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The objective of the present study was to determine to what extent, if any, swimming training applied before immobilization in
a cast interferes with the rehabilitation process in rat muscles. Female Wistar rats, mean weight 260.52 ± 16.26 g, were divided
into 4 groups of 6 rats each: control, 6 weeks under baseline conditions; trained, swimming training for 6 weeks; trained-
immobilized, swimming training for 6 weeks and then immobilized for 1 week; trained-immobilized-rehabilitated, swimming
training for 6 weeks, immobilized for 1 week and then remobilized with swimming for 2 weeks. The animals were then sacrificed
and the soleus and tibialis anterior muscles were dissected, frozen in liquid nitrogen and processed histochemically (H&E and
mATPase). Data were analyzed statistically by the mixed effects linear model (P < 0.05). Cytoarchitectural changes such as
degenerative characteristics in the immobilized group and regenerative characteristics such as centralized nucleus, fiber size
variation and cell fragmentation in the groups submitted to swimming were more significant in the soleus muscle. The diameters
of the lesser soleus type 1 and type 2A fibers were significantly reduced in the trained-immobilized group compared to the trained
group (P < 0.001). In the tibialis anterior, there was an increase in the number of type 2B fibers and a reduction in type 2A fibers
when trained-immobilized rats were compared to trained rats (P < 0.001). In trained-immobilized-rehabilitated rats, there was a
reduction in type 2B fibers and an increase in type 2A fibers compared to trained-immobilized rats (P < 0.009). We concluded
that swimming training did not minimize the deleterious effects of immobilization on the muscles studied and that remobilization
did not favor tissue re-adaptation.
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Introduction

Skeletal muscle has the important property of adapting
to different functional demands by means of cellular struc-
tural modifications, such as disuse by immobilization to
high resistance exercises (1).

Immobilization, a procedure frequently employed in
the treatment of the musculo-skeletal system, often has

some deleterious effects such as atrophy, intramuscular
fibrosis, loss of extensibility, and reduced resistance of
ligaments and tendons (2,3). In addition, it causes reduc-
tions in size and number of mitochondria, of the quantity of
glycogen and resting ATP, of ATP concentration with
exercise, of protein synthesis, and of capillary density (4).

There is a discrepancy in the literature regarding the
degree of atrophy produced in different fiber types. How-
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ever, the most common observation is that all fiber types
and subtypes are affected similarly (1,5). In view of the
reversibility of atrophy, muscles with a predominance of
type 1 fibers, such as the soleus, seem to recover more
rapidly than muscles with a predominance of type 2 fibers,
such as the tibialis anterior, mainly due to better circulation
and protein renovation (6,7).

Physical exercise is the counter-measure most exten-
sively studied in order to relieve or prevent these re-
sponses to immobilization. However, the process of
musculo-skeletal tissue restructuring seems to require
more time than that needed to cause atrophy by immobili-
zation (3). Several studies have focused on physical exer-
cise applied after a period of inactivity, but few studies
have emphasized the potential improvement of subjects
who exercise before immobilization (8), this topic being the
main subject of the present investigation.

It has been reported that structural and mechanical
characteristics of skeletal muscle are preserved by long-
term strength training (9). The effort in aerobic exercise,
regular low-tension and high-repetition physical activity,
such as walking or swimming for 30-60 min, improves
muscle cell capacity (10,11). This type of training increases
the quantity of mitochondria as well as glycogen content,
capillary density, capillary relation per fiber, mean number
of capillaries in contact with each muscle fiber, and the
proportion of muscle cells identified as having high oxida-
tive capacity (4,10,11). Some investigators suggest that
endurance training maintains the aerobic capacity of
muscles but does not slow down the loss of muscle mass,
atrophy of type 2 fibers and muscle force production with
aging (12,13). This negative effect on the cross-sectional
area was confirmed by another study (14). In contrast to
these findings, Klitgaard et al. (15) reported that chronic
swimming in rats induces an increase in muscle cross-
sectional area.

Experiments in rats, cavies, dogs, rabbits and other
mammals attempt to simulate the physical stress condi-
tions observed in humans as a contribution to a more
efficient monitoring of the systemic changes due to exer-
cise. Rats are the animals most frequently used because,
in addition to being small and easy to manipulate, they
present a good response to swimming exercise (16,17).
Detailed quantitative information regarding the extent to
which the loss of morphological and functional properties
of skeletal muscle can be prevented during immobilization
is scarce in the literature (3). Thus, the hypothesis that
physical training prior to immobilization may cause skel-
etal muscle to better withstand atrophy has not been well
documented.

The objective of the present study was to determine by

means of morphometric analyses to what extent swimming
training prior to immobilization with a cast facilitates or not
the process of morphologic recovery induced by rehabilita-
tion.

Material and Methods

Animals and experimental groups
Female Wistar rats weighing 235-285 g (mean, 260.52

± 16.26 g) were obtained from the Central Animal House of
the Ribeirão Preto Campus, University of São Paulo. The
animals were housed 3 to a standard cage, with a total
area of 1162.5 cm2, at room temperature in the Laboratory
of Bioengineering, Faculty of Medicine of Ribeirão Preto,
University of São Paulo, with free access to water and
standard chow. The animals were divided into four experi-
mental groups of 6 rats each: control (CG), trained (TG),
trained-immobilized (TIG), and trained-immobilized-reha-
bilitated (TIRG).

All experimental protocols were approved by the Ethics
Committee for the Use of Animals of the Ribeirão Preto
Campus (protocol #04.1.374.53.4).

Experimental protocols
CG animals were housed in standard cages (total floor

area of 1162.5 cm2) for 42 days. The animals in the trained
groups (TG, TIG, and TIRG) were submitted to swimming
for 6 weeks, 5 days per week, for a total of 30 sessions.
Two days of rest were allowed between weeks for muscle
recovery. During the first week, the animals were allowed
to adapt by undergoing training sessions of increasing
duration from 10 to 20, 30, 40, and 50 min. In the second
week, they trained for 2 days of 50-min sessions followed
by 3 days of 60-min sessions, with no body overload. At the
third week, training for progressive adaptation to effort was
started with the introduction of a load of 5% of body mass
and swimming for 60 min/day for both weeks 3 and 4. In the
last 2 weeks, the animals swam for 60 min/day with an 8%
work overload. Peijie et al. (18) reported that swimming with
external weight equal to 6% of body mass corresponded to
high-intensity activity. As other studies indicate, 6 weeks
represent a sufficient time for the induction of structural and
functional changes in the organism of rats (19).

For the groups submitted to cast immobilization (TIG
and TIRG), casts were prepared according to the protocol
described by Carvalho et al. (20) and left in place for 7
consecutive days. Animals were anesthetized with an
intramuscular injection of 7 mg/kg hyaline combined with
60 mg ketamine and the right pelvic limb was immobilized
with the hip and knee in extension and the ankle in plantar
flexion.
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TIRG animals were remobilized by swimming training
(5 consecutive days for 2 weeks, for a total of 10 sessions)
in a rehabilitation program that was the same as the first 2
weeks of swimming training.

After the experimental period, the animals were sacri-
ficed with excess sodium thiopental anesthesia, the right
posterior limb submitted to trichotomy and the soleus and
tibialis anterior muscles exposed by a skin incision. Frag-
ments of the center of the ventral portion of the dissected
muscles were recovered, coated in talc and frozen in liquid
nitrogen. The material was stored at –80°C until use.

Morphological analysis
Transverse sections (5 µm thick) of the muscle frag-

ments were obtained with a Tissue-Tek® Cryo3
® cryotome

(Sakura, USA), stored in a freezer at -80°C and later
processed by the following staining and histochemical
procedures: hematoxylin and eosin (H&E), Gomori tri-
chrome (modified), and myofibrillar adenosine triphospha-
tase (mATPase, pH 9.4, 4.6, and 4.3) (21).

Morphometric analysis
Morphologic analysis was carried out in all 6 rats of

each group using a Leica DM 2500 light microscope (UK).
For morphometry, a digital Leica DC 300FX camera and
the QualiView–Atonus software were used and the images
were obtained from slides processed with mATPase at
acid pH. Considering the lesser diameter (the greatest
distance between the opposite sides of the narrowest
aspect of the fiber) (22), 100 fibers with light and dark
staining and 50 fibers with intermediate/hybrid staining
were measured. The proportion of fibers (relative distribu-
tion of fibers in the field) was assessed by counting fibers
in 5 random fields in preparations of both muscles. Type 1
fibers (T1F), type 2A fibers (T2AF), and intermediate/
hybrid-type fibers (Int/HTF) were
counted for the soleus muscle, and
T1F, T2AF, Int/HTF, and type 2B
fibers (T2BF) were counted for the
tibialis anterior muscle in its deep
portion.

Statistical analysis
Data were analyzed using

mixed-effect linear models, con-
sidering the diameter of the fibers
or the proportion of fibers as re-
sponse variables. The models
were fitted to the data by using the
animals as the random factor. Mul-
tiple comparisons were performed

by contrasts. For each of the linear models, residual nor-
malities were checked using normal probability plots. All
statistical analyses were performed using the SAS soft-
ware, version 9, with the level of significance set at ≤0.05.

Results

Morphologic analysis of the soleus muscle
As shown in Table 1, TG induced changes of a degen-

erative-regenerative nature, observed as lobulated fibers,
necrosis, cell fragmentation, fiber size variation and cen-
tralized nucleus and a slight increase in connective tissue,
in the soleus muscle fibers (compare CG, Figure 1A, with
TG, Figure 1B). These structural changes were proportion-
ally intensified after immobilization (TIG, Figure 1C), with
the presence of necrotic fibers, an inflammatory infiltrate,
cellular lobulation and variation in fiber size. The remobili-
zation process (TIRG, Figure 1D) caused modifications of
a predominantly regenerative nature. A moderate increase
of the perimysial connective tissue is shown in the inserts
of Figure 1C and D.

Morphologic analysis of the tibialis anterior muscle
As shown in Table 1, structural changes of the tibialis

anterior muscle fibers were minor except for variation in
size. Among the variables analyzed, fiber size showed an
intense variation in TG (data not shown) and TIG (Figure
1E) and mild variation in TIRG (Figure 1F). Slight cellular
lobulation was observed in TIG and TIRG and a slight
increase in the expression of connective tissue was ob-
served in TG and TIG.

Morphometric analysis
Lesser fiber diameter of the soleus and tibialis anterior

muscles. Table 2 presents the mean lesser fiber diameters

Table 1.Table 1.Table 1.Table 1.Table 1. Morphological changes of soleus and tibialis anterior muscle fibers.

Soleus Tibialis anterior

CG TG TIG TIRG CG TG TIG TIRG

Centralized nucleus 0 ++ + ++ 0 0 0 0
Variation in size ++ +++ +++ +++ 0 +++ +++ +
Lobulated fibers + ++ ++ + 0 0 + +
Increased connective tissue 0 + ++ ++ 0 + + 0
Fragmentation of nucleus or cell 0 + + +
Inflammatory infiltrate 0 0 + +
Necrosis 0 + +++ 0

Data are reported for 6 rats in each group. CG = control group; TG = swimming trained
group; TIG = swimming trained and immobilized leg group; TIRG = swimming trained,
immobilized leg and rehabilitated group. 0 = no change found, + = mild incidence, ++ =
moderate incidence, +++ = intense incidence.
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Figure 1.Figure 1.Figure 1.Figure 1.Figure 1. Muscle transverse sections stained with H&E reaction.
A, Soleus muscle. Micrograph of control rat (CG) showing fibers
of uniform size with peripheral nuclei (Bar = 41 µm). B, Soleus
muscle. Micrograph of swimming trained rats (TG) presenting
cellular lobulation, cell splitting (arrow) and a discrete increase in
the connective tissue (Bar = 41 µm). C, Soleus muscle. Micro-
graph of swimming trained and immobilized leg rats (TIG) show-
ing cellular lobulation, cell splitting (thick arrow), centralized nu-
clei (arrow), small cells grouping (arrowhead), and irregularity of
fiber size (Bar = 41 µm). D, Soleus muscle. Micrograph of swim-
ming trained, immobilized leg and rehabilitated rats (TIRG) pre-
senting irregular fiber sizes and centralized nuclei (arrows; Bar =
41 µm). The insets in C and D indicate a moderate increase of
the perimisial connective tissue compared to A (modified Gomori
stain) (Bars = 29 µm). E, Tibialis anterior muscle. Micrograph of
TIG showing fibers with peripheral nuclei and irregular fiber sizes
(Bar = 41 µm). F, Tibialis anterior muscle. Micrograph of TIRG
presenting irregularity in fiber size (Bar: 41 µm).

Table 2. Table 2. Table 2. Table 2. Table 2. Mean lesser diameter of fibers of the soleus and tibialis anterior muscles of rats as the result of swimming training, leg
immobilization and rehabilitation.

Mean lesser diameter (µm)

Soleus Tibialis anterior

CG TG TIG TIRG CG TG TIG TIRG

T1F 49 ± 4.6 46.1 ± 3 38.8 ± 5*+ 39.7 ± 2+ 32.76 ± 2 33.42 ± 1 37.39 ± 6.1 35.84 ± 4.3
T2AF 40.22 ± 6.8 42.22 ± 1.9 32.11 ± 2.2+ 35.16 ± 2.7 30.58 ± 1.4 33.63 ± 1.7 35.59 ± 5 34.54 ± 4.3
Int/HTF 48.03 ± 15.5 35.52 ± 3 31.67 ± 3.5+ 31.32 ± 1.5+ 32.44 ± 4
T2BF 38.89 ± 3.4 38.56 ± 3.7 39.43 ± 5.1 41.90 ± 5.3

Data are reported as means ± SD for 6 rats in each group. CG = control group; TG = swimming trained group; TIG = swimming trained
and immobilized leg group; TIRG = swimming trained, immobilized leg and rehabilitated group; T1F = type 1 fibers; T2AF = type 2A
fibers; Int/HTF = intermediate/hybrid-type fibers; T2BF = type 2B fibers.
*P < 0.001 compared to TG. +P < 0.001 compared to CG (mixed-effects linear models).

obtained for the groups studied. Swimming training (CG x
TG) did not affect the lesser diameter of T1F or T2AF, but
did have a negative effect on Int/HTF size (CG x TG, P <
0.001) in the soleus muscle. Immobilization after training
caused atrophy of only T1F and T2AF (TG x TIG, P <
0.001). Rehabilitation after swimming training and immobi-
lization, in turn, did not cause significant changes in the
lesser diameter of T1F, T2AF or Int/HTF (TIRG x TIG;
TIRG x TG, NS). No significant changes in the lesser fiber
diameter were observed in the tibialis anterior muscle.

Fiber proportion in the soleus and tibialis anterior
muscles. The results obtained for the soleus muscle indi-
cated that only swimming training caused an increase in
T2AF and a decrease in T1F compared to CG (TG x CG, P
< 0.001; Table 3). For the tibialis anterior muscle, immobi-
lization after training caused a reduction in T2AF and an
increase in T2BF compared to swimming training alone
(TG x TIG, P < 0.001). However, rehabilitation after swim-
ming and immobilization (TIRG) caused an increase in
T2AF and a reduction in T2BF compared to TIG (TIG x
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TIRG, P < 0.009; Table 3). Rehabilitation (TIRG) caused
the appearance of Int/HTF.

Discussion

The objective of the present study was to document
whether swimming training prior to immobilization would
minimize the deleterious effects of disuse and favor the
results of skeletal muscle rehabilitation. Few reports are
available about prevention of tissue function deterioration
related to disuse and its influence on the rehabilitation
process (3), including reports concerning histomorpho-
metric alterations of the skeletal muscle. Most reports
involve forms of rehabilitation treatment. In summary, the
results of the present study suggest that a 2-week rehabili-
tation of skeletal muscle tissue submitted to immobilization
is not favored by previous swimming training.

Histopathological changes
Muscle overload, especially in sedentary animals, is

known to induce muscle injury. Some of the classical signs
in the cyclic process of tissue injury and regeneration are
cellular basophilia, split fibers resulting from stress on
hypertrophied fibers and the presence of a centralized
nucleus (23). Appell (24) suggested that muscle fiber
degeneration may be caused by the inability of cells to
undergo longitudinal deformation during the occurrence of
a simple contraction rather than by tissue hypoactivity
itself. In the present study, more significant structural alter-
ations were observed in the soleus muscle, especially in
the animals of the TIG and TIGR groups, as explained by
the references cited above. Alterations in the tibialis ante-
rior muscle observed in TG, TIG, and TIRG rats, although
discrete, accompanied morphologic changes such as varia-
tion in size and cell lobulation.

Changes in transverse sections
Immobilization after swimming training caused atrophy

of the three fiber types evaluated compared to control (CG)
or to the swimming only group (TG). These findings agree
with those reported by Appell (24), who studied the effect
of treadmill training before immobilization in rats and ob-
served a smaller reduction in fiber size in the trained group
(5%) than in the group not submitted to previous training
(35%). In the present study, the index of atrophy suffered
by TIG animals compared to CG values was higher for Int/
HTF (about 35%) and lower for T1F and T2AF (about
20%). The procedure of immobilization with a cast used by
our research group has reached values of 40% for T1F and
T2F (25). In addition, the rehabilitation protocol adopted
after training did not favor fiber hypertrophy since the mean

values obtained for the TIRG animals were similar to those
obtained for the TIG animals but still lower than the con-
trols in contrast to the percentages for different fiber types.
Earlier studies by Sandri et al. (26) showed that ubiquitin
protein expression in mice increased following one night of
voluntary wheel running. Ubiquitin ligase proteins are up-
regulated during skeletal muscle atrophy and there is
evidence supporting an increase in gene expression of
several ubiquitin proteins systematically induced by ca-
chexia, denervation, disuse atrophy, etc. (for a review, see
Ref. 4).

Cell volume changes in the tibialis anterior muscle
were subtle, even though this muscle is more active in
swimming training than the soleus muscle (27), a fact
possibly explained by the intensity and/or duration of the
present protocol. On the other hand, lengthened immobili-
zation of skeletal muscle either attenuates or prevents
muscle atrophy, and in some cases produces hypertrophy
(28).

The mechanisms by which skeletal muscle senses and
responds to changes in load and exercise are not com-
pletely understood. Following short-term swimming exer-
cise (one-daily swimming session in a 3-day swimming
training) Matsakas et al. (16) observed reduced myostatin
mRNA levels, a negative regulator of muscle mass (29),
only in rat gastrocnemius but not in the soleus muscle
showing that myostatin expression was more depressed in
white than in red fibers in endurance exercises.

Changes in percentages of the different fiber types
The data in the present study demonstrate an increase

of T2AF and a reduction of T1F number in the soleus
muscle after swimming training (TG). The consecutive

Table 3.Table 3.Table 3.Table 3.Table 3. Effect of swimming training, leg immobilization and
rehabilitation on distribution of muscle fiber types in rat soleus
and tibialis anterior muscles.

Fiber proportion (%)

Soleus Tibialis anterior

CG TG TIG TIRG CG TG TIG TIRG

T1F 69 59 62 60 6 5 3 8
T2AF 28 38* 34 33 26 24 12* 21+

Int/HTF 3 3 3 7 5
T2BF 68 72 85* 67+

Data are reported as percent of fiber types. See Table 2 for
explanation of abbreviations.
*P < 0.05 compared to CG. +P < 0.01 compared to TIG (mixed
effects linear models).
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protocols of immobilization (TIG) and rehabilitation (TIRG)
did not significantly modify these results. Roy et al. (27)
reported a low activity of this muscle during swimming
exercise and Pette and Staron indicated a transitional
direction of the fibers for situations of disuse (30). In
addition, aerobic treadmill training repeated daily for sev-
eral weeks can affect the MHC gene expression, increas-
ing expression of type I MHC (31). These findings agree
with those obtained by us, suggesting a fiber transition
from T1F to T2F.

Since the sum of training and immobilization (TIG) and
rehabilitation (TIRG) did not cause additional modifica-
tions in this study, the model of fiber transition induced by
physical exercise suggested by Pette and Staron (30)
seems to be reserved for conditions suffered by the soleus
muscle during swimming. The short rehabilitation period
employed here may not favor an overload on this skeletal
muscle and thus, would justify the absence of results
described.

The swimming protocol did not appear to affect the
transition of fibers in the tibialis anterior muscle, but caused
a reduction in T2AF number, with a consequent increase in
T2BF number in TIG animals compared to control. In the
group that underwent rehabilitation, TIRG, the proportion
of fibers returned to the levels of control conditions, al-
though with the appearance of a fiber subtype. Sugiura et
al. (32) observed that animals submitted to swimming
presented a reduction of 2B fibers and an increase of 2D
fibers in the extensor digitorum longus muscle. Since the

tibialis anterior and extensor digitorum longus muscles
execute similar functions in the rat ankle, this disparity of
findings can only be justified by the extent of training, 4 as
opposed to 6 weeks, used by the authors compared to that
used in the present study. The appearance of Int/HTF in
TIRG in the present study seemed to be the result of a
mechanism of sensitization that was triggered, but not
concluded, during the first phase of stimulation (repre-
sented by the findings for TG). As already described,
several studies indicate that longitudinal immobilization
may cause hypertrophy or attenuate muscle fiber atrophy
(28). Carlson et al. (33) reported a positive correlation
between MHC IIb content and myostatin mRNA abun-
dance in rats during hindlimb unloading confirming the
pathways that influence muscle fiber size as hypertrophy.
As suggested by Parry (34), a limited range of fiber transi-
tions in response to endurance training, inducing alter-
ations in the MHC pattern, is species- and dose-depend-
ent.

The present data indicated that the swimming protocol
before segmental immobilization contributed little to the
quantitative or qualitative mechanisms of muscle readap-
tation in the short period of time used.
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