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SUMMARY:  Protein restriction implies the functional involvement of several systems and organs, including the skeletal muscle,
because it is a protein reservoir in the body. This study sought to analyze the morphological and morphometric features of the muscle
fibers and neuromuscular junctions (NMJs) of the extensor digitorum longus (EDL) muscle in rats at 365 days of age, submitted to
maternal protein restriction during the gestation and lactation periods. Wistar rats were divided into two groups: a Control Group -
mothers fed a normal-protein diet (17 % protein) during pregnancy and lactation; and a Restricted Group - mothers fed a low-protein diet
(6 % protein) during pregnancy and lactation. The pups were kept with the mother throughout the lactation period (21 days), after which
the offspring received a normal protein diet until 365 days of age. Histological (HE) and histoenzymological (NADH-TR) studies were
conducted on the muscle fibers. The muscle was subjected to Nonspecific Esterase reaction to stain the Neuromuscular Junctions.
Regarding the animals from the restricted group: the histologic analysis of the muscle fibers showed the presence of centralized nuclei
and a diminished area; the histoenzymological study showed the different types of muscle fibers were randomly distributed in the EDL
muscle and the area of the Type IIa muscle fiber was smaller; the ultrastructural study revealed disorganization of the Z line, and the
presence of lipid droplets and vacuoles containing myelin figures in subsarcolemmal and intramiofibrilar regions; while the analysis of
the NMJs exhibited no significant differences between the groups. Protein restriction in the pregnancy and lactation period may have
affected the development of skeletal muscle, producing a permanent muscle-fiber deficit in the EDL muscle of the offspring.
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INTRODUCTION

Protein-energy malnutrition (PEM) is a multi-
nutritional problem that occurs secondary to deficiency of
one or more of the essential nutrients and is characterized
by clinical disorders caused by varying degrees of deficiency
(Colembergue & Conde, 2011).

The elderly are affected by non-transmittable chronic
diseases that are often closely associated with food intake.
A study by Abreu et al. (2008), showed a worrying food

situation in the elderly, as almost all the subjects had a low
energy intake and a high prevalence of an inadequate intake
of protein, vitamins and minerals. Deficiency of one or more
essential nutrients is associated with increased mortality and
susceptibility to infections, leading to a reduced quality of
life in the elderly (Otero et al., 2002; Rezende et al., 2010).
The factors found to negatively interfere in energy intake
were low income, isolation, medication use and physical
inactivity. PEM is mistakenly seen as a normal part of the
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aging process, and often ignored. Deaths from malnutrition
in the elderly more often appear as an associated cause than
as an underlying cause (Otero et al.).

Malnutrition leads to functional impairment in several
systems and organ, including the skeletal muscle (Osmo,
2007). Skeletal muscle tissue is sensitive to protein
malnutrition because it is a protein reservoir in the body.
Therefore, when there is a deficit of dietary protein, the tissue
becomes a target of depletion, causing changes in the growth,
function, and differentiation phases of muscle fibers
(Brameld, 2004).

With reference to the above, there are few reports in
the literature of studies involving aged rodents. Thus, the
aim of this study was to evaluate the morphological and
morphometric characteristics of the muscle fibers and
neuromuscular junctions (NMJs) of the extensor digitorum
longus (EDL) muscle of rats at 365 d of age, submitted to
maternal protein restriction during the pregnancy and
lactation periods.

MATERIAL AND METHOD

Animals. Male and female Wistar rats from the animal house
of the Department of Anatomy, Institute of Biosciences,
UNESP - Botucatu were used and kept under standard
lighting conditions (12/12 h light/dark cycle) and a
temperature around 23±1 °C. This study was approved by
the Ethics Committee on Animal Experimentation (CEEA)
for "fetal programming by maternal protein restriction in
rats”, under the protocol certificate No. 264-EAEC.

Mating the Animals. At the beginning of the experiment,
two females and one male of reproductive age (12 weeks)
were housed in breeding boxes overnight for pairing. In order
to verify the presence of sperm, in the morning following
pairing the male was removed from the box and the females
underwent vaginal smear testing. The presence of sperm in
the vaginal smear marked day 0 of pregnancy. Upon detection
of pregnancy, the females were moved to individual cages.

On the day of birth, the offspring were weighed and
eight pups were kept per mother rat during lactation, to
maintain the equal availability of food among all the pups.
The pups were kept with the mother during the lactation
period (21 d). After weaning, the male rats received stan-
dard solid rodent diet until aged 365 d.

Experimental Groups. Control Group: the offspring of
those mothers fed a normal protein diet (17 %), during the

pregnancy and lactation period were fed, following that
period, with standard chow (normal protein) for rodents until
the age of 365 d (n= 5).

Restricted Group: the offspring of those mothers fed
a low-protein diet (6 %) during the pregnancy and lactation
period were fed, following that period, with standard chow
(normal protein) for rodents until the age of 365 d (n= 8).

Food and water were offered ad libitum for both
groups throughout the experiment. The diets were isocaloric
and their compositions are shown in Table I.

Animal Euthanasia. The rats were sedated in a CO
2

chamber, weighed and subsequently decapitated using a
guillotine. The animal was then placed on the operating table
to dissect the extensor digitorum longus (EDL). The skin
and the anterior tibialis muscle were folded back from the
left and right antimeres of the hind limbs, to allow removal
of the EDL muscle. Once removed, the muscle was weighed
and measured with the aid of a digital caliper (Digimess®,
São Paulo, Brazil). The right antimere was collected for
histological study; the left antimere was sectioned for
immunohistochemical study of the end-plates and
ultrastructural analysis of the muscle fibers. Soon after, the
visceral (VF), retroperitoneal (RF) and epididymal (EF) fats
were collected and weighed.

Histologic and Morphometric Study of the Muscle Fibers.
For histological analysis of the muscle fibers, muscle
fragments from the EDL were removed and fixed in
Karnovsky (2.5 % sodium phosphate buffer 0.1 M). After
fixation, these fragments were washed in PBS buffer to
remove any excess fixative and subsequently embedded in
Paraplast. The muscle was embedded in the vertical position
to permit later cross-sectioning, with the aid of an embedding
center (EasyPath Cygni®, São Paulo, Brazil). Five-micron-
thick sections of the muscle samples were obtained using a
microtome (RM2165, Leica®, Wetzlar, Germany). The
histological sections were mounted on previously silanized
slides and submitted to hematoxylin-eosin (HE) staining to
reveal the general morphology of the muscle fibers.

For the morphometric analysis of the muscle fibers
measurements of the area were taken using the cross-section
of the rat EDL muscle prepared for the histological study.
The Nuclei and muscle fibers were quantified and the area
of each muscle fiber was measured. For each animal from
the control and restricted groups, 20 fields were randomly
chosen from images captured with a 40x objective, in a light
microscope Zeiss - Primo Star, coupled to a AxioCam ERc5s
camera, using the AxioVision Rel.4.8 program. The mate-
rial was analyzed using Image-Pro Plus 6.0 software.
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Histoenzymological Study of the Different Types of Muscle
Fibers. For the histoenzymological study of the muscle fibers, the
EDL muscle was dissected and kept at room temperature for 30–40
min. After which, the samples were coated with neutral talc to pre-
serve the tissue, frozen in liquid nitrogen for two minutes and stored
at -80 °C in a Biofreezer. The frozen muscle segments were
transferred to the cryostat chamber at -20 °C and maintained for 30
min. Then, each segment was attached by one end to a metal support
using Tissue Freezing Medium (Leica®, Nussloch, Germany). The
muscles were sectioned (thickness= seven microns) and the sections
obtained were subjected to reaction with Nicotinamide-Adenine
Dinucleotide - Tetrazolium Reductase - (NADH-TR), according to
the Pearse technique (1972) as modified by Dubowitz & Brooke
(1973).

The microscopic observations and photo documentation were
conducted using a Zeiss-Primo Star, light microscope, coupled to an
AxioCam ERc5s camera, with the aid of the AxioVision Rel.4.8
program (Zeiss, MicroImaging Inc., Germany).

Measurements of the amount and the cross-sectional area of
each muscle fiber type present in the EDL muscle of the rats were
conducted, based on the histoenzymological study. For each animal
from the control and restricted groups, three fields were randomly
selected from images captured with a 20x objective, under a light
microscope (Primo Star, Zeiss®, Oberkochen, Germany) coupled to
a camera (Axiocam ERc5s, Zeiss®, Göttingen, Germany), with aid
of the AxioVision Rel.4.8 program. The material was analyzed using
Image-Pro Plus 6.0 software.

Transmission Electron Microscopy (TEM) Study. For the
ultrastructural study, the muscles were removed and reduced to the
longitudinal pieces (approximately 1 mm wide), fixed in Karnovsky’s
solution and subjected to TEM. In preparation for this, the samples

were removed from the fixative and washed in
0.1 M phosphate buffer (pH 7.3). Then, the ma-
terial was immersed in osmium tetroxide for two
hours and washed in distilled water. After
washing, the samples were immersed in 0.5 %
uranyl acetate in water for about 2 h and
subsequently carried dehydrated in an increasing
series of acetone (50 %, 70 %, 90 % and 100 %)
and finally embedded. After which, the material
was sectioned in ultrathin sections
(approximately 90 nm). The sections were
contrasted with saturated uranyl acetate in 50 %
alcohol for 20 min and lead citrate for 10 min.

The material was photographed in a
transmission electron microscope (CM100,
Philips, Eindhoven, The Netherlands).

Study of the Neuromuscular Junctions
(NMJs). A fragment of the EDL muscle was re-
moved and fixed in Karnovsky’s solution, kept
at room temperature and cut longitudinally in
three or four slices with stainless steel blades.
The histological sections were subsequently
subjected to Nonspecific Esterase reaction
(Lehrer & Ornstein, 1959).

Microscopic observations and photo
documentation were conducted under an
Olympus BX60 light microscope coupled to an
Olympus DP71 camera and, with the aid of the
DP Controller 3.2.1 276 program.

Two slides from each animal were used
for the morphometric study of the NMJs. In each
studied animal, the area and the major and minor
diameter of 50 were determined. The images
were captured using 20x magnification under a
light microscope (Olympus BX-60, Tokyo,
Japan), coupled to a camera (Olympus DP71,
Tokyo, Japan), with the aid of DP Controller
3.2.1 276 program. The measurements were
taken with the aid of Image-Pro Plus 6.0 soft-
ware. (Media Cybernetics, Maryland, USA).

Statistical Analysis. Data were expressed as
Mean ± Standard Deviation. The results for body
weight, muscle weight and length, weight of
adipose tissue as well as the area and the major
and minor NMJs diameter were compared using
Student’s t test. The Mann Whitney non-
parametric test was used in the case of non-
Gaussian distribution.

Table I. Feed composition offered to the animals during pregnancy and lactation.

* Diet for gestation stage in rodents - AIN-93G.
** Values corrected according to the protein content of the casein.
*** According to AIN-93G.
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RESULTS

Body Weight and VF, RF and EF Weights. Table II shows
the data related to body weight and the VF, RF and EF
weights which were expressed as mean and standard
deviation. The results showed a reduction in body weight
and VF, RF and EF weights in animals from the restricted
group when compared to those in the control group.

Weight and Length of the EDL Muscle. The EDL muscle
weight and length data were expressed as mean and stan-
dard deviation (Table II). The results showed there was a
reduction in muscle weight in the restricted group when

compared with the control group. Regarding the muscle
length, in the restricted group the length was shorter than in
the control animals.

Morphological Study of the Muscle Fibers. In the control
group, the general architecture of the skeletal muscle fibers
was preserved; arranged in fascicles surrounded by
connective tissue of normal appearance (perimysium). Each
fiber had a polygonal or rounded shape, with a peripheral
core, surrounded by connective tissue (endomysium) (Fig.
1A). In the restricted group of animals, the appearance of
the muscle fibers was similar to that of the control group,
although several nuclei were observed in the central position
(Fig. 1B).

Fig. 1. Photomicrographs of cross-sections of the EDL
muscle of 365-day-old rats stained with HE (A and B)
and NADH-TR (C and D). A: Control group. Normal
general architecture; peripheral nuclei (thin arrows). B:
Restricted group. Note the presence of centralized nuclei
(thick arrow) and peripheral nuclei (thin arrows). Bar=
20 µm. B and C: Control and restricted groups
respectively. Fiber types I, IIa and IIb. Bar= 20 µm.

Table II. Body weight, VF, RF and EF weights, weight and length of the EDL muscle of
365-day-old rats.

Values expressed as Mean ± Standard Deviation. **p <0.01 and ***p <0.001 represent statistical
significance.

The results regarding the
muscle fiber area, fiber count and
number of nuclei for the control and
restricted groups are shown in Table
III. The analysis of the area showed a
significant decrease in the restricted
group when compared with the con-
trol group.

Morphometric and Histoenzymologic Study of
the Muscle Fibers. Staining for NADH-TR
activity showed the presence of type I muscle
fibers (small diameter and intense oxidative
activity); type IIa muscle fiber (intermediate
diameter and moderate oxidative activity) and type
IIb muscle fibers (large diameter and low oxidative
activity). These reactions indicate the EDL muscle
showed a random distribution of the different types
of muscle fibers (Figs. 1C and 1D).

The results for the muscle fiber areas in
the control and restricted group animals are shown
in Table IV. The area of type IIa muscle fiber was
statistically lower in the restricted group compared
to the control group. Regarding the fiber count,
there was no significant difference between the
groups (Table IV).
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Ultrastructural Study of the Muscle Fibers.
In the control animals, two types of muscle fibers
were identified. Type I fibers presented a wide
and dense Z line, and evident M line and A, I
and H bands. The mitochondria formed
intermyofibrillar chains, in addition to being
present in the sarcomeres and subsarcolemmal
aggregates. These fibers exhibited oxidative
metabolism, are resistant to fatigue and twitch
more slowly (Fig. 2A).

Another type of muscle fiber found was
the type II, which showed a thin Z line and
evident M line and A, I and H bands. The
mitochondria were always arranged in pairs on
each side of the Z line and I band, were smaller
and did not form aggregates or columns. These
muscle fibers have a glycolytic metabolism, are
poorly resistant to fatigue and are fast twitching
(Fig. 2B).

In the animals from the restricted group,
the Z line was disorganized (Fig. 2C) in various
regions and in some spots the myofibrils were
disorganized. There were notably fewer lipid
droplets (Fig. 2D) and myelin figures. Some cell
nuclei were seen to be fragmented.

Morphological and Morphometric analysis of
the Neuromuscular Junctions. The NMJs
present in the EDL muscle from both studied
groups showed classical plate-like morphology,
being oval, round or elliptical in shape.
Variations such as open, irregularly shaped or
compact junctions were observed and
characterized polymorphisms in these structures
seen in several muscles (Figs. 3A and 3B).

The results of the analysis of the area and
major and minor NMJs diameter are shown in
Table V. There was no significant difference
between the groups in terms of the area, the
major and minor NMJs diameter.

Fig. 2. Transmission Electron micrographs of longitudinal sections of the EDL
muscle of 365-day-old rats. A: Control group. Type I fiber, band A (A), Z line
(thick arrow) and intermyofibrillary chains of mitochondria (thin arrow). Bar=
2 µm. B: Control group. Type II Fiber, A band (A) Z-line (thick arrow) and
mitochondria in pairs on each side of the Z line (thin arrow). Bar= 2 µm. C:
Restricted group. Note the disorganized Z line (thin arrows). Bar= 500 nm. D:
Restricted group. Lipid droplet (thick arrow). Bar= 500 nm.

Table III. Area, number of muscle fibers and number of nuclei of the EDL
muscle of 365-day-old rats.

Values expressed as Mean ± Standard Deviation. ***Represent statistical significance
(p <0.001).

Table IV. Area and count the muscle fibers in EDL 365-day-old rats.

Values expressed as Mean ± Standard Deviation. ***Represent statistical significance (p < 0.001).
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DISCUSSION

The body weight of the animals from the restricted
group was lower than that of the control group. According
to Torun & Chew (1994), decreased body weight is a clinical
parameter that characterizes PEM. In the literature, studies
using rats (Almeida & Mello, 2004; Toscano et al., 2008)
also found lower weight in the offspring of mothers subjected
to protein restriction during pregnancy and/or pregnancy and
lactation. However, there are reports that contradict these
results, where the animals subjected to protein restriction
did not show significant differences in body weight (Oliveira
et al., 1999; Cabeço, 2011). These differences may be related
to the duration of protein restriction, the type of diet and the
age of the animals.

The diet used in this study affected the body weight
of the animals even after the change of diet following
weaning (normal protein diet – 17 %) and the deficit
remained in the adult animal.

In this experiment, there was a reduction in the weight
of the EDL muscle in animals from the restricted group.
This finding is in agreement with descriptions in the literature
(Toscano et al.) where maternal protein restriction during

pregnancy and lactation affected the
long-term development of skeletal
muscle in the offspring. Bedi et al.
(1982) reported that protein energy
restriction, when occurring after the
lactation period, can be recovered
with normalization of the nutritional
status, but the changes caused by
protein-energy restriction during the
period of pregnancy and lactation can
cause permanent deficit. Thus, it is
believed that the normal protein diet
(17 % protein) offered to the offspring
in the period following and into
adulthood was insufficient to promote
the recovery of muscle weight. Rats
malnourished during pregnancy and
lactation presented reduced weight in
the anterior tibialis muscle (Ventrucci
et al., 2004; Alves et al., 2008).
Although a different muscle, this is a
fast twitch muscle similar to that used
in this study. The reduction in muscle
mass was probably due to the loss of
tissue proteins (Alves et al.). By

Fig. 3. Photomicrographs of the EDL muscle of 365-day-old rats after reaction for Nonspecific
Esterase. A: Control group and B: Restricted group. Note the polymorphism of the NMJs
between the studied groups. Bar= 100 µm.

Table V. Area, major e minor NMJs diameters of the EDL muscle of 365-day-
old rats.

Values expressed as Mean ± Standard Deviation.
contrast, Cabeço, using the same diet protocol, but with
protein restriction only during the gestational stage, found
no differences in EDL muscle weight at 30 d and 16 w of
age. This divergence in weight in relation to the present study
may be explained by the amount of protein supplied to the
offspring during the lactation period and after weaning being
sufficient to recover the weight of the EDL muscle.

In the morphological study of the muscle fibers, there
was a notable presence of many nuclei in a central position.
With migration from the nucleus to the center of the muscle
fiber being a common event in muscle disorders. In this study,
the presence of centralized nuclei in the restricted animals
may be related to the fact the protein restriction period
occurred at a critical stage in development of muscle tissue.

The morphometric analysis of muscle fibers in the
histological study showed the fiber areas from the animals
in the restricted group were significantly smaller than those
from the control group. Other studies with rats subjected to
protein restriction have also reported a smaller areas in all
fiber types (Nascimento et al., 1990; Silvado & Werneck,
2006; Yan et al., 2012). The literature indicates that protein
restriction can compromise the area of type II fibers more
than that of type I fibers (Bedi et al.; Chopra et al., 1987;
Wilson et al., 1988; Dwyer & Stickland, 1992; Oliveira et
al.; Alves et al.). In this research, the histoenzymological
study showed a decreased area in the three types of fibers,
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although it was only significant in the Type IIa fibers. This
decrease may be related to the reduction in the animal’s body
weight and muscle weight, suggesting that protein restriction
in the pregnancy and lactation period provokes permanent
changes in the area and frequency of muscle fibers (Bedi et
al.; Ozanne et al., 2003).

Regarding the number of nuclei and muscle fibers,
there were more in the restricted group when compared with
the respective control group, but the differences were not
significant. The literature contains conflicting results (Bayol
et al., 2004), no effect of maternal restriction on the number
of fibers in the semitendinosus muscle of rats were found,
but there was a reduction in the number of nuclei in the
restricted group, indicating a reduction in muscle cell
proliferation. Perhaps the increased numbers of nuclei and
of fibers found in this study is related to the significant
decrease in the area of the fibers.

In the ultrastructure analysis of the muscle fibers in
the animals from the restricted group, some changes were
observed, such as the disorganization of the Z line and
myofibrils and the presence of few lipid droplets. To the
best of our knowledge, in the literature there are no studies
dealing with this subject with animals at 365 d of age, and
these alterations in the offspring may well have occurred as
a result of the effects of protein restriction during pregnancy
and lactation periods.

Regarding the analysis of the area, and the major and
minor NMJs diameters, there was no significant alteration
in these parameters when the groups were compared. This
result was probably due to the polymorphism of the NMJs
in the EDL muscle.

The results presented in this paper and their
assessment permit the following conclusions: a) The
decreased body weight in the restricted animals may be
related to maternal protein restriction, which may have
affected fetal growth and development, because even with
change in diet in the period up to 365 d of age, the deficit
persisted; b) The alterations to the weight of the EDL muscle
in animals from the restricted group may have come about
because the amount of protein offered to animals in the
gestational period and lactation, being sufficient to affect
the development of the muscle in the offspring, with long-
term consequences since the supply normal protein diet to
365 d was not sufficient to recover muscle weight; c) The
maternal protein restriction may have produced a permanent
deficit in the muscle fibers of the offspring, when observed
under light microscopy; d) The ultrastructural changes found
in the muscle fibers from the restricted animals may be due
to maternal protein restriction.
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RESUMEN: La restricción proteica implica  compro-
miso funcional de diversos sistemas y órganos, entre ellos, el
músculo estriado esquelético, por ser una reserva de proteína
del organismo. De esa forma, el presente trabajo procuró anali-
zar las características morfológicas y morfométricas de las fi-
bras musculares y de las intersecciones  neuromusculares
(JNMs) del músculo extensor largo de los dedos (EDL) en ra-
tas de 365 días de edad, sometidas a  restricción proteica mater-
na durante los periodos de gestación y lactancia. Las ratas Wistar
fueron separadas en dos grupos: El grupo Control - madres ali-
mentadas durante la gestación y lactancia con ración
normoproteica (17 % de proteína) y Grupo con restricción –
madres alimentadas durante la gestación y lactancia con ración
hipoproteica (6 % de proteína). Las crías permanecieron con la
madre durante todo el periodo de lactancia (21 días) y después
de este periodo la prole recibió ración normoproteica hasta los
365 días de edad. Se realizó  un estudio histológico (HE) e
histoenzimológico (NADH-TR) de las fibras musculares. Para
la marcación de las JNMs, el músculo fue sometido a la reac-
ción de Esterasa Inespecífica. El análisis histológico de las fi-
bras musculares de los animales del Grupo con restricción mos-
tró la presencia de núcleos centralizados y una disminución del
área en el grupo con restricción. En el estudio histoenzimológico,
el músculo EDL presentó una distribución aleatoria de los dife-
rentes tipos de fibras musculares y el área de las fibras muscu-
lares del tipo IIa fue menor en el grupo con restricción. En rela-
ción al estudio ultraestructural, en los animales del grupo con
restricción se observó desorganización de la línea Z, presencia
de pequeñas gotas de lípidos y vacuolas que abrigaban figuras
de mielina en las regiones subsarcolemal e intramiofibrilar. En
el análisis de las JNMs no hubo diferencias significativas. La
restricción proteica impuesta en el periodo de gestación y lac-
tancia puede haber afectado el desarrollo del músculo esquelé-
tico, produciendo un déficit permanente en las fibras muscula-
res del músculo EDL de la prole.

PALABRAS CLAVE: Morfología; Morfometría;
Restricción proteica; Músculo extensor digitorum longus;
Rata.
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