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Introduction

Muscle atrophy is a mechanism which involves the
loss of contractile proteins, implying a decrease of
fiber section size, strength and endurance (Rommel
et al., 2001). These modifications reduce the muscle
mass, compromising its capacity to generate the con-
tractile force (Snijders et al., 2013).
The skeletal muscle maintenance depends on the

balance between protein synthesis and degradation,
both involved in the preservation of muscle mass.
Atrophy and hypertrophy (the reverse condition
which concerns a muscle mass increase) depend on
the modifications of this balance. Therefore, muscle
atrophy is characterized by an increased protein
degradation, associated with a rapid contractile pro-
tein loss, and a protein synthesis inhibition (Lecker et
al., 1999; Sandri et al., 2008). Atrophic mechanism is
still under discussion, in particular the myonucleus
role and the molecular pathways concerning its acti-
vation. Siu and Alway (2009), basing on the myonu-
clear domain theory, have hypothesized that during

muscle atrophy there would be a numerical reduc-
tion of myonuclei, with a maintenance of myonuclear
domain size. Regarding the molecular mechanisms,
disuse atrophy may be related to Atrogin-1/MAFbx
and MuRF1, IGF-1-AKT-mTOR pathway and myo-
statin pathway (Brooks et al., 2014).  
In the literature several works analyse the atrophy

role in different conditions. The muscle mass loss
may be due to particular disorders such as diabetes,
muscular dystrophies and denervation. The last can
be the consequence of numerous diseases, such as
Spinal Muscular Atrophy (SMA), where the
motorneuron loss at spinal cord level implies a clear
weakness and hypotonia of affected muscles
(Martínez-Hernández et al., 2014). 
Duchenne Muscular Dystrophy is a commonly

studied disease in which dystrophin, a protein that
links the muscle fiber cytoskeleton to extracellular
matrix, through the cell membrane, appears absent.
Cheng et al. (2013) investigated clinical and patholog-
ical features in children with progressive muscular
dystrophy (PMD), showing, by means of EMG exam-
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Muscle atrophy is a mechanism which induces muscle mass loss, through an increased protein degradation and a decreased
synthesis. This alteration compromises the muscle contractile capacity and is implied in numerous physiological and pathologi-
cal conditions (e.g. denervation, aging, bed rest, dystrophies and myopathies). The aim of this work is to analyze the ultrastruc-
tural changes generated by disuse on rat plantaris muscle, mainly composed by fast fibers. Eight animals were equally assigned
to control and unloaded group, and the treated rats were tail-suspended for 10 days. After suspension, the animals of both
groups were euthanized and the hind-limb muscles were processed for electron microscopy. Transmission electron microscopy
observations show morphological modifications in the unloaded group respect to the control group, such as sarcomere disor-
ganization, continuity lack among myofilaments and Z-line thickening. In the fiber cytosol, swollen mitochondria and dilated
triads can be observed, as well as a growing amount of glycogen, which suggests a possible fiber shift. Therefore our findings
reveal macroscopic and microscopic modifications induced by disuse, which concern both contractile and energetic system. 
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ination, that PMD manifests as atrophic signs in the
early stage, accompanied by neurogenic damage in
the late stage. 
The relationship between diabetes and atrophy is

still under discussion, although in literature it is well
known that the disease inhibits muscle regrowth.
Kataoka et al. (2014) have caused disuse atrophy in
diabetic and non-diabetic rats, through immobiliza-
tion. In the following recovery period, muscle IGF-1
levels increased significantly in the non-diabetic rats,
but not in the diabetic ones. In conclusion, the
decreased level of IGF-1 and the impairment of angio-
genesis associated with the disease, are probably
responsible for the inhibition of regrowth and the
consequent atrophy. There are also other conditions
which lead to atrophy such as aging, forced resting
and microgravity (Sinha et al., 2014). Aging is a phys-
iological condition characterized by the loss of skele-
tal muscle mass and the decline in satellite cell con-
tent (Verdijk et al., 2014). These age-related modifica-
tions were observed particularly in type II muscle
fibers and twelve weeks of resistance exercise train-
ing, significantly increased muscle fiber section and
satellite cell content (Verdijk et al., 2009). However,
Snijders et al. (2014) suggest that muscle disuse atro-
phy is not accompanied by changes in skeletal mus-
cle satellite cell content. 
Resting may be considered similar to the micro-

gravity condition (Linderman et al., 1994) because
of the mechanical loading absence. In fact, muscle
unloading, caused by the absence of movement or
gravity, leads to atrophy (Brooks et al., 2014).
Lloyd et al. (2014) confirmed the loss of skeletal
muscle mass in hindlimb suspended mice. This
condition causes atrophy and is also related to tra-
becular bone loss, which occurs both in elderly
subjects and astronauts.   
Ferreira et al. (2008) studied mice muscle atrophy

after 48 hours of tail suspension and reported a signif-
icant decrease of muscle weight and protein concen-
tration. Tagliavini et al. (2014), investigated muscle
adaptations in patients with collagen VI-related
myopathies. Their observations showed swollen
mitochondria, hypodense matrix, dilated sarcoplas-
mic reticulum and apoptotic features. 
The aim of our research is to investigate, at

ultrastructural level, morphological and morpho-
metrical changes due to disuse atrophy in rat plan-
taris muscle, which is mainly composed by type II
muscle fibers and then  particularly sensitive to
the atrophic condition.

Materials and Methods

Animal model
Eight male albino Sprague-Dawley rats, aged eight

weeks, were placed in individual suspension cages
on a standard 12:12-h dark-light cycle in a room main-
tained at 24±1°C and fed a standard diet without lim-
itations. After 1 week of quarantine, 4 rats were ran-
domly chosen for the unloading protocol (unloaded
group). These animals were tail-suspended for 10
days and the tail was wrapped in a piece of Fast-Trac
adhesive tape, covered with a stockinette and
secured with fiber tape (Curzi et al., 2013). The Fast-
Trac tape was passed through a wire hook, which
was then suspended from a fishing swivel. The swivel
was, in turn, suspended from the overhead track sys-
tem. This arrangement allowed the rats to move
freely about the cage on their forelimbs. The suspen-
sion tracks were blocked, so that the rats were
unable to touch the sides of the cage with their hind-
limbs (Grindeland et al., 1994; Linderman et al.,
1994). The other four rats were euthanized under
general anesthesia with i.v. injection of sodium pen-
tobarbital (50 mg/kg body wt) after 10 days (CTRL
group). At the end of the unloading protocol, under
general anesthesia also the suspended rats were sac-
rificed. Animal care and use were in accord with the
“Ames Research Center Animal Users Guide” (AHB
7180).

Transmission electron microscopy (TEM)
From the sacrificed animals, the right plantaris

muscles were taken, quickly weighed on a precision
scale, tied to an applicator stick at physiological
length and immediately fixed with 1.4% glutaralde-
hyde in a 0.2 M sodium cacodylate buffer at pH 7.2 for
1 h at 4°C. The samples were then rinsed in cacody-
late buffer and minced into small bundles (<1 mm3)
of muscle fibers that were fixed in the same solution
for an additional hour. After washing, samples were
post-fixed with 1% osmium tetroxide for 1 h in the
same buffer, rinsed in cacodylate buffer and dehy-
drated in a graded series of ethanols. They were
embedded in epoxy resin and longitudinally sec-
tioned (Law et al., 1995). Semithin sections were
stained with 1% toluidine blue in distilled water at
60°C and thin sections, stained with uranyl acetate
and lead citrate, were then observed with a Philips
CM10 electron microscope (Curzi et al., 2012; Salucci
et al., 2013).
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Morphometric analysis
Measurements were made only on longitudinal

muscle sections and one hundred images were eval-
uated for each group and twenty-five for each rat.
Hundred squared areas (Area= 50 µm2), one for each
image, were analyzed. The number of swollen mito-
chondria and the sarcomere diameters were meas-
ured in semiautomatic mode, using Image J analysis
software. All data were expressed as mean values ±
SEM and the results were compared using Student’s
t-test. Significance was set at p ≤ 0.01.

Results

In the CTRL group, the sarcomere arrangement
along myofibril seemed well-organized and the
myofibrils appeared parallelly oriented (Figure 1A).
On the contrary, the treatment determined sarcom-
ere and Z-line misalignment and the latter appeared
thickened or completely absent (Figure 1B). After ten
days of suspension, in fact, the ultrastructural images
of plantaris muscles revealed a general tissue disor-
ganization.  
At high magnification, in the mitochondria of CTRL

fibers, the typical double-membrane system and the
cristae were observable (Figure 1C). Conversely, in
the suspended rats, these organelles appeared
swollen and characterized by a unique membrane
and by the absence of cristae (Figure 1D).
Furthermore, in the unloaded group, the Z-line corre-
lated disposition of mitochondria and triads seemed
to be lost and the terminal cisterns of sarcoplasmic
reticulum appeared dilated and severely compro-
mised (Figure 1E-F). 
The classical sarcomere structure, where thin actin

filaments appeared well bound to the Z-lines (Figure
2A), in treated group appeared frequently altered,
and myofilaments were randomly oriented (Figure
2B). In the muscles of unloaded group, cytosol
spread among myofilaments and glycogen amount
increased respect to the CTRL group (Figure 2C-D).  
Morphometric analysis confirmed the ultrastruc-

tural observations. In fact, the percentage of swollen
mitochondria displayed a significant increase
(P<0.01) in the unloaded rats (66.18%) respect to the
CTRL (19.97%) (Figure 2E). On the contrary, compar-
ing the sarcomere diameter means in the two groups,
a significant decrease (P<0.01) in the suspended ani-
mals (0.62 μm) in comparison to the CTRLs (1.24 μm)
(Figure 2F) was evident.    

Discussion

Several pathological or physiological conditions
are directly or indirectly characterized by muscle
atrophy, the role of which is currently investigated by
numerous researchers. The aim of this study was to
describe the morphological features of atrophic plan-
taris muscle by means of electron microscopy. In the
literature, the higher capacity of fast fibers to
respond to muscle atrophy, respect to the slow fibers,
is well known (Ciciliot et al., 2013). Therefore, the
plantaris muscle, mainly composed by fast fibers, has
been chosen. After 10 days of suspension, rat plan-
taris muscles display numerous and deep ultrastruc-
tural modifications, which regard not only to the fiber
structural system, but also to the related structures.
Unloaded muscles show morphological changes
such as a general sarcomere disorganization, myofil-
ament misalignment, cytosol spreading among them
and a significant sarcomere diameter decrease.
These features suggest a structural impairment relat-
ed to a protein amount decrease and to an altered
capacity to transfer the contractile force generated
from single sarcomeres. In fact, several works show
that this condition induces strength and endurance
decrease (Rommel et al., 2001; Lloyd et al., 2014).
Whereas on one hand the unloading appears to struc-
turally affect the contractile system, on the other
hand it also influences the activation system of mus-
cle contraction. In fact, the triad alterations revealed
in the suspended rats, both concerning sarcoplasmic
reticulum and transverse tubule system, suggest an
impairment of excitation-contraction coupling. Our
findings display also significant modifications in
mitochondria, which appear to lose their physiologi-
cal position and structure. These changes reveal that
atrophic process generated by unloading may influ-
ence the energetic mechanism of muscle fibers,
which may not have sufficient levels of available
energy. Moreover, electron microscopy observations
suggest an apparent glycogen increase in the cytosol,
which may be explained with a progressive shift of
muscle fibers to a glycolytic metabolism, as well as
reported by Du et al. (2011). 
In conclusion, the muscle atrophy generated by dis-

use reveals macroscopic and microscopic tissue
alterations, which involve the impairment of
organelles essential for function and viability of mus-
cle fibers. These modifications, appeared just after
ten days of suspension, display the strong and quick
impact of this condition on the muscle function. 
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Figure 1. Longitudinal sections of CTRL (A) and unloaded (B) rat muscles. In CTRL rats, mitochondria
with the characteristic double membrane and mitochondrial cristae, are observable (C), differently
from suspended ones which show swollen mitochondria (D). Triads are perfectly intact in CTRL (E), in
comparison to the suspended group, where they appear strongly dilated (F). Bars: A, B 0.5 µm; C, D, E,
F 0.1 µm.
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Figure 2. High magnification of CTRL (A) and unloaded (B) rat muscles. A lower amount of glycogen is
observable in CTRL fiber cytoplasm (C), compared to the suspended group (D). Morphometric analyses
reveal significant differences in the percentage of swollen mitochondria (E) and in the mean of sarco-
mere diameter between the two groups (F). Bars: A, B 0.4 µm; C, D 0.3 µm.     
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