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Summary

Four rabbit muscles (i.e. semimembranosus proprius, psoas major, biceps femoris and longissimus lumborum), differing
in their fibre type composition in the adult, were investigated during postnatal development. Muscle samples were taken
at 1, 7, 14, 21, 28, 35, 49 and 77 days of age. Complementary techniques were used to characterize myosin heavy chain
(MHQ) isoform transitions, i.e. SDS-PAGE, immunocytochemistry and conventional histochemistry. Good accordance was
found between electrophoretic and immunocytochemical techniques. Our results show that rabbit muscles were
phenotypically immature at birth. At 1 day of age, perinatal isoform represented 70-90% of the total isoform content of
the muscles. Two generations of myofibres could be observed on the basis of their morphology and reaction to specific
antibodies. In all muscles, primary fibres expressed slow MHC. In contrast, secondary generation of fibres never
expressed slow MHC in future fast muscles, while half of them expressed slow MHC in the future slow-twitch muscle,
the semimembranosus proprius. During the postnatal period, all muscles displayed a transition from embryonic to
perinatal MHC isoforms, followed by a transition from perinatal to adult MHC isoforms. These transitions occured
mainly during the first postnatal month. The embryonic isoform was no longer expressed after 14 days, except in
longissimus where it disappeared after 28 days. On the contrary, large differences were found in the timing of
disappearance of the perinatal isoform between the four muscles. The perinatal isoform disappeared between 28 and 35
days in semimembranosus proprius and 35 and 49 days in psoas and biceps femoris. Interestingly, the perinatal isoform
was still present in 6% of the fibres in longissimus at 77 days, the commercial slaughter age, denoting a great delay in
the maturation. Fate of each generation of fibres differed between muscles.

Introduction adult, ie. I, Ila, IIb and IIx (Aigner et al., 1993;
Janmot & d’Albis, 1994), and two developmental, i.e.
embryonic and perinatal (Hoh & Yeoh, 1979; d’Albis
et al.,, 1991), MHCs isoforms have been identified.
During growth, adult-type isoforms gradually re-
place developmental myosins (Schiaffino et al., 1989;

La Framboise et al.,, 1991). The profile of develop-

Four types of myofibres have been recently identified
in adult rabbit limb muscle, using the histochemical
classification derived of Brooke and Kaiser (1970):
slow twitch type I and fast twitch types IIA, IIB and
IIX (or IID) (Hamalainen & Pette, 1993). However, no

such clear cut classification can be obtained in
fetuses or young animals (Guth & Samaha, 1972).
At a molecular level, the content in adult Myosin
Heavy Chain (MHC) isoforms is well correlated with
the shortening velocity of the motor units (Reiser et
al., 1985) and can be used to characterize the
functional properties of muscle. In the rabbit, four
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mental and adult isoforms is then a useful marker to
study maturation of muscle fibre types in growing
rabbits.

Few systematic studies have investigated develop-
mental changes in rabbit myofibre characteristics,
particularly concerning myosin heavy chain isoform
transitions. The major studies were performed on
native myosin and myosin light chains (Hoh &
Yeoh, 1979; .d’Albis et al., 1991; Briand et al., 1993).

The aim of the present study was to investigate
the developmental changes in the different myosin
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heavy chains isoforms during the postnatal period,
from birth to commercial slaughter age in four
rabbit muscles, selected according to their adult
fibre type composition. Electrophoretic analysis in
SDS-Page was used to separate and quantify the
perinatal and the four adult MHCs isoforms.
Histochemical and immunocytochemical studies,
using specific monoclonal antibodies raised against
MHCs, were used to localize the different MHC
isoforms expressed in the different fibres.

Materials and methods

Animals and muscles sampling

A total of 40 New Zealand male rabbits were rendered
unconscious by electric stunning and exsanguinated at 1, 7,
14, 21, 28, 35, 49 or 77 days of age. Five animals were
analysed at each stage. Samples were taken from the
following muscles: m. semimembranosus proprius (SMP)
i.e. a slow-twitch muscle), m. psoas major (PS) (i.e. a fast-
twitch muscle), m. biceps femoris (BF), and m. longissimus
lumborum (LD) (i.e. two mixed muscles). The samples
were frozen in isopentane cooled with liquid nitrogen.

Myosin preparation

Frozen muscles were cut into small pieces on ice and
washed with a solution of 20 mM NaCl, 3.4 mm PO4H;Na,
1.6 mMm PO4HNa,, 1 mM EGTA (pH 7). After centrifugation
at 12000 xg, myosin was extracted with three volumes
100 mM sodium pyrophosphate, 5 mM EGTA, 1 mm dithio-
threitol. The mixture was shaken during 30 min and then
centrifugated at 12000 xg for 10 min. The supernatant was
mixed with glycerol at a final concentration of 50% (v/v)
and stored at ~20° C until further analysis (d’Albis et al.,
1979).

Electrophoresis of myosin heavy chains (MHC) isoforms

Electrophoresis was performed according to the method
described by Talmadge and Roy (1993) and modified by
Janmot and d’Albis (1994). The entire gel unit was placed
in a styrofoam box containing ice to maintain the
temperature below 10°C during the 28 h run. Gels were
stained with Coomassie Blue R-250 and quantification of
the different isoforms was obtained by densitometry.

Cytochemical analysis

For immunocytochemistry, cryostat serial cross-sections
(10 pm) were reacted with monoclonal antibodies specific
to different MHC isoforms. Four monoclonal antibodies
purchased from Novocastra (France) were used: Anti-Slow
(AS), Anti-Fast (AF), Anti-Perinatal (AP) and Anti-
Embryonic (AE). Three of them (AS, AF and AP) have
been raised against rabbit muscles. The AE Ab has been
raised against rat muscle. The antibodies have been shown
to be specific of the corresponding MHC isoforms in
skeletal muscle (Ecob-Prince et al.,, 1989; Franchi et al.,
1990; d’Albis et al., 1994). After fixation in acetone,
sections were rinsed in a 10 mM Na-K-Phosphate Buffer
Solution (PBS) (pH 7.4), containing 137 mm NaCl and
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27mM KCl. They were then incubated overnight in a
humid chamber at 4° C with the first antibody, diluted 20-
fold (AS, AF), tenfold (AP) or fivefold (AE). Specific
antibody binding was revealed by the avidin biotin
peroxidase technique (Vectastain ABC kit, Vector Labora-
tories, Burlingame, CA).

For actomyosin ATPase cytochemistry, the remaining
serial cross-sections (10 pm) were stained after preincuba-
tions (pH 4.3 and 10.4) (Guth & Samaha, 1970). Myofibres
were classified in type I, IIA, and IIB + IIX (Brooke &
Kaiser, 1970). Additional serial sections were reacted for
succinate dehydrogenase (SDH) activity (Nachlas et al.,
1957) in order to investigate the energy metabolism of the
fibres (oxidative vs non-oxidative).

Statistical analysis

Means and SDs of the means were calculated from
individual values by the usual procedures (SAS-package,
1985). The influence of age on the proportion of the various
isoforms was tested by one-way analysis of variance. For
each stage, the mean proportion of one isoform was
compared with the value of the same isoform at 77 days
(Dunnett test). Differences were considered to be signifi-
cant at p < 0.05.

Results
ELECTROPHORESIS OF MHC ISOFORMS

Electrophoretic mobility of the different MHC isoforms

Five isoforms could be identified on the gels (Fig. 1).
The electrophoretic mobilities of these isoforms
increased in the order MHC-P, MHC-Ila, MHC-IIx,
MHC-IIb and MHC-I (Aigner et al.,, 1993; Janmot &
d’Albis, 1994). The embryonic isoform (MHC-E)
could not be separated from MHC-Ila because these
two isoforms have been shown to have the same
electrophoretic mobility (Janmot & d’Albis, 1994).

Changes in the isoform contents from birth to 77 days of
age (Fig. 2)

The influence of age on the proportion of each
isoform was highly significant during the 1-21 days
period in the SMP and the 1-35 days period in PS,
BF and LD muscles. At day 1, all muscles contained
mainly MHC-P. In comparison to other muscles,
SMP exhibited a lower proportion of MHC-P (73% vs
89-93%; p =0.01). Thereafter, MHC-P steadily de-
clined. This isoform was barely detectable and non
significantly different from 0% to 28 days in SMP, 35
days in PS and BF, and 49 days in LD.

Muscle specific changes in the adult isoform
content occured during the postnatal period, as
shown in Fig. 2. In SMP, MHC-I represented 7% of
total isoforms at day 1. This proportion increased
rapidly during the first postnatal week (54% at day
7) and reached 100% from day 28 onwards, in
parallel with the disappearance of developmental
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Muscle differentiation in the rabbit
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Fig. 2. Age-related changes in the proportion of the different MHC isoforms in the muscles.

and adult fast isoforms. At day 77, SMP consisted
only of MHC-I. In PS5, MHC-I and MHC-Ila+E were
very low (<4%) from birth to 28 days of age and
disappeared from 35 days onwards. MHC-IIb
remained constant (2%) from birth to day 77. In
BF, MHC-I remained more or less constant (2%)
from birth to day-28 and then increased slowly up
to 4% at day 77. The proportion of MHC-IIx and
MHC-IIb rose gradually from 2% at birth to 34%
and 58%, respectively, at day 28. Thereafter, the
proportion of MHC-IIx decreased to reach 22% at
day 77, in parallel with an increase in MHC-IIb
(68% at day 77). In LD, MHC-I decreased from 4%
at birth to a faintly detected level (1%) from day 21
onwards. The proportion of MHC-Ila+E remained

about constant (4-5%) from birth to day 77. The
proportion of MHC-IIx and MHC-IIb rose gradually
from a barely detectable level at birth (1%) to 45
and 46%, respectively, at day-30. After day 35, the
proportion of MHC-IIx increased to reach 66% at
day 77, in parallel with a decrease of MHC-IIb (29%
at day 77).

IMMUNOHISTOLOGY

Cell location of the adult slow and fast isoforms

Two categories of myofibres coexisted in all muscles
at day 1: isolated primary myotubes, surrounded
by small secondary fibres in larger number (Fig. 3).
In all muscles, first generation fibres reacted

Fig. 3. Immunological analysis of transverse serial sections of four muscles with antibodies raised against slow MHC
(AS), fast MHC (AF), perinatal MHC (AP) and embryonic MHC (AE) at the age of 1 day. (A) Cells of the first
generation. (B) Cells of the second generation. Slaw MHC was expressed only in first generation cells in PS, BF and LD
muscles, while half of the second generation cells also expressed this isoform in SMP muscle. Scale bar = 50 um.
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strongly with AS and negatively with AF Abs. The
characteristics of the secondary generation differed
between muscles. In SMP, 40% of the secondary
fibres reacted strongly with AS and negatively with
AF Abs. The other fibres (60%) were labelled by AF
Ab. In contrast, in PS, BF and LD, all the secondary
fibres reacted with AF Ab and were not labelled by
AS Ab.

Thereafter, the two generations of fibres could not
be distinguished on the basis of their size and
morphology. The changes in the proportion of the
fibres labelled by AS or AF Abs were similar to the
changes in the proportion of the corresponding
isoforms (MHC-I and MHC-II, respectively) in the
electrophoretic diagramm. In SMP, the number of
fibres labelled by AF Ab decreased progressively
and fast myosin was no longer detected at day 28.
In parallel, an increasing number of fibres were
labelled only by AS Ab, to reach 100% of fibres
from day 28 onwards. In PS, the number of fibres
labelled by AS Ab rapidly decreased, with none of
them labelled after day 14, while all fibres stained
positively with AF Ab from day 7 onwards. In BF,
some isolated fibres kept expressing only slow
MHC throughout development, they represented
5% of the fibres at day 77. The proportion of fibres
reacting with AF Ab increased during growth and
reached 95% of total fibres at day 77. In LD,
the number of fibres labelled by AS Ab decreased
from birth to day 77, when only few isolated fibres
(1% of the fibres) reacted with AS Ab. The
percentage of fibres reacting with AF Ab increased
during development to reach 99% of total fibres at
day 77.

Temporal expression of the embryonic isoform

At birth, the embryonic isoform was expressed in
most of the small secondary fibres (Fig. 3). In
contrast, most of the primary myotubes were not
labelled by AE Ab. Thereafter, the number of fibres
stained with AE Ab decreased progressively
throughout development and disappeared between
day 14 and 21 in SMP, PS and BF, and between day
28 and 35 in LD.

Temporal disappearance of the perinatal MHC isoform

At birth, expression of the perinatal isoform was not
detected in most of the large primary myotubes. All
secondary fibres were labelled by AP Ab in PS, BF
and LD (Fig. 3). In contrast, only 60% of them
reacted with AP Ab in SMP. Thereafter, the number
of fibres labelled by AP Ab decreased in all muscles,
during development. There were no more fibres
reacting with AP Ab at day 35 in SMP and at day 49
in PS and BF. In contrast, 6% of the fibres still
weakly reacted with AP Ab at day 77 in LD.

GONDRET et al.
Histoenzymology

At birth, all fibres in all muscles were stained with
the same intensity for the ATPase reaction after
preincubation at pH 4.3 (data not shown). Thereafter,
heterogeneous staining intensities could be seen
from day 7 to day 28, but clear cut classification
was not possible. From day 35 onwards, type I
fibres, as identified by AS Ab, exhibited a high
staining intensity, while type II fibres (labelled by AF
Ab) showed a weaker staining intensity. Clear
distinction between type IIA (low staining intensity)
and type IIB+IIX (intermediate staining intensity)
was seen only after day-35. At day 77, fibres could
be classified in I, IIA and IIB+IIX types. In SMP, all
fibres were classified as type I fibres. In PS, about
100% of the fibres were classified as IIB+1IX, except
in a small area at the periphery of the muscle where
3% of type IIA were observed. In BF, the ATPase
staining showed that the muscle was composed of
5% type I, 9% type IIA and 86% type IIB+IIX. LD
muscle consisted on 1% type I, 6% type IIA and 93%
type IIB+IIX.

At birth, an evenly distributed, coarse granular
SDH staining was observed in all muscles (Fig. 4).
Different metabolic types of myofibres could not be
distinguished at birth. In PS, LD and BF muscles,
distinction between SDH negative and positive
fibres was possible from 21 days onwards. In these
muscles, the percentage of SDH positive fibres
decreased from 100% at birth to reach 2% in PS,
10% in LD and 20% in BF at day 77 (Fig. 4). In
SMP, all the fibres were positively stained from
birth to day 77.

Discussion

Our results showed that rabbit muscles were
phenotypically immature at birth and acquired
gradually their mature phenotype, following a
muscle specific pattern of transition between MHCs.
This study stressed the importance of the first
postnatal month for rabbit muscle maturation. This
period has also been reported as critical for the
determination of total number of myofibres, DNA
content (Nouges, 1972, 1973) and the energetic
metabolism (Bacou & Vigneron, 1976).

Electrophoretic pattern and histological data give com-
plementary information

MHC-Ila and MHC-E could not be separated by
their electrophoretic mobilities, in accordance with
Janmot and d’Albis (1994). Specific staining of fibres
with AE Ab demonstrated that embryonic isoform
was present at birth in most of the secondary fibres
and disappeared by day 21 in SMP, PS and BF. From
this result, it can be deduced that, after this stage,
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Fig. 4. Histochemical analysis of transverse serial sections of SMP and BF muscles after treatment with SDH (succinate
dehydrogenase) at the age of 1 (scale bar = 75 um), 21 (scale bar =50 pm) and 77 days (scale bar = 25 ym). Distinction
between negative and positive fibres was possible only from 21 days onwards in BF. In SMP, all fibres were positively

stained from birth to day 77.

the band corresponding to both MHC-IIa+E in the
electrophoretic pattern, was MHC-Ila. The same
conclusion can be drawn after day 35 in LD. Good
matching was generally found between electrophore-
tic and immunohistological methods for identifying
changes in the MHC isoform content. If we assume
that ATPase activity of developmental isoforms is
intermediate between that of adult and slow iso-
forms, changes in MHC polymorphism (present

study) are consistent with changes in ATPase activity
previously reported by Syrovy (1977) and Syrovy
and Gutmann (1977).

Rabbit muscle is immature at birth

At 1 day of age, all the investigated muscles were
characterized by a very immature phenotype. Two
populations of myotubes (i.e. primary and secondary
generation) were biochemically and morphologically
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distinct. In contrast, these two generations of cells
were not distinguishable after 210 days of gestation
in bovine muscles (Picard et al,, 1994), denoting a
more mature state in bovine than in rabbit. Our
results showed that most of the fibres still expressed
developmental MHC isoforms (i.e. embryonic and
perinatal). Depending on the muscle, 70-90% of total
MHC was perinatal at birth. The perinatal isoform
was still present until at least 4 weeks of age in all
muscles. This contrasts with cattle and pig where it
disappears during the last period of gestation (210-
250 days of gestation) in cattle (Picard et al., 1994)
and during the two postnatal weeks in pig
(Lefaucheur et al., 1995) but is similar to the rat
(d’Albis et al., 1989). On the basis of this criterion,
immaturity of these species at birth could be
expressed as rabbit = rat > pig > cattle. At birth,
we observed in all muscles an evenly distributed
coarse granular SDH staining, as noticed in pig
(Lefaucheur & Vigneron, 1986). A clear-cut classifica-
tion between SDH negative or positive fibres in
future fast muscles was possible only from 21 days
onwards. This contrasts with cattle where this
distinction is possible shortly before birth (Robelin
et al., 1991). Thus, the maturation of rabbit muscle
fibres, as determined by contractile and metabolic
aspects, is delayed in comparison to cattle. The
evenly distributed coarse granular staining we
observed at birth after the SDH reaction corresponds
to a high oxidative metabolism, as previously
reported by Bacou and Vigneron (1976) and Briand
and colleagues (1993).

The temporal disappearance of developmental isoforms is
muscle dependent

The developmental myosins disappeared progres-
sively during postnatal development. A transition
from embryonic to perinatal MHC isoforms was
observed, followed by a transition from perinatal to
adult MHCs isoforms. The major transitions were
observed during the first 5 postnatal weeks. Several
studies have shown that thyroid hormones inhibit
synthesis of developmental myosins and activate
adult fast myosin synthesis in rabbit (D’Albis et al.,
1987) and rat (Gambke et al., 1983; Butler-Browne et
al., 1984). Therefore, the switch from developmental
to adult isoforms we observed is consistent with the
peak of serum thyroid hormones occuring at 7
postnatal days (2.73 ngml™') as noted by Devaskar
and colleagues (1986) in rabbit. The immaturity of
rabbit muscles at birth could be related the low
degree of rabbit thyroid gland morphological
development (Mach, 1977).

Large differences in the timing of MHC transi-
tions were observed between muscles. These differ-
ences affected more the perinatal to adult transitions
than the embryonic to perinatal transitions, as
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previously noticed in rat (d’Albis et al, 1989).
However, a delay in the disappearance of the
embryonic isoform was observed in the LD muscle
(between 28 and 35 days) in comparison to the
other three muscles (between 14 and 21 days),
denoting a delay in the maturation of LD muscle.
Differences between the muscles were more im-
portant when the perinatal isoform was considered.
This isoform disappeared between 28 and 35 days
in SMP, 35 and 49 days in PS and BF, while it was
still present in 6% of the fibres in LD at 77 days.
Our results showed that the rank order of matura-
tion of the selected muscles is SMP > PS = BF > LD.
A persistance of developmental MHC isoforms has
been previously evidenced in adult rat Masseter
(d’Albis et al., 1986). However, the present study is
the first one to demonstrate the presence of the
perinatal isoform in rabbit LD muscle at 77 days of
age, the commercial slaughter age.

Our results show that each muscle was subjected
to its own programme of MHC transition. A
difference of precocity between muscles has also
been observed in rabbit (d'Albis et al., 1991), cattle
(Picard et al., 1994) and rat (d’Albis ef al., 1989). The
difference of maturation between muscles could be
the result of muscle physical activity. Indeed, it is of
interest to note that SMP, the earliest maturing
muscle, is involved in the posture and therefore is
required to function just after birth. On the contrary,
muscles involved in movements (PS, BF and LD
muscles) are gradually used during the first post-
natal weeks, as mobility of the animals is increasing.
Another mechanism could involve thyroid hor-
mones since each muscle do not respond to the
same way to these hormones (Izumo ef al., 1986;
d’Albis et al., 1990). Type I muscle seemed to exhibit
a higher sensitivity to thyroid hormones (Van
Hardeveld & Kassenaar, 1978, in rat; Dainat ef al.,
1986, in chickens), which would contribute to
explain the earlier maturation of SMP muscle, a
slow-twitch muscle.

Transitions between slow and fast adult MHC isoforms
occur during the postnatal period

Up to day 7 or 14, all muscles contained a low
proportion of both fast and slow adult type MHCs.
In all muscles, the slow isoform was synthesized
very early during development. Similar results have
been obtained in rat (La Framboise et al., 1991;
Hughes et al., 1993), chicken (Stockdale & Miller,
1987), cattle (Robelin ef al., 1993) and pig (Lefaucheur
et al., 1995). The slow isoform was initially expressed
only in primary myotubes in rabbit future fast
muscles and in primary and a subpopulation of
secondary myotubes in rabbit future slow muscles,
as noticed previously in rat (Rubinstein & Kelly,
1981) or cat (Hoh et al., 1988).
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After the disappearance of the developmental
isoforms, our resuits demonstrated a muscle-specific
transition between adult isoforms during the post-
natal period. A schematic representation of the fate
of the different generations of fibres is shown in Fig.
5. Briefly, a fast-to-slow myosin transition occured
in adult slow muscles, whereas a slow-to-fast
myosin transition occured in predominantly adult
fast muscles. The transitions from slow-to-fast iso-
forms in PS and LD muscles or from fast-to-slow
isoforms in SMP are consistent with the age-related
changes in myosin ATPase activity observed by
Briand and colleagues (1993) in rabbit muscles.
Indeed, these authors have shown that myosin
ATPase activity increases in future fast muscles up
to adulthood whereas it remains low in slow
muscle.

The postnatal transitions between slow and fast
isoforms are likely influenced by innervation, and
especially the pattern of activity it imposes on the
muscle fibres. The general view is that muscle fibres
turn to a fast phenotype in a neurally independant
programm of transitions, unless they receive a
neural signal that induces the expression of slow-
type MHCs and the inhibition of fast type
myosin expression (Butler-Browne & Whalen, 1984;

fibre generation at birth firbre type at 77 days
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S  :slow
F : fast
_____ > s
PG — § 2
TT— F
LD
8.G. — f — 3
PG —= 8
PS F
$G — FfF —»

Fig. 5. Proposed simplified lineage of fibre generation
after birth, on the basis of the expression of MHC
isoforms evidenced by immunocytochemistry.
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Swynghedaw, 1986; Jakubiec-Puka et al., 1990).
However, the opposite situation could be present
in the rabbit. Indeed, denervation studies have
shown that innervation appears to be necessary to
maintain the fast phenotype, but not the slow
phenotype (d’Albis et al, 1994). This controversy
shows that more studies are needed to determine
the effect of innervation on normal maturation of
fibres during development in rabbit.

Conclusion

Based on the proportions of developmental MHC
isoforms, our study showed that rabbit muscles were
very immature at birth. Dramatic changes affected
the MHC pattern during the first postnatal month.
Each muscle expressed a specific programme of
transition from birth onwards and matured in the
following order SMP > PS = BF > LD. Immaturity of
rabbit skeletal muscles at birth and during the first
postnatal month could lead to a high plasticity of
muscle characteristics during this period, which
could allow a manipulation of muscular character-
istics by nutritional, environmental and hormonal
factors.
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