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Summary &horbar; Histochemical differentiation of 12 skeletal muscles with a different fibre type composition was studied in miniature pigs from 80 d of gestation to 1 year of age. Two fetal myofibre types were
distinguished at 100 d of gestation by the mATPase reaction after acid preincubation. The staining for
oxidative enzyme activities showed no conspicuous differences between fibres up to the 6th day after
birth. Starting from this age it was possible to distinguish 3 fibre categories: SO (slow-twitch oxidative);
FOG (fast-twitch oxidative-glycolytic); and FG (fast-twitch glycolytic). A characteristic cluster distribution of the 3 fibre types was observed in all studied muscles with the exception of the masseter muscle which consisted only of the type SO and FOG fibres with a mosaic arrangement. The frequencies
of both SO and FG fibre types increased and the proportion of type FOG fibres decreased during the
postnatal period. These changes could be explained by developmental transformations among the
individual fibre types. The type FOG fibres converted preferably to the fibre type (SO or FG) that prevailed in the muscles of adult animals.
muscle fibre type / differentiation / pig

Résumé &horbar; Différenciation des types de fibres pendant le développement postnatal des muscles
squelettiques chez les porcs miniatures. La différenciation histochimique de 12 muscles squelettiques avec constitution différente des types des fibres depuis 80 j de gestation jusqu à l’âge de1 an
est étudiée chez les porcs miniatures. À 100 j de gestation, les 2 types de myofibres foetales sont
discernés à l’aide de la réaction mATPase après la préincubation acide. L activité des enzymes oxidatives
ne présente aucune différence significative entre les fibres pendant le développement embryonnaire
et la première semaine de développement postembryonnaire. À partir du 6
e jour après la naissance,
on peut discerner 3 catégories de fibres : SO (slow-twitch oxidative), FOG (fast-twitch oxidative-glycolytic)
et FG (fast-twitch glycolytic). L’organisation caractéristique de 3 types de fibres en agrégats est observée dans tous les muscles étudiés à l’exception du masséter, qui est formé seulement par les fibres SO
et FOG avec une organisation en mosaïque. Les fréquences des 2 types de fibres SO et FG s’élèvent
et la proportion de fibres de type FOG diminue pendant la période postnatale dans tous les muscles
étudiés. Ces changements pourraient s’expliquer par des transformations entre les types particuliers
de fibres. Les fibres de type FOG évoluent le plus souvent vers le type de fibres (SO ou FG) qui
domine dans les muscles des animaux adultes.
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INTRODUCTION

1972). Since the slow-twitch fibres maintain
high activity of oxidative enzymes (ie slowtwitch oxidative type, SO) during postnatal
development this developmental transformation does not change the mutual ratio of
slow- and fast-twitch fibres. It takes place
between the subpopulations of fast-twitch
fibres. The fast-twitch oxidative-glycolytic
(FOG) fibres convert to the fast-twitch glycolytic ones (FG). An increase of the FG
type proportion was observed in developing ovine, bovine (Ashmore et al, 1972;
Rehfeldt et al, 1987), rat (Maltin et al, 1985;
Tamaki, 1985), mouse (Rehfeldt et al, 1987)
and chick muscles (Ashmore and Doerr,
1971).
Determination of the fibre type frequencies during skeletal muscle differentiation
in pig has given markedly various results.
a

Histochemical techniques allow the differentiation of several fibre types in skeletal
muscles. The first differences between muscle fibres are usually found towards the end
of fetal development. The fetal myofibres
(or myotubes) can be classified into lightstained (type I, slow-twitch) and dark-stained
(type II, fast-twitch) categories by the myofibrillar ATPase (mATPase) reaction. Gradual
changes of fibre type frequencies have been
demonstrated in various mammalian species
(rat, rabbit, hamster and sheep) during
skeletal muscle development. They are
explained by transformations between individual fibre types and were observed chiefly
during the first few weeks of postnatal life.
The type it to typeI transformation is conspicuous in postural muscles (eg, soleus)
where it refers to the altered muscle function
after birth. In contrast, an opposite fibre type
conversion, ie the typeI to type Itransformation has been ascertained in muscles
which are composed predominantly of type II1
fibres in adulthood (eg, biceps brachii mus-

cle) (Gutmann et al, 1974; Kugelberg, 1976,
1980; Goldspink and Ward, 1979; Suzuki
and Cassens, 1983). A direct correlation
was proved between the histochemical
mATPase staining and the myosin heavy
chain (MHC) composition of muscle fibres
(Gauthier and Lowey, 1979; Staron and
Pette, 1986; Staron, 1991). A sequential
appearance of various MHC isoforms was
demonstrated from fetal to adult animal

stages (Whalen et al, 1981; Gauthier, 1987;
Harris et al, 1989). This MHC conversion is
molecular basis of fast- to slow-twitch (and
vice versa) fibre type transformations.

a

From the viewpoint of mitochondrial
enzyme, substantial differences among
muscle fibres are detected only after the
birth. The change of energy metabolism
from oxidative to glycolytic pathway is
explained by the decrease of intact mitochondria number (Van Den Hende et al,

On the basis of the mATPase reaction, an
increase of the SO type proportion was
observed during the second half of the gestation and until the age of 16 weeks after
birth (Swatland, 1975; Beermann et al, 1978;
Szentuki and Cassens, 1979; Suzuki and
Cassens, 1980). Using the oxidative enzyme
activities as a criterion (eg, succinate dehydrogenase, SDH), an increase of the proportion of fibres with low oxidative capacity
(ie FG type) was ascertained during postnatal growth (Cooper et al, 1970; Ashmore
et al, 1972; Van Den Hende et al, 1972;
Rehfeldt ef al, 1987). On the basis of both
the mATPase and the SDH activities
demonstrated on serial muscle sections, it
was proved that the proportion of fibres with
low mATPase activity (ie SO type) increased
and the proportion of fibres with low SDH
activity (ie FG type) did not change in the
course of postnatal development (Davies,
1972). However, Swatland (1977) found
opposite developmental changes of fibre

type frequencies.

Discrepancy in the above-mentioned
results can be attributed to different materials studied (breed, age, muscle) and to various enzymes used for the fibre type deter-

mination. To ascertain whether there are
any general trends during porcine muscle
fibre differentiation, we carried out a histochemical analysis of 12 muscles with different fibre type composition in miniature
pigs from 80 d of fetal development to 1
year of age.

MATERIALS AND METHODS
Four male miniature pigs (bred in the Institute of
Animal Physiology and Genetics, Department of
Genetics, Libechov) were used at each of the following ages: 1, 6, 12, 21, 60 and 120 d and 1
2
year. Fibre type analysis was performed in 12
muscles: masseter (pars superficialis); pectoralis
superficialis (2 parts - clavicularis and sternocostalis); biceps brachii; triceps brachii (caput

laterale); trapezius thoracis; longissimus dorsi;
sartorius; gracilis; gastrocnemius lateralis; soleus;
and psoas

major and diaphragm (pars costalis).

Moreover, the level of differentiation

was ascer-

tained in the fetal muscles at 80 and 100 d of
gestation (3 fetuses at each age). Tissue samples were taken from the central part of the muscles and were immediately frozen to -80°C by
their immersion into petroleum ether cooled with
dry ice-saturated acetone.
Histochemical demonstration of the mATPase
activity alone can prove only the change in the
proportion of slow- and fast-twitch fibres (ie FOG
to SO transformation). Similarly, the detection of
oxidative enzyme activities alone can characterize the reduction of oxidative capacity in some
fast-twitch fibre only (ie FOG to FG transformation). Thus, the parallel histochemical demonstration of the mATPase and oxidative enzyme
activities is indispensable for determination of the
both developmental transformations. For this reason, serial 10 0 pm cross-sections were cut at
- 20°C in the Cryo-Cut II Microtome, air-dried at
room temperature for 15 min and stained for the
mATPase activity after acid preincubation at pH
4.2 (Guth and Samaha, 1970) and for oxidative
enzyme activities (SDH, succinate dehydrogenase; NADH-tetrazolium reductase, NADH-TR;
Lojda, 1965). The successive histochemical staining for SDH (or NADH-TR) and mATPase (Horik,
1983) was used starting from the 21 st day of age
when sufficient fibre diameters and histochemical
differences between 3 fibre types were visible.
This technique is preferable to the demonstra-

tion of individual enzyme activities on serial sections because it allows us to distinguish all 3 fibre
types in one tissue section and thus speeds up an
evaluation of samples.

Using the nomenclature of Peter et al (1972),
the skeletal muscle fibres were classified into the
SO, FOG and FG types by comparison of
microphotographs taken from the same region of
the serial sections stained for the mATPase with
acid preincubation and oxidative enzyme activities
or on microphotographs from a single section
treated by the successive technique (fig 1 D-F).
The acid preincubation reverses a regular staining pattern of the mATPase. Thus, the SO type
showed a dark staining and both the FOG and
FG types were light. For comparison with the
nomenclature of Padykula and Herman (1955),
which is based only on the mATPase activity and
which is often used in literature (see Introduction), the SO type corresponds to the type I and
both the FOG and FG types are included in the
type II. About 600-1 000 fibres per sample were
evaluated for calculation of the individual type
percentage. The statistical significance of differences in this parameter between 2 successive
ages of postnatal development was evaluated by
the t-test.

RESULTS

Prenatal muscle

developmenf

The

mean length of gestation in miniature
pigs corresponds to that of commercial pigs
(120 d). It was not possible to distinguish
with certainty a myotube developmental stadium from a muscle fibre stadium during late
embryogenesis on the basis of the histochemical techniques used. For this reason,

the muscular elements observed at this time
are termed the fetal myofibres. Fetal myofibres showed no mATPase activity after
acid preincubation and a weak homogeneous staining for SDH and NADH-TR activities at 80 d of gestation. They were mutually
separated by considerable intercellular
spaces. Some myofibres located centrally
within the developing fasciculi demonstrated

almost twice the diameter of the ambient
ones.

At 100 d of gestation, dark (slow-twitch,
SO type) and light (fast-twitch, FOG and FG
types) fetal myofibres were distinguished
on the basis of mATPase after acid preincubation at pH 4.2 (fig 1 A). Slight differences among myofibres were also observed
in the oxidative enzyme activities, which
were generally increased in comparison with
the preceding fetal phase. The type SO
myofibres usually presented a larger diameter. They were either individually dispersed
in muscle fasciculi (eg, the gracilis muscle)
or they formed small clusters composed of
2-4 fibres in the muscles in which type SO
fibres prevailed in maturity (eg, the trapezius muscle). Thus, a distinct fibre type composition of studied muscles was already
demonstrated in prenatal period.

Postnatal differentiation of fibre types

The characteristic cluster arrangement of
fibre types in porcine muscle originated in
the course of the first few weeks of postnatal development as a result of the increase
of type SO fibre number in clusters and of
the gradual changes in the oxidative capacity of the fibres. The fibres with intermediate mATPase activity were observed close
to the SO fibre clusters (fig 1 B) in all studied
muscles at 1 d after birth. Their number continuously decreased up to approximately
21 d of age while the SO fibre number in
clusters simultaneously increased. In older
animals, the intermediate fibres were not

or were ascertained very rarely. They
probably represent a transition stage in the

found

course

of fast- to slow-twitch fibre transfor-

mation.
The SDH and NADH-TR activities in the
muscles of 1-d-old piglets (fig iC) showed a
higher level in comparison with the fetal
period. Some fast-twitch fibres, usually situated on the periphery of muscle fasciculi,
demonstrated a gradual decrease of their
oxidative capacity from birth to 12 d of age.
Type SO fibres retained high oxidative
capacity in the course of the whole postnatal period. The SDH and NADH-TR staining patterns corresponded to each other at
all studied ages.
The fibre type composition of the masseter muscle was quite distinct from the other

muscles studied. This muscle consisted of

type SO and FOG fibres only showing

a

mosaic distribution. Fibres of this muscle
and the diaphragm generally demonstrated
a higher level of oxidative enzyme activities
than all the other muscles.

Changes of fibre type frequencies
during postnatal development
In 1 d piglet muscles, determination of the
frequencies of slow-twitch (SO type) and
fast-twitch fibres was possible only on the
basis of mATPase staining after acid prein-

cubation. The fibres with intermediate
mATPase activity were included in the type
SO fibres when fibre type proportions were
calculated. The fast-twitch fibres were considered as type FOG fibres on the basis of

high oxidative capacity at this age (fig
1B,C).
From the 6th day of age, the differences

their

in oxidative enzyme activities among fasttwitch fibres were sufficient for their classification into FOG type (medium to high
activities) and FG type (low activity). Considerable variability of fibre type percent-

ages was observed among the individuals
of the same age. This fact, together with
the low number of animals, caused the
majority of differences in type frequencies
between 2 successive developmental
stages to be statistically insignificant. Thus,
it is possible to speak only about general
developmental trends which take place dur-

ing muscle postembryogenesis. The FOG
fibre percentage gradually decreased in all
muscles studied. The SO fibre frequency
increased quickly in the first 2-3 postnatal
weeks while the increase of the FG fibre
frequency was slower and it covered a
longer period (to approximately 4 months
of

age) (fig 2 and 3).

A relationship was observed between the
fibre type composition of adult mini-pig muscles (1 year of age) and the extent of
changes of fibre type frequencies during
postnatal period. The muscles composed
mainly of type SO fibres in maturity (eg, the
trapezius muscle, fig 2B) showed a higher
proportion of SO fibres (about 25-40% ver-

sus 6-15% in the other muscles) already at
the 1st day after birth. In these muscles, a
marked increase of type SO frequency and
only a mild increase of type FG frequency
were observed. The type SO fibres filled
gradually almost whole muscle fasciculi in
these muscles. On the other hand, the muscles with the prevalence of type FG fibres in
maturity (over 50%, eg, the biceps brachii
muscle, fig 3C-F) showed a higher percentage of FG fibres (25-38% versus
5-20% in the other muscles) as early as the
6th day of age. The increase of the type SO
frequency in these muscles was rather gradual and it terminated at about 12 d of age.
However, the long-term increase of the proportion of type FG fibres was observed
which took place mainly between 4 months
and 1 year of age. It was usually accompanied by the decrease in the type SO frequency which reached the values observed
at the 1 st day of age (table I).
).
The masseter muscle showed also generally observed developmental trends. The
type FOG frequency decreased and the type
SO frequency increased mainly during the
first 3 weeks of age (fig 4).

DISCUSSION
Histochemical analysis of skeletal muscles
revealed that the domestication of pig

together with

selection for high meat production increased the proportion of type FG
fibres in commercial pigs (Ashmore et al,
1973; Ashmore, 1974; Ess6n-Gustavsson
and Lindholm, 1984). Comparison of our
results with these studies shows that fibre
type composition of the longissimus dorsi
muscle in adult (1 year old) mini-pigs resembles rather that of the wild pig (Sus scofa
scrofa) than of commercial pigs. Skeletal
muscles of commercial pigs contained a
higher fibre number than did miniature pigs
(Stickland and Goldspink, 1978; Stickland
and Handel, 1986). Regardless of these differences in adult animals we believe that
2
our results ascertained from the study of 12
to
the
unimuscles
could
contribute
mini-pig
fication of the above-mentioned literature
data about fibre type differentiation in pigs.
A direct relationship was demonstrated
between histochemical and contractile properties of individual fibre types (Barnard et
al, 1971Thus, the studied miniature pig
muscles could be classified as slow- or fasttwitch on the basis of their fibre type composition at 1 year of age. The general features of the postnatal muscle development
in miniature pig were found in this study.
These consisted of the reduction in the FOG
fibre proportion and the increase in the SO
and FG fibre frequencies. These changes
of fibre type frequencies could probably be
explained by developmental fibre type transformations. In slow-twitch muscles (with a
higher prevalence of type SO fibres at 1 year
of age, eg, the trapezius muscle), the transformation of type FOG fibres takes place
primarily to the type SO fibres in the first
few weeks after birth, while their conversion
to the type FG fibres is considerably suppressed. On the other hand, fast-twitch muscles (with a predominance of type FG fibres
at 1 year of age, eg, the biceps brachii muscle), demonstrate the transformation of type
FOG fibres preferably to the type FG fibres,
while their transformation to the type SO
fibres is reduced. In addition, clear differ-

between slow- and fast-twitch muscles in fibre type composition were already
observable in newborn piglets. Slow-twitch
muscles showed a higher percentage of the
type SO fibres at birth and a lower frequency
of the type FG fibres at the 6th day of age in
comparison with fast-twitch muscles. Thus,
developmental transformations between
fibre types gradually increase differences
among skeletal muscles already present at
birth reaching an adult fibre type composition. This suggestion is in accordance with
the ontogenetic changes of fibre type frequencies which were observed in rat (Kugelberg, 1976; Tamaki, 1985; Maltin et al,
1989), hamster (Goldspink and Ward, 1979),
pig (Swatland, 1975; Suzuki and Cassens,
1980) and sheep muscles (Suzuki and
ences

Cassens, 1983).
The reduction of the fibre SO frequency
during the late postnatal period in some
mini-pig muscles (this work), the hamster
biceps brachii muscle (Goldspink and Ward,
1979) and the rat soleus muscle (Syrovy
and Gutmann, 1977) suggests that there is
probably yet another direction of transformation. Since the experimental elimination
of muscle activity also reduces the frequency
of type SO fibres (Gardiner, 1981; Spector,
1985), the above-mentioned change of fibre
SO frequency might be explained by the
natural reduction of motion activity of adult
animals.

A change of the total fibre number within
muscles during their normal postnatal
growth (or a selective loss of specific fibre
type) could be an alternative explanation of
the changes in fibre type frequencies. A formation of new muscle fibres (hyperplasia) is
completed at the third month of gestation
(Swatland, 1973; Wigmore and Stickland,
1983) and the fibre number reached remains
unchanged during the postnatal development in muscles of commercial and miniature pigs (Staun, 1963; Stickland and Goldspink, 1978; Stickland and Handel, 1986;
Rehfeldt et al, 1987). Thus, the transfor-

mation between fibre types could offer a
good explanation for the changes of fibre
type frequencies presented in this paper for
developing miniature pig muscles. The
changes observed in the masseter muscle,
which consists of the SO and FOG types
only, give good support to this suggestion.
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