., C. R. Biologies 329 (2006).
 2006 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Structure de la jonction myotendineuse chez le singe Rhésus : effets de l’hypokinésie et de la microgravité. Nous avons
étudié, chez le singe Rhésus, les modifications ultrastructurales de la jonction myotendineuse (JMT) du muscle soléaire, induites par
des conditions d’hypokinésie et de microgravité (Bion 11). Nos résultats montrent la complexité architecturale de la JMT chez les
animaux contrôles. Les conditions de positionnement des animaux sur leur siège dans le satellite, à l’origine d’une hypokinésie des
membres inférieurs, induisent un remodelage sarcolemmal. Ce dernier est accentué par les conditions de microgravité, responsables
également d’un remaniement de la fibre musculaire affectant les structures contractiles, les zones d’ancrage des myofilaments et
certains organites tels que les T-tubules et les mitochondries. Pour citer cet article : S. Roffino et al., C. R. Biologies 329 (2006).
 2006 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

Myotendinous junctions (MTJs) transmit tension
generated by muscle to tendon [1]. At the MTJ, the
muscle fiber ends exhibit highly folded cell membrane
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that interdigitates with the extracellular matrix. This
structural configuration, described in Rhesus monkeys
in our previous study [2], is common to various ver-
tebrates. It increases the muscle-tendon interface [3–5]
and reduces stress on the sarcolemma during muscle
contraction [6–9]. In this work, we examine the MTJ
soleus morphology in the Rhesus monkey by analyzing
serial ultrathin sections.

Changes in mechanical constraints alter MTJ mor-
phology. Ultrastructural modifications have been de-
scribed not only after increased muscle use [10] but
also after reduced muscle loading [11–14], as that ex-
perienced during spaceflight [15]. We have previously
investigated the effects of a 14-day spaceflight on MTJ
ultrastructure of soleus muscle in rats [16] and Rhe-
sus monkeys [2]. Both species showed a degenerative
process in the muscle fiber end whereas the microten-
don showed signs of anabolic activity.

Special hardware was required to fly the animals on
the spacecraft. During the Bion 11 mission, two Rhe-
sus monkeys were seated on a restraint chair aboard
the satellite. This ground-based situation leads to struc-
tural and functional modifications of skeletal muscle
fibers [17,18]. In our previous studies [2,16], we did not
distinguish specific effects of microgravity from those
induced by animal housing conditions. In the present
study, we sought to determine which of the changes
observed at the soleus MTJ could be ascribed to the re-
duction of gravity and which were related to the confine-
ment of the animal induced by the safety chair during
the Bion 11 mission.

2. Materials and methods

The Bion 11 program was an international project
between NASA (National Aeronautics and Space Ad-
ministration) and the Russian space agency (RKA). This
program was developed to study the effect of spaceflight
on primate physiology.

2.1. Flight procedures

The Bion 11 experiments included three sets of
young male Rhesus Monkeys (Macacca mulatta). The
first set consisted of two monkeys (Multik, 357 and
Lapik, 484), flown aboard the Bion 11 satellite and
weighing, at the time of the flight, 4.9 kg and 5.1 kg,
respectively. The Bion 11 spacecraft was in orbit for 14
days (24 December 1996 to 7 January 1997) with an
apogee of 401 km and perigee of 225 km. According to
data received at the control center (behavioral activity,
body temperature, heart rate, food and juice consump-
tion), the animals were in good health during the flight.
Aboard the satellite, the monkeys were housed in the
Bios-Primate capsule, which was equipped with water
and food delivery systems and a urine collection sys-
tem. To ensure their safety, the animals were placed in
body-conforming, shock-absorbing seats (safety seats).
The monkeys were lightly secured with a chest harness
attached to the back of the chair to limit leaning for-
ward at the waist. The chair limited lateral movement of
the legs in the transverse plane. Additionally, a lap-plate
was positioned over the thighs of the monkeys to limit
movement of the leg at the hip joint in the sagital plane.
The lower legs were unsecured [19,20]. The monkeys
were housed in capsules 3 days prior to launch [21].

When the spacecraft landed (at 08:00 a.m. on 7 Janu-
ary 1997) in the north of Kazakhstan, the two monkeys
were placed in a transportation couch tilted back at an
angle of 45 deg and shipped to Moscow. They arrived at
the Institute of Biomedical Problems at 8:45 p.m. where
they were left overnight in their transportation couches
at 45 deg. The next morning, after physiological tests
showing that both animals were healthy, they were re-
moved from the transportation couch and were exposed
to postflight experiments (e.g., body fluid measurement,
neurosensory test, bone and muscle biopsies). On return
to Earth, each monkey was found to have lost 0.6 kg
body weight.

2.2. Ground control situations

The Bion 11 protocol included two Earth control
situations. A baseline control group (vivarium control)
consisted of two monkeys that had remained in vivarium
cages. A second ground control group consisted of three
additional animals (confinement group). In this group,
two monkeys were housed in the flight-type capsule and
placed in a flight-type safety seat during a period equiv-
alent to the flight duration plus 3 days (like the flight an-
imals, the confinement animals were housed in capsules
3 days prior to launch). The third monkey was placed
in a flight-type safety seat for 17 days. The confinement
group served to determine whether the reduced motor
activity imposed by the safety seat induced changes in
the musculoskeletal system. Thus, we could determine
which changes could be ascribed to the effects of micro-
gravity and which were related to the hardware required
to fly the animals on the satellite. Simulated post-flight
procedures were performed in strict adherence with the
post-flight schedule. The three monkeys were placed in
a transportation couch tilted back at an angle of 45 deg
for 24 h after the flight simulation. After physiological
tests showing the animals were healthy, they were ex-
posed to postflight experiments.
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Vivarium and confinement animals were the same
age and provided with the same diet. The average
weight was 4.83 ± 0.1 kg for vivarium animals and
4.87 ± 0.4 kg for confinement animals. On average, the
body weight of the vivarium increased by 0.3 kg during
the time of experiment whereas the body weight of the
confined animals decreased by 0.3 kg.

2.3. Muscle biopsy procedure

Samples from vivarium, confinement, and flight ani-
mals were treated the same way. The animals were anes-
thetized and biopsies of the distal MTJs region from the
right soleus muscles were surgically obtained. The biop-
sies were taken ∼24 h after landing. They were fixed by
successive immersions in a graded series of glutaralde-
hyde solution (3, 4.5, and 6%) in 0.4 M cacodylate
buffer at pH 7.4. They were subsequently post-fixed in
a 2% osmium tetroxide solution for 2.5 h at 4 ◦C. After

Fig. 1. Electron micrograph of longitudinal section through the soleus
MTJ from a control animal. The sarcolemmal invaginations of varying
depth determine three levels of organization: subdivisions (delimited
by arrowheads), ramifications (R1, R2), and finger-like processes (P).
Orientation of sarcomeres in S and R shows that S and R can take dif-
ferent directions (R1, R2). R1 is parallel to the longitudinal axis of the
muscle fiber. R2 appeared cut in oblique section. Numerous fibrob-
lasts (asterisks) and multidirectional collagen fibers (arrows) make up
the dense microtendon.
dehydration they were embedded in epoxy resin. Longi-
tudinal ultra-thin sections (70 nm) were cut through the
muscle-tendon interface and mounted on copper grids.
For morphological study of control MTJ, we made ser-
ial ultrathin sections. Both uranyl and lead citrate were
used to enhance the image contrast. The sections were
examined with a JEOL EM 1220 electron microscope.

3. Results

3.1. MTJs of control animals

The myotendinous junction in Rhesus monkey was
structurally complex. At the muscle fiber end, the cells
were broken into major subdivisions by deep sarcolem-
mal invaginations. These subdivisions contained sev-
eral sarcomeres and branched out into ramifications
from which extended finger-like processes. Subdivi-
sions, ramifications, and processes were arranged in dif-
ferent directions in three-dimensional space (Fig. 1).
The structural complexity was enhanced because most
of the ramifications and processes were incompletely
separated and collapsed one on the other. They often had

Fig. 2. Soleus MTJ from control animals. Electron micrographs (A
and B) of two serial sections 0.3 µm apart. An enclosed space of extra-
cellular matrix (A, asterisk) results from anastomosis of ramifications
(B: R1, R2). A short finger-like process (A, arrowhead) has a wavy
trajectory and appears longer in B (arrowhead). Sections of ramifica-
tions (B, triangle) and sections of intermingled processes (B, circle)
are isolated into the microtendon.
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Fig. 3. Soleus MTJ from control animals. The myofilaments insert into an electron-dense subsarcolemmal layer (white arrowheads). Numerous
vacuoles (white arrow) lie beneath the plasma membrane of the muscle cell. Fibroblasts with well-developed rough endoplasmic reticulum (as-
terisks), Golgi complex (black arrowhead), and numerous vesicles (black thin arrows) send cytoplasmic processes towards the muscle fiber (large
black arrows). Note that adjacent fibroblast processes are close to one another (square).
a wavy trajectory and were intermingled. These multidi-
mensional trajectories displayed not only closed spaces
of extracellular matrix trapped at the end of the muscle
fiber but also sections of ramifications and finger-like
processes isolated within the microtendon (Fig. 2).

The subsarcolemmal region of the muscle fiber ex-
tensions displayed numerous vacuoles. Concerning the
contractile structures at the MTJ, myofilaments of the
terminal sarcomeres inserted into the plasma membrane
via an electron-dense subsarcolemmal layer (Fig. 3).
The dense microtendon was made up of multidirectional
collagen fibers. However, at the level of sarcolemma in-
vaginations, the collagen fibrils remained in most cases
oriented parallel to the long axis of the finger-like
processes. Numerous mononucleated cells, resembling
fibroblasts, lay near the muscle fiber end (Fig. 1). Their
cytoplasm showed well-developed rough endoplasmic
reticulum, a prominent Golgi complex, and numerous
vesicles. Their cytoplasmic processes extended not only
to the muscle cell but also to other adjacent mononu-
cleated cells. At this level, the cytoplasmic processes
seemed to be in close contact (Fig. 3).

3.2. MTJs of confinement animals

No difference was observed between the animal
placed in a flight-type safety seat and the two chaired
animals housed in the flight-type capsule at 1 g.
MTJs of confinement animals showed the structural
complexity we observed in the controls. Some MTJs,
however, were more shredded than control myotendi-
nous interface (Fig. 4). In these remodeling MTJs, the
finger-like processes displayed a discontiguity between
the cell membrane and the basal lamina at their ex-
tremities. These loops of basal lamina, detached from
the plasma membrane, contained granular and vesicular
materials (Fig. 5). Caveolae and vacuoles were located
both at the bottom of the plasma membrane invagina-
tions and along the lateral side of finger-like processes
(Fig. 6).

As compared to the control animals, the nuclei of the
muscle fibers were frequently in a central position at the
cell extremity (Fig. 4). Except for rare Z-disk streaming
(Fig. 6), the contractile structure of the cells was not no-
tably modified and myofilaments inserted into the dense
subsarcolemmal densities. The fibroblasts showed no
change in position, morphology, or number. The micro-
tendon was less electron-dense than that of control ani-
mals (Fig. 4). The collagen fibrils were disorganized and
were associated with fibrils of small diameter (Fig. 5).

3.3. MTJs of flight animals

In comparison with confinement animals, the soleus
MTJ showed deeper sarcolemmal invaginations; longer
and thinner finger-like processes enhanced the shred-
ded aspect of the MTJ. Moreover, signs of basal lamina
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Fig. 4. Electron micrograph of a soleus MTJ longitudinal section from
confined animals. MTJ is more shredded than the control myotendi-
nous interface as a result of deeper and longer invaginations of the
sarcolemma (asterisks). The nucleus (N) is in a central position at the
extremity of the cell. The microtendon (T) is less electron-dense than
in control animals.

remodeling were frequent (Fig. 7). As in confinement
animals, the finger-like processes of the muscle cell con-
tained a myriad of caveolae and vacuoles, which often
merged with one another. Clusters of vacuoles were also
present at the bottom of the sarcolemmal invaginations.
Contrary to confined animals, the contractile apparatus
displayed significant changes after spaceflight. Termi-
nal sarcomeres were not disorganized, but Z band and
myofilaments appeared less electron-dense, suggesting
a loss of myofibrillar protein. Furthermore, the subsar-
colemmal layer in which terminal filaments insert was
less thick than that of confinement animals (Fig. 8). We
also observed changes in sarcoplasm at the muscle fiber
end, where there were multivesicular bodies, probably
associated with mitochondrial alterations and T-tubule
dilation (Fig. 9). With regard to the microtendon, no
difference was noted between confinement and flight
animals.
Fig. 5. Soleus MTJ of confined animals. At the extremity of a remod-
eling finger-like process, the basal lamina (arrowheads) is detached
from the plasma membrane. The envelope of basal lamina contains
granular and vesicular materials. In the microtendon, scattered col-
lagen fibrils (large arrow) are associated with fibrils of very small
diameter (thin arrow).

4. Discussion

Skeletal muscle fibers attach to the tendon at the
myotendinous junction. This specialized region of the
muscle fiber extremity constitutes one of the sites of
force transmission from muscle to tendon [22]. Plasma
membrane foldings and the structural chain linking my-
ofilaments to tendon collagen fibers through the sar-
colemma are found in all vertebrate MTJs [9]. Although
we have described these characteristics in the Rhesus
monkey MTJ [2] and suggested that force transmis-
sion in this animal does not differ from that in other
species, our ultrastructural analysis of serial sections re-
vealed morphological features specific of this animal.
The soleus MTJ of the monkey shows a structural com-
plexity which has never been described, and which re-
sults from random spatial organization of subdivisions,
ramifications, and processes of the muscle fiber extend-
ing three dimensionally. Further complexity is added by
intermingling of ramifications and processes from dif-
ferent cells and their wavy trajectories. One can suppose
there is a relation between the structural complexity we
observed in the Rhesus monkey MTJ and the functional
requirements of the soleus muscle. Previous studies sup-
port this hypothesis. Dunbar [23] investigated the mode
of locomotion of free and captive Rhesus monkeys.
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Fig. 6. Soleus MTJ of confined animals. A finger-like process presents
numerous subsarcolemmal vacuoles (thin arrow). They are also lo-
cated at the bottom of the sarcolemmal invaginations (large arrows).
The contractile apparatus do not show significant alterations except
for rare Z-disk streaming (arrowheads).

He observed that monkeys in the wild move around
on the ground and climb over long-diameter branches
and vines. In captivity, they employ similar behaviors
on comparable supports (floor, suspended poles, and
ropes). The locomotor activity of these animals is very
different from the terrestrial locomotion of rats and from
the bipedal movement of humans. One can suppose that
morphological adaptations occurred to adapt the soleus
muscle to constraints imposed by the terrestrial and ar-
boreal environments. Previous studies have suggested
that the environment can induce morphological adap-
tations in primate hindlimbs. Burr et al. [24] correlated
the nature of locomotor activity of three monkey species
with the structural rigidity of the humerus and femur. In
primates that spend much time in a terrestrial environ-
ment, the structural rigidity is greater than in primates
that are more restricted to climbing in an arboreal en-
vironment, suggesting an adaptation of bone to differ-
ent biomechanical environments. More recently, Anapol
and Barry [25] showed differences in the architecture
of triceps surae muscles of semiterrestrial and arboreal
guenons.
Fig. 7. Electron micrograph of a soleus MTJ longitudinal section from
spaceflight animals. The finger-like processes are longer and thinner
(large arrows) than those of confined animals. The shredded aspect is
greater than in confined animals. Loops of basal lamina (thin arrows),
containing granular and vesicular materials, are always found at the
extremity of the finger-like processes after spaceflight.

Fig. 8. Soleus MTJ after 14-day spaceflight. The Z bands appear dif-
fuse and not very electron-dense (arrowheads). Terminal sarcomeres
display hardly distinguishable M lines and a clear loss of myofila-
ments in comparison with confined and control animals. The subsar-
colemmal layer is less dense and less thick (large arrows) than those of
confined animals. As in confined animals, caveoles and vacuoles (thin
arrow), which merged with one another, are numerous. Note the clus-
ters of vacuoles (between brackets) at the bottom of the sarcolemmal
invaginations.
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Fig. 9. Soleus MTJ after 14-day spaceflight. Electron micrograph
showing dilation of T-tubules (arrowheads) and small multivesicular
bodies (arrows) lying near the extracellular matrix.

The present study corroborates the results of our pre-
vious work on the ultrastructure of the microtendon [2].
We observed numerous fibroblasts near the MTJ, with
signs of highly anabolic activity and apparent mem-
brane contacts between tendon cells. These ultrastruc-
tural features have previously been reported in young
and growing human MTJ [26,27]. This finding suggests
that the cellular aspect of the microtendon was more re-
lated to the age of the animals than to the species. This
hypothesis is also supported by the work of Wells and
Turnquist [28], who observed that infant and juvenile
Rhesus monkeys had greater motor and locomotor ac-
tivity than sedentary adults.

In other respects the present work contributes to
our understanding of MTJ plasticity. MTJ morphol-
ogy is sensitive to chronic changes in mechanical stress
imposed upon this interface [11–16]. In our previous
study [2], we showed that a 14-day spaceflight led to a
morphological remodeling of the soleus muscle-tendon
interface in the Rhesus monkey. The present study cor-
roborates our previous ultrastructural observations and
sheds light on the stimuli at the origin of these structural
modifications. We studied the effects of confinement in-
duced by the safety chair in which Rhesus monkeys
were placed during the spaceflight and thus we could
determine which changes could be ascribed to the re-
duction of gravity.
After confined animals had spent 17 days in a sit-
ting position, the soleus MTJs displayed a structural
remodeling characterized by an increase in the length
and depth of sarcolemmal invaginations, and alterations
in the plasma membrane and basal lamina. We have
already described these morphological changes after 14-
day spaceflight in soleus MTJs both of rats [16] and
Rhesus monkeys [2] and suggested that granular and
vesicular globules were due to muscle fiber degenera-
tive material. Basal lamina and plasma membrane re-
modeling have also been reported by Abou Salem et
al. [11] after 2 weeks of tenotomy and at degenerating
post-synaptic foldings of the neuromuscular junction in
subjects affected by myopathy [29].

Control experimental procedures were designed so
that three animals (confinement animals) stayed in a
safety chair for 17 days. In addition, two of the animals
were housed in flight-type capsules. Results showed no
difference between the two populations of animals stay-
ing in chairs. For this reason, we referred only to one
group of animals made up of three subjects: i.e. the con-
finement group. The structural changes we observed at
the MTJs of confined animals result from hypokinesia
imposed by the safety seat. Although the chair allows
animals to move their ankles, the sitting position re-
duces hindlimb mobility and suppresses locomotor ac-
tivity. Previous studies have reported that the contractile
apparatus was slightly affected by restraint in the non-
junctional region of the muscle fiber, as we observed
at the myotendinous interface. It has been demonstrated
that this ground-based situation leads to a slight atrophy
of soleus type I fibers [17], but to no significant shift in
fiber type distribution [30] or total protein content [31].
Moreover, Fitts et al. [17] found only minor atrophy af-
ter 18-day ESOP (Experimental System for the Orbiting
Primate) sit, an experiment-support primate facility de-
veloped by NASA that reduces Rhesus mobility.

The morphological modifications described at the
MTJs from confined animals were also found in the
flight MTJs. However, in comparison with confined an-
imals, flight monkeys had a greater shredded aspect of
the myotendinous interface and more extensive signs
of sarcolemmal remodeling. These results suggest that,
in addition to hypokinesia induced by the safety chair,
weightlessness is also responsible for changes. The
other signs of MTJ remodeling such as alterations of
contractile apparatus and myofilaments anchoring struc-
tures, T-tubule dilation, and autophagic vacuoles can be
ascribed to the reduction of gravity.

The morphological modifications we observed in
Rhesus monkey MTJs were partly similar to those re-
ported in rat soleus MTJ after the SLS-2 mission [16].
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However, the degenerative processes of the muscle fiber
end were less advanced in the monkey than in the rat
after the same period of microgravity, and contractile
structure were less affected. Roy et al. [30] also reported
that changes in soleus muscle were smaller than those
in rats after the same duration of flight. Although the in-
tensity of soleus MTJ response to microgravity appears
less extensive than in the rat, our observations suggest
that events structuring MTJ remodeling are identical.
These ultrastructural modifications affecting the struc-
tural chain of force transmission probably weaken the
muscle-tendon interface after return on Earth.

Acknowledgements

The authors thank A. Bernardé and J. Jahan for mus-
cle biopsies, J.P. Blanquie for collecting the data during
the tests, and M. Viso. We also thank the IMBP and
NASA. The present study was financially supported by
grants from CNES.

References

[1] J.A. Trotter, K. Corbett, B.P. Avner, Structure and function of the
murine muscle-tendon junction, Anat. Rec. 201 (1981) 293–302.

[2] A. Carnino, S. Roffino, A. Chopard, J.-F. Marini, Effects of a
14-day spaceflight on soleus myotendinous junction ultrastruc-
ture in rhesus monkey, J. Gravit. Physiol. 1 (2000) S65–S68.

[3] J.G. Tidball, T.D. Daniel, Myotendinous junctions of tonic mus-
cle cells: structure and loading, Cell Tissue Res. 245 (1986)
315–322.

[4] B.R. Eisenberg, R.L. Milton, Muscle fiber termination at the ten-
don in the frog’s sartorius: a stereological study, Am. J. Anat. 171
(1984) 273–284.

[5] J.A. Trotter, K. Hsi, A. Samora, C.A. Wofsy, Morphometric
analysis of the muscle-tendon junction, Anat. Rec. 213 (1985)
26–32.

[6] B. Mackay, T.P. Harrop, A.R. Muir, The fine structure of the
muscle-tendon junction in the rat, Acta Anat. 73 (1969) 588–
604.

[7] J.A. Trotter, S. Eberhard, A. Samora, Structural domains of the
muscle-tendon junction. 1. The internal lamina and the connect-
ing domain, Anat. Rec. 207 (1983) 573–591.

[8] J.G. Tidball, Myotendinous junction: morphological changes and
mechanical failure associated with muscle cell atrophy, Exp.
Mol. Pathol. 40 (1984) 1–12.

[9] J.G. Tidball, Myotendinous junction injury in relation to junction
structure and molecular composition, Exerc. Sports Sci. Rev. 19
(1991) 419–444.

[10] A.J. Zamora, J.-F. Marini, Tendon and myotendinous junction in
an overload skeletal muscle of the rat, Anat. Embryol. 179 (1988)
89–96.

[11] E.A. Abou Salem, N. Fujimaki, H. Ishikawa, Ultrastructural
changes of myotendinous junctions in tenotomized soleus mus-
cles of the rat, J. Submicrosc. Cytol. Pathol. 25 (1993) 181–191.

[12] P. Kannus, L. Jozsa, M. Kvist, M. Lehto, M. Jarvinen, The effect
of immobilization on myotendinous junction: an ultrastructural,
histochemical and immunohistochemical study, Acta Physiol.
Scand. 144 (1992) 387–394.
[13] J.G. Tidball, D.M. Quan, Modifications in myotendinous junc-
tion structure following denervation, Acta Neuropathol. 84
(1992) 135–140.

[14] A.J. Zamora, A. Carnino, S. Roffino, J.-F. Marini, Respective
effects of hindlimb suspension, confinement and spaceflight on
myotendinous junction ultrastructure, Acta Astronaut. 36 (1995)
693–706.

[15] J.G. Tidball, D.M. Quan, Reduction in myotendinous junction
surface area of rats subjected to 4-day spaceflight, J. Appl. Phys-
iol. 73 (1992) 59–64.

[16] S. Roffino, A. Carnino, P. Charpiot, J.-F. Marini, Increase in rat
soleus myotendinous interface after a 14-day spaceflight, C. R.
Acad. Sci. Paris, Ser. III 321 (1998) 557–564.

[17] R.H. Fitts, S.C. Bodine, J.G. Romatowski, J.J. Widrick, Velocity,
force, power, and calcium sensitivity of fast and slow monkey
skeletal muscle fibers, J. Appl. Physiol. 84 (1998) 1776–1787.

[18] R.H. Fitts, J.G. Romatowski, C. Blaser, L. De la Cruz, G.J. Get-
telman, J.J. Widrick, Effect of spaceflight on the isotonic con-
tractile properties of single skeletal muscle fibers in the rhesus
monkey, J. Gravit. Physiol. 1 (2000) S53–S54.

[19] R. Fitts, D. Desplanches, J. Romatowski, J. Widrick, Spaceflight
effects on single skeletal muscle fiber function in the rhesus mon-
key, Am. J. Physiol. Integr. Comp. Physiol. 279 (2000) 1546–
1557.

[20] M. Recktenwald, J. Hodgson, R. Roy, S. Riazanski, G. McCall,
I. Kozlovskaya, D. Washburn, J. Fanton, R. Edgerton, Effects
of spaceflight on Rhesus quadrupedal locomotion after return to
1G, J. Neurophysiol. 81 (1999) 2451–2463.

[21] E.A. Ilyn, Historical overview of the Bion project, J. Gravit.
Physiol. 1 (2000) S1–S8.

[22] J.A. Trotter, Functional morphology of force transmission in
skeletal muscle, Acta Anat. 146 (1993) 205–222.

[23] D.C. Dunbar, Locomotor behavior of rhesus macaques (Macacca
mulatta) on Cayo Santiago, P. R. Health Sci. 8 (1989) 79–85.

[24] D.B. Burr, C.B. Ruff, C. Johnson, Structural adaptations of the
femur and humerus to arboreal and terrestrial environments in
three species of macaque, Am. J. Phys. Anthropol. 80 (1989)
357–367.

[25] F. Anapol, K. Barry, Fiber architecture of the extensors of the
hindlimb in semiterrestrial and arboreal guenons, Am. J. Phys.
Anthropol. 99 (1996) 429–447.

[26] W. Mair, F. Tomé, The ultrastructure of the adult and develop-
ing human myotendinous junction, Acta Neuropathol. 21 (1972)
239–252.

[27] W. Ovalle, The human muscle-tendon junction: A morphological
study during normal growth and at maturity, Anat. Embryol. 176
(1987) 281–294.

[28] J.P. Wells, J.E. Turnquist, Ontogeny of locomotion in rhesus
macaques (Macacca mulatta): II. Postural and locomotor behav-
ior and habitat use in a free-ranging colony, Am. J. Phys. An-
thropol. 115 (2001) 80–94.

[29] A. Engel, C. Franzini-Armstrong, in: Myology, McGraw-Hill,
New York, 1971, pp. 889–1017.

[30] R.R. Roy, H. Zhong, S.C. Bodine Pierotti, R.J. Talmadge,
G. Barhoudarian, J. Kim, J.W. Fanton, I.B. Kozlovskaya,
V.R. Edgerton, Fiber size and myosin phenotypes of selected
rhesus lower limb muscles after 14-day spaceflight, J. Gravit.
Physiol. 1 (2000) S45–S46.

[31] B.S. Shenkman, I.N. Belozerova, P. Lee, T.L. Nemirovskaya,
Structural and metabolic characteristics of rhesus monkey m.
soleus after spaceflight, J. Gravit. Physiol. 1 (2000) S39–S44.


	Structural remodeling of unweighted soleus myotendinous  junction in monkey
	Introduction
	Materials and methods
	Flight procedures
	Ground control situations
	Muscle biopsy procedure

	Results
	MTJs of control animals
	MTJs of confinement animals
	MTJs of flight animals

	Discussion
	Acknowledgements
	References


