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Abstract — The purpose of this work was to compare muscle fibre differentiation in two genetic types:
“normal Charolais” and double-muscled (DM) “INRA 95 cattles displaying muscle hypertrophy. Six
muscles with different contractile and metabolic characteristics in adult aMatsdeterDiaphragma

(Di), Biceps femorigBF), Longissimus thoracjsSemitendinosuand Cutaneus trunc{CT) were

excised from 60 to 260-day-old foetuses of both genotypes. These muscles present different degrees
of hypertrophy in DM animals. Fibre types were characterised by immunohistochemistry using mon-
oclonal antibodies raised against different myosin heavy chain isoforms. They were also studied by
SDS-PAGE electrophoresis, immunoblotting and ELISA methods. In both genotypes, foetal muscle
development involved at least two generations of fibres but their contractile differentiation was more
or less delayed in double-muscled animals according to the muscle type. CT muscle, the most hyper-
trophied in adults DM, showed the most important differences in the appearance of the primary and
secondary fibres in DM foetuses. It showed a delay of differentiation which was made up during
the last third of foetal life. Other muscles did not differ in the speed of appearance of the two gener-
ations of fibres. They were originated from a higher proliferation of secondary fibres. Moreover, all
DM muscles presented similar characteristics at 210 days of foetal life. These characteristics seem to
be genetically determined. Just before birth, muscles of double-muscled foetuses were composed
of a greater proportion of fast type Il fibres than normal animals. The most important differences
between genotypes were observed in BF and Di muscles.
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Résumé— Influence du génotype sur la différenciation contractile de différents muscles de

bovin au cours de la vie foetalela différenciation contractile a été suivie pendant la vie feetale

chez deux types génétiques de bovins : des culards de la lignée INRA 95 présentant une hypertrophie
musculaire et des Charolais a musculature normale. Six muscles diffédviastsetey Diaphragma

(Di), Biceps femori¢BF), Longissimus thoracjsSemitendinosust Cutaneus trunc{CT) ont été

prélevés sur les foetus de 60 a 260 jours de vie faetale. Ces muscles ont la particularité de présenter des
degrés d’hypertrophie musculaire plus ou moins importants chez les bovins culards. L'évolution du
type contractile des fibres musculaires a été suivie par immunohistochimie a I'aide de différents
anticorps spécifiques des isoformes de chaines lourdes de myosine lente, rapide, embryonnaire,
foetale et alpha cardiaque. Une analyse complémentaire a consisté a suivre I'évolution du type
contractile au niveau tissulaire par électrophorése SDS-PAGE, immunoblotting et dosage ELISA. |l
apparait que la différenciation contractile se fait selon le méme schéma dans les deux types génétiques.
Le muscle CT qui est le plus hypertrophié chez le culard adulte, montre le plus de différences dans
la mise en place des fibres primaires et secondaires. En revanche, juste avant la naissance, il ne pré-
sente pas de différences significatives entre les 2 génotypes. Les autres muscles ne different pas
dans la vitesse de mise en place de la seconde génération en début de vie feetale. Cependant, il
semble que la prolifération de cette génération dure plus longtemps que dans les muscles normaux,
induisant un retard de la différenciation contractile des muscles culards. Ce retard est plus marqué dans
les muscles présentant une forte hypertrophie musculaire chez le culard adulte. De plus, tous les
muscles culards présentent des caractéristiques identiques, en particulier ils contiennent des fibres mar-
quées avec aucun des anticorps a 210 jours de vie foetale, et ils renferment une plus forte proportion
de fibres rapides dés le dernier tiers de vie foetale. Juste avant la naissance, les différences les plus mar-
guées sont observées dans le BF et le Di.

muscle / foetus / différenciation / bovin / culard

1.INTRODUCTION increase in the total number of muscle fibres
[6, 21]. However, a delay in the expression

Muscle hypertrophy associated with dou-Cf myosin heavy chain (MHC) is only
ble-muscled (DM) cattle is due to a specific©@served in quail. Similarly to this last
gene located on chromosome 2 [5] and heSPECIES, a recent study on the differentia-

recently been identified as the myostatirion of bovineSemitendinosumuscle
gene [11, 23]. DM cattle exhibit a greater,Showed that the differentiation was delayed

muscle mass, less bone and less subcuf" DM as compared to N foetuses [16].
neous fat than normal (N) cattle [7]. TheHowever, muscle hypertrophy in adult cat-
greater muscle mass arises from increasél® 1S not uniform throughout the body.
total number of fibres [3]. Furthermore, aduliVhen comparisons between N and DM cat-
DM muscles contain a higher proportion oftl® &re made at a constant muscle weight,
fast-twitch glycolytic fibres [2, 12]. Stud- SOMe regions are hypertrophled, |sot(0ph|ed
ies of Swatland and Kieffer [25] and Gerrarg@nd €ven hypotrophied [4, 7]. In particular,
and Judge [10] showed that muscle hypefmuscle hypertrophy is more important in
trophy was due to early hyperplasia sincdhe hindlimbs than in the forelimbs and fol-
DM cattle developed about twice as mamIows a distoproximal gradient (for review
muscle fibres before birth than N cattle.[1])-

Moreover, studies on myoblast cultures To complete the results concerning
showed that proliferation was higher for cul-genetic variability of muscle differentiation
tures arising from DM foetuses [19]. In otherin cattle [9, 14], we compared the kinetics of
species like chicken and quail, musclefoetal differentiation of several muscles dif-
hypertrophy is also accompanied by arferently affected by hypertrophy such as
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Diaphragma(Di) andMasseter(Ma), two  2.2. Monoclonal antibodies

hypotrophied muscles [13l;ongissimus

thoracis(LT), an isotrophied muscle [4];  Five monoclonal antibodies were used.
Biceps femorigBF) andSemitendinosus The conditions under which they were pro-
(ST), two hypertrophied muscles; a@dta- duced, purified and characterised have been
neus trunci(CT), the most hypertrophied described [20]. Their specificity has been
muscle in adult DM [13]. Muscle contractile established previously by Picard et al. [14,
differentiation was studied using severafl7] in bovine muscle by reference to histo-
complementary methods: immunohisto-Chem'Cé_“ techniques and immunoblotting.
chemistry, electrophoresis, immunoblotting! "€ antibody F88 8H8, called S, was pre-
and ELISA. The same pattern of differenti-Pared from adult human auricle. The anti-

: ; .pbody is specific of slow MHC1 in bovine
ation was observed in both genotypes, II}P_:mscle. Antibody F113 15F4, specific for

OMast MHC (2a and 2b) in bovine musc_le,

genotype and muscle types. 4C10, called F (foetal MHC), was obtained
from a myosin of a 22-week-old cattle foe-
tus [20] The F88 11H7, called E (embry-
2. MATERIALS AND METHODS onic MHC), was prepared from adult human
atrium. The last F88 10C2, called A (alpha-
cardiac MHC), was prepared from adult

‘ h di human heart. All antibodies were purchased
Foetuses of each genotype were studiegl,y gjocytex company (Marseille, France).

at 60, 110, 150, 180, 210, 230 and 260 daypne cross-reactivity of F, E and A antibod-
post-conception. Three or four foetuses ofes has been analysed by immunohisto-
each genotype were obtained at each stagghemistry, particularly in Ma muscle [18]
Normal Charolais foetuses were obtaineéind by immunoblotting (results not pub-
by artificial insemination of Charolais lished) indicating that these three antibodies
heifers using Charolais sperm of normatecognised three different MHC in bovine
type. DM foetuses were obtained by transmuscle.

plantation of frozen embryos of strain INRA

95 (male selected on muscle hypertrophy). . ,

This strain was composed of a mixture of>-3- Immunohistochemistry

breeds (retained embryos contained around . . .
75% of Charolais). After slaughter, foetuses Myosin heavy chains present at differ-
were collected and six muscles (Ma, Di, STENt Stages were revealed by immunohisto-
LT, BF and CT) differing by their contrac- chemical staining using the monoclonal anti-

tile and metabolic properties and their degre?Odies previously described. Transverse

of hypertrophy in DM adult cattle, were 0 Hm thick .serlal cross-sections, were
8btalned using a cryostat microtome at

excised. The CT mgscle was not sample_25 °C. Sections were incubated directly
at 60 days because it was too small. Musclg;i, ot diluted primary monoclonal anti-
samples used for immunohistochemistry, gy for 30 min at 37 °C. Sections were
were frozen in isopentane cooled by liquidyashed in PBS and incubated with the sec-
nitrogen. Samples used for electrophoresignd antibody (rabbit anti-mouse IgG labelled
and ELISA were directly frozen in liquid with dichlorotriazinylaminofluorescein,
nitrogen. All samples were stored at —80 °Gnterchim) diluted 1/30 in PBS, for 30 min
until analysis. at 37 °C. After washing in PBS, sections

2.1. Muscle samples
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were mounted with mowiol (Calbiochem Millipore) membranes according to the
ref. 475904). method of Towbin et al. [26]. Membrane

Proportions of the different types of fibresWere saturated ino TBS: 100 mM Tris,
revealed by the 5 antibodies used, wer&>0 MM NaCl, 0.05% Tween 20, pH 8 with

counted only at 110, 180, 210 and 260 dayg% (w/v) powdered skim milk and shaken
of foetal life. or 4 hours at room temperature. Membranes
were incubated overnight with primary anti-
bodies, either S (1/ 2000), or R or F diluted
2.4. Protein preparation (1/1000) in TBS containing 3% (w/v) pow-
dered skim milk. The second antibody (rab-
Frozen muscle 200 mg was ground (polypit anti-mouse IgG labelled with alkaline-
tron) for 20 s at speed 6, in 5 ml of bufferphosphatase, Jackson Interchim) was diluted
solution: 0.5 M NaCl, 20 mM sodium 5000-fold (v/v) in TBS containing 3% pow-
pyrophosphate, 50 mM Tris, 1 mM EDTA, dered skim milk and applied 1 hour at room
1 mM dithiothreitol. After 10 min at 4 °C, temperature. After washings in a buffer
samples were centrifuged for 10 min a{100 mM Tris, 100 mM NaCl, 50 mM
2500g. The supernatant was mixed with|\/|gc|2 pH 9.5), color development was car-
glycerol at 50% (v/v) and stored at —20 °Gried out in a solution of Nitro Blue Tetra-
until analyses. zolium (NBT) and 5 Bromo 4 Chloro
3 Indolyl Phosphate (BCIP). Reactions were
stopped in a solution of 20 mM Tris-HCI,
10 mM EDTA, pH 8.

Protein preparations were diluted 50%
(v/v) in a solution containing 1.4% (w/v)
SDS, 10% (v/v) 1 M Tris pH 6.8, 17% (v/v) 2.7. ELISA
glycerol, 0.6% (w/v) pyronin Y and 7.5%
(viv) mercaptoethanol. After 10 min at room  This technique was used to quantify

temperature, sa_mples were heated at 90 “Giner MHC1, MHC2 (2a and 2b) or foetal
for 10 min. Sodium dodecy! sulfate poly- \jjc. The method used was that of Winkel-
acrylamide gel electrophoresis (SDS-PAGE},41 et al. [27] modified by Picard et al.
was performed on gels of 160160 x 1151 Briefly, 2.4 ug-ml-L of myofibrillar

1.5 mm. Separating gel was a 3.5-10% grésoteins were loaded on each well of a
dient SDS-polyacrylamide gel with a C ofgg_\ells plate (Nunc) and incubated

1.3 and a ratio of 1/74.5. Stacking gel was aEvernight at 4 °C. The following day, aspe-
e

3.5%. To improve resolution, separating getific sites were saturated with PBS (138 mM
also contained 30-40% (v/v) glycerol gra-nacl 2 mM KCI. 9 mM Na2HPO4. 1 mM

dient according to Suguira and Murakam|KH2PO4, pH 7.4) containing 10% (w/v)

[24]. Wells were loaded with b9 of protein - qered skim milk for 30 min at room tem-
when only electrophoresis was performed, 0gerature. Primary monoclonal antibodies
with 0.5ug when electrophoresis was 0l-\q e diluted (1/400) S or R and F (1/200)
lowed by immunoblotting. Migration Was i, ppg conajning 10% (wiv) powdered skim
performed at 110 V overnight at 4 °C. Gelsyiy “second antibodies (rabbit anti mouse
were sta|_ned with Coomassie blue R250 0IrgG labelled with alkaline phosphatase, Jack-
used for immunoblotting. son Interchim) were diluted in PBS con-
taining 10% (w/v) powdered skim milk
2.6. Immunoblotting either 700-fold (v/v) to determine MHC1
and MHC F percentages or 1400-fold (v/v)
Proteins were electrotransferred from thdor MHC2 percentage. The substrate of the
SDS-PAGE gel onto polyvinyl (Immobilon P., enzyme was paranitrophenylphosphate

2.5. Electrophoresis
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(Sigma). Absorbance was measured affFig. 1). They were present in similar pro-
405 nm using a microtiter plate reader.  portion in the two genetic types in all mus-

MHC concentration was proportional to ¢/es except in CT (Tab. 1) where primary
optical density (OD). A standard curve was{iorés were more numerous (51% vs. 21%)
obtained with a mixture of two muscles@nd secondary fibres less numerous in DM
whose fibre compositions were opposite Cattle (49% vs. 79%). Consequently the ratio
To quantify MHC1 and MHC2 proportions, secondary/primary fibres was smaller in DM
adult bovine Ma (100% MHC1) and medianthan in N CT. It was not different between
part of adult bovine CT (100% MHC?2) were 9€notypes in the other muscles.
chosen. To determine foetal MHC percent- Two categories of primary fibres were
age, LT of a 180-days old bovine foetusobserved in ST, BF, Di and Ma of both
containing 100% foetal MHC, and adultgenetic types. CT muscle contained only
bovine CT (0% foetal MHC) were chosen.the first category (SREFA) in DM cattle and

The good relationship between percentthe two categories in N (Tab. I) showing a
age of fibres and ELISA concentrations Wagelay in the differentiation of these fibres

verified by Picard et al. [15]. in DM. In LT, only one category (SREFA)
was present in the two genotypes (Tab. I1).

The large myotubes recognised by the five
2.8. Statistical analysis antibodies (SREFA) which displayed the
main group of primary fibres (Fig. 1), were
A variance analysis using SAS softwareless numerous in LT and CT of N than of
[22] was performed to study the effect ofDM (P < 0.001). They were not significantly
genetic type for each muscle at the differenglifferent in other muscles (Fig. 1). No sig-
stages. nificant differences were observed in the
composition of the secondary fibres in the
different muscles of the two genotypes.
3. RESULTS However, the second generation of fibres
was more numerous in CT of N and was not
Contractile differentiation was analyseddifferent between other muscles of N and
by comparing both the position of fibres inDM foetuses. It was composed of three cat-
the bundles, their size and their responsegories of fibres in all muscles of both
with the different antibodies used. genetic types (Tabs. | and II).

3.1. Expression of the different types of 3.1.3.180 days

myosin heavy chain in muscle fibres g first generation of primary fibres was

3.1.1. 60 days composed of one category of fibres{S)
which expressed only slow myosin in Di,
At this stage, no difference was observeddF and LT of both genetic types (Tabs. |
between the two genetic types. Only onénd Il, Fig. 2). CT and Ma of both geno-
category of large myotubes recognised byypes were only composed of (S-EFA) fibres
antibodies S, R, E, F and A, was present imvhich still contained the developmental
all muscles of N and DM foetuses (data noMHC isoforms. These fibres were more

shown). numerous in the DM genotypE € 0.01 in
CT). In ST muscle, the primary generation
3.1.2. 110 days was different between N and DM, in N mus-

cle only slow fibres were present, in DM
Two generations of fibres were distin-two types (S---) and (S-EFA) were
guished in all muscles of both genotypeobserved (Tab. Il).
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The principal difference observed for the3.1.4. 210 days
second generation was that fibres (SREFA)
were present in most N muscles (except BF), The first generation of fibres, corre-
while none were observed in DM (Tabs. Isponding to largest fibres, was only recog-
and II). nised by antibody S in all muscles of both

Figure 1. Immunohistochemical analysis of transverse serial sections of the mssieste(Ma),
Diaphragma(Di), Biceps femorigBF), Semitendinosu$T), Longissimus thoraci@.T) andCutaneus

trunci (CT) excised from normal (N) and double-muscled (DM) 110-day-old foetuses and reacted
with monoclonal antibodies raised against slow (S) and fast (R) MHC. The labelling with antibodies
raised against embryonic MHC (E), foetal MHC (F) and alpha-cardiac MHC (A) was not shown.
Large myotubes were recognised by S, R, E, F, A and others were recognised by S, E, F, A. They cor-
responded to the first generation of fibres. The second generation of fibres was composed of smaller
myotubes recognised by S, R, E, F, Aor by R, E, F, A and very small fibres recognised by E, F, A.



Table I. Proportion of the different types of fibres in CT, Di and Ma muscles of the two genetic types at 110, 180, 210 and 2606edalykfef
* P<0.05; *P<0.01; ** P<0.001.

Muscle
Age  Generation of cells Labelling Cutaneus trunci(CT) Signifi- Diaphragma(Di) Signifi- Masseter(Ma) Signifi-
(days) with antibodies (%) cance (%) cance (%) cance
N DM N DM N DM
110 primary SREFA 19 51 ork 7 7 NS 41 30 NS
S—EFA 2| g - i 2 2| r ns @8] g5 | ¢ s
secondary SREFA 33 20 NS 19 17 NS 6 7 NS
- REFA 79 14 487 8.7 NS 71 18 7 22 NS 5 22 4 14 NS
small cells -—EFA 32 20 NS 34 37 NS 29 43 NS
180 primary S———- - - 45 4.9 NS - -
S-EFA 14 3 ** - - 1.7 3 NS
secondary - REFA 19 14 NS 44 45 NS 40 43 NS
—rEFA 20 16 NS 24 20 NS 20 23 NS
SREFA 0.7 - NS 35 - NS 0.7 - NS
-—EFA 46 66 * 24 21 * 30 28 NS
small cells --EFA 13 - b - 9 * 7 25 NS
210 primary S———- 34 1 NS 7.9 31 b 5.8 0.9 b
secondary - REFA 52 25 b 69 49 * 69 36 NS
~R-— 8 | g B5] o5 ns - 60 | 11 71 - -
SREFA 5.4 12 NS 15 12 NS 25 11 *
-—EFA 11 19 NS 51 45 NS - 33 NS
————— 19 34 * - 13 * - 19 b
small cells --EFA 3.1 3.7 NS - 1.6 NS - -
- REFA - 4.6 NS - 25 b - -
260 slow fibres:primary S———- - - 23 18 i 39 8 NS
and secondary
- REFA 27 23 NS 13 8.2 NS 18 22 NS
secondary Ro—— 8 g B g0 N5 B | 0] 5" o« 3] o S| o35 g
SREFA 11 5.2 NS 32 20 NS 35 28 NS
S--FA - - 9 2.7 oxk 14 6.1 NS
--EFA - - 0.6 - NS - -

small cells - REFA - - - - - _

UoIBIUSIBYIP B[9SNW BUIAOY

1394



Table Il. Proportion of the different types of fibres in ST, LT and BF muscles of the two genetic types at 110, 180, 210 and 260etayiFaf
* P<0.05; *P<0.01; ** P<0.001.

Muscle
Age Generation of cells Labelling SemitendinosugST) Signifi-  Longissimus thoracigLT) Signifi- Biceps femorigBF) Signifi-
(days) with antibodies (%) cance cance (%) cance
N DM N DM N DM
110 primary SREFA 26 28 NS 34 40 NS 23 35 NS
S-EFA 2| 2 oul 2oy - - 5| 50 %] 4P
secondary SREFA 28 24 NS 21 22 NS 20 10 NS
- REFA 71 11 69 7 NS 66 19 60 7 NS 6 9 6: 13 NS
small cells -—EFA 32 38 NS 26 31 36 45 NS
180 primary S-———- 39 2 5 33 NS 6.2 3.7 NS
S-EFA - 31 NS - - - -
secondary - REFA 54 31 rk 37 47 T 33 36 NS
-rEFA 29 17 * 17 20 ok 11 17 *
SREFA 14 - T 0.5 - NS - -
-—EFA 12 47 NS 32 24 i 28 28 NS
small cells -—EFA - - * 7.8 6.9 NS 21 15 NS
210 primary S———- 5.4 15 i 4.8 3 NS 9 4.7 *
secondary - REFA 58 30 b 51 49 NS 59 60 NS
~R-— Bl 21 1 1 Bl %117 N Bl 1w B 15 ns
SREFA 11 26 NS 13 13 NS 12 7 NS
-—EFA 2.3 12 NS 7.2 55 NS - 2.6 NS
————— - 17 i - 9.4 NS - 8.9 NS
small cells --EFA - - - 15 NS 3.6 2.2 NS
-REFA 2.3 2.3 NS - 0.9 NS 25 - b
260 slow fibres:primary S———- 7.9 7.1 13 11 NS 12 5.5 **
and secondary
-REFA 20 19 NS 17 31 NS 18 23 NS
secondary “R—-- 67 1 47 T | 54 nNs 6 | 50 8 | 49 N5 67 | 49 8| g m
SREFA 14 20 NS 20 8.7 NS 15 5.4 NS
S--FA - - - - - 13 NS
-—EFA 5.3 - NS - - - -
small cells - REFA 5.3 - T - - 5.2 - *

[An%4

‘e 19 algubes 'H
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Figure 2. Immunohistochemical analysis of transverse serial sections of the nidssleste(Ma),
Diaphragma(Di), Biceps femorigBF), Semitendinosu$T), Longissimus thoraci@.T) andCuta-

neus trunci(CT) excised from normal (N) and double-muscled (DM) 180-day-old foetuses and
reacted with monoclonal antibodies raised against slow (S) and fast (R) MHC. The labelling with anti-
bodies raised against embryonic MHC (E), foetal MHC (F) and alpha-cardiac MHC (A) was not
shown. The first generation was composed of fibres only recognised by S observed in all muscles of
both genotypes and fibres labelled with S, E, F, A only present in Ma. The second generation of
fibres was composed of fibres only recognised by S, R, E, F, A corresponding to type IIC fibres; cells
recognised by R, E, F, A; fibres recognised by E, F, A and fibres only labelled with R.

genetic types but the proportion was lower irand Il). Secondary fibres only recognised
all DM musclesP < 0.05 for BF;P< 0.01 by antibody R (-R--) and those which also
for Di and Ma;P < 0.001 for ST) (Tabs. | expressed the developmental MHC (-REFA)
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were less numerous in CT, LT and ST o88.2. Expression of different myosin

DM than of N. No differences were heavy chains by electrophoresis
observed in BF of N and DM (Tabs.  and  and immunoblotting — quantification

I1). Di muscle did not contain any fibres by ELISA method

only expressing fast MHC in N. Ma con-

tained only fibres (-REFA) in both geno-3.2.1. MHC1

types. Type IIC fibres (SREFA) were pre-

sent in all muscles of both genotypes. Inall  MHC1 was found throughout the gesta-
DM muscles, many large secondary fibresjon in all muscles except in CT of both
were recognised by none of the antibodiegyenotypes. Measured by ELISA, its per-
They represented 8 to 34% depending oBentage was low and consistent during the
the muscle (Tabs. | and II). Moreover, thisfirst two-thirds of foetal life and increased
fibre type was more numerous in CT than iy psequently in both genotypes (Figs. 4-6).
other DM muscles. It was also observed inHc1 increasedr < 0.05) after 150 days
CT of N cattle but in a lower proportion j, pj (Fig. 4), 210 daysK < 0.01) in BF

than in DM. (Fig. 6) and 230 day<(< 0.001) in LT
(Fig. 5) in both N and DM. MHC1 concen-
3.1.5. 260 days tration also increased significantly from

210 days in ST (Fig. 5) and Ma (Fig. 6) ef
Just before birth, seven categories oPM foetuses and only from 230 days in

fibres were observed in both N and DM butN0Se of N onesq(< 0.001). In contrast, the

their proportions varied between genotype§HC1 proportion decreased significantly
(Tabs. | and II). after 110 days in CT of both genetic types

(Fig. 4). Just before birth, MHC1 percentage
First generation type | fibres {S-), was higher in BF, Ma, Di, and ST of N than
expressing only MHC1, were present in alin DM animals (Figs. 4-6). It was not dif-
muscles of both genotypes except in CTerent in LT between N and DM.
(less than 1%) (Fig. 3). They were more
numerous in BFF < 0.01), LT and Di
(P < 0.01) of N than DM, while in the same3'2'2' MHCF

proportions in ST of both genotypes and in Foetal MHC isoform was found through-

I(9I'\gt?sr ?ZL%eIBtaA?nioIRgl\tﬂhae 2‘;2‘0;22& ggﬂlput foetal life in a_II mpscles of both geno-
eration, fast fibres (-R---) and (-REFA) types. Its proportion increased from 60 to

represented the greatest proportion (fro'n.;l'80 days and decreased thereakter 0.001)

' ! [l muscles except in CT in both N and
39 to 93% of secondary fibres). These fibre afl m :
were present in a higher percentage in aiaM (Figs. 4_6)' In th'sl’ last m#scl_e, foEtaI
DM muscles (Tabs. | and Il). Fibres express- HC proportion was lower than in other
ing only MHC2 (-R--) were observed in muscles at most stages of development. It
all muscles and represented the highest pr eached a maximum at 110 days in CT of
portion in all muscles of both genotypes @nd at 150 days in that of DM (Fig. 7).
However, they were in greater proportion! NUS, the MHCF percentage decreased
in all DM muscles but the difference was(P < 0.001) earlier in CT of N than of DM

significant only in Di and BFR < 0.01) (Fig. 4). In the same way, MHCF propor-
(Tab. I1). tion decreased?(< 0.001) earlier in ST of N

than of DM (Fig. 5) but this decrease only

Finally, fibres (S--FA) were only began during the last third of foetal life
observed in Di and Ma. They were in greate(180 days vs. 210 days, respectively). The
proportions in slow N muscles than in DMdecrease in MHCF occurred at the same
ones P < 0.001 in Di) (Tab. I). stage (after 180 days) in BF, Di and Ma of
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both genetic types (Figs. 4 and 6). In conef DM than of N from 110 days but differ-

trast, it decreased earlier in LT of DM (afterences were only significant at 210 days in
180 days) than in N (after 210 days). FoetabT (P < 0.05) and at 150 and 180 days in
MHC proportion was higher in ST and CTCT (P < 0.001) (Figs. 4 and 5). In contrast,

Figure 3.Immunohistochemical analysis of transverse serial sections of the msskeste(Ma),
Diaphragma(Di), Biceps femori¢BF), Semitendinosu$T), Longissimus thoraci@. T) andCuta-

neus trunci(CT) excised from normal (N) and double-muscled (DM) 260-day-old foetuses and
reacted with monoclonal antibodies raised against slow MHC (S) and fast (R) MHC. The labelling
with antibodies raised against embryonic MHC (E), foetal MHC (F) and alpha-cardiac MHC (A)
was not shown. Fibres of the first generation were only recognised by S corresponding to adult
type | fibres. The second generation of fibres was composed of fibres only recognised by S, R, E, F,
A corresponding to type IIC fibres; fibres recognised by R, E, F, A; fibres recognised by E, F, A, fibres
only labelled with R corresponding to adult type IlA and 1B fibres; fibres recognised by S, E, F, A
only observed in Di and Ma.
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LT, BF and Ma did not differ significantly 3.2.3. MHC2 (2a and 2b)

between N and DM cattle (Figs. 5 and 6).

Di of DM exhibited a lower foetal MHC  Electrophoretic data showed that two
percentage than that of N only at 110 dayfast MHC isoforms, MHC2a and 2b, are
(P<0.01) (Figs. 4 and 6). observed from 230 days in BF, CT, LT and

Diaphragma Culaneus truunci
MHC1 (%) MHC1 (%)
100 - 100
- 75 -
50
25
0 - S T T r T .

110 150 180 210 230 260

110 150 180 210 230 260

Age (days) Age (days)
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Figure 4. Evolution of MHC1, MHC2 and foetal MHC percentage®iaphragmaandCutaneus

trunci muscles of normatd  and double-muscié

foetuses at different stages of development.
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ST of DM and N foetuses (Fig. 7). Only during the last third of foetal life in all mus-
MHC2a was present in Ma of both foetuscles of both genetic types (Figs. 4—6). This
types from 230 days. Di of DM was com-increase was significant after 180 days in
posed of MHC2a and 2b from 230 daysDi of DM but only after 210 days in that of
whereas Di of N only expressed MHC2aN (Fig. 4). In contrast, the increase of MHC2
(data not shown). MHC2 quantity deter-percentage significantly increased later in
mined by ELISA increasedP(< 0.001) LT (Fig. 5) and CT (Figs. 4 and 7) of DM
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Figure 5. Evolution of MHC1, MHC2 and foetal MHCC%ercentages_tmgissimus thoraciand
Semitendinosususcles of normatd  and double-muscid foetuses at different stages of devel-
opment.
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than of N (210 days vs. 180 days andt. DISCUSSION
230 days vs. 210 days, respectively). For
ST (Fig. 5), BF and Ma (Fig. 4) MHC2 con- oy results showed that myosin heavy

centration increased significantly after thechain isoforms in DM muscles involve the
same stage in both genetic types (180 daysame process than that described for muscles

in ST, 210 days in BF and Ma). of “normal” foetuses [9, 14]. However, some
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Figure 6. Evolution of MHC1, MHC2 and foetal MHC percentage8ioeps femorigsndMasseter
muscles of normafd  and double-muscil foetuses at different stages of development.
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Figure 7. Different myosin heavy chains revealed by immunoblotting in N andIDkAneus trunci
(CT) muscle from 110 to 260 days of foetal life. (1) Normal; (2) Double-muscled.

CT: adult CT muscle; Ma: adullassetemuscle.

MHC I: slow MHC; MHC II: fast MHC 2a and 2b; MHC F: foetal MHC.

differences were observed in a time andnental MHCs (embryonic, foetal and alpha
genotype specific manner. cardiac) from 180 days onwards in all mus-

cles. According to the different MHC con-
tained into fibres, the differences of pre-
cocity (Di > CT > BF > ST > LT > MA)
As already described for normal muscleglescribed for N muscles [9], was also
[14], the first generation of fibres containedobserved for DM muscles. On 110 days, the
initially all MHC isoforms, then stopped to differentiation of the primary fibres pre-
contain fast MHC, and finally lost develop- sented a marked delay in CT of DM,

4.1. Differentiation of the primary fibres
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because no fibres have stopped to expressiRall DM muscles. They were also observed
MHC. However, differences between thein CT of N bovine [17]. The fact that CT is
two genotypes were not evident in the othea fast muscle containing a large proportion
muscles suggesting that proliferation of pri-of fast fibres, particularly IIB fibres [15],
mary fibres was identical in N and DM mus-and that DM muscles are known to contain
cles except in CT. In this muscle prolifera-more IIB fibres than N muscles, let us to
tion phase of primary fibres seems to beuppose that these fibres contained a par-
longer in DM genotype. At 180 days, ST ofticular fast MHC. However, the present
DM also showed a marked delay which hasesults showed that these fibres were not
been already described by Picard et al. [L6hbserved at 260 days. So, we can speculate
all primary fibres contained only slow MHC that these “unknown” fibres contained a
in N but not in DM muscle. From 210 daysdevelopmental MHC which disappear after
onward, primary fibres were in lower pro-this stage, or a fast MHC which was coex-
portion in DM muscles. This suggests gpressed with another known fast isoform
longer proliferation phase of secondaryafter 210 days. This fast MHC could be
fibres in DM muscles. Moreover, primary 2x MHC which has not been yet identified
fibres were completely differentiated as theyin bovine muscle by immunological tech-
contained only MHC1 in all muscles of bothniques. Further investigations are necessary
genotypes. Therefore, the regulation of théo confirm this hypothesis.

diffe_rerjtiat'ion of the first generation may Just before birth (at 260 days), all DM
be similar in N and DM muscles. muscles (except CT and Ma) contained a
higher proportion of fast fibres (-REFA

+ -R----) and a lower proportion of 1IC
fibres. So, the contractile characteristics spe-
Like primary fibres, the most important cific of adult DM muscles [3] are already

difference at 110 days between N and D’\ﬁresent just before birth. They took place

4.2. Differentiation of the secondary fibres

secondary fibres was observed in CT. A uring foetal life. However, the fast anti-

. ; ) ody used in this study did not allow the
this stage the proportion of secondary flbre§ﬂistinction between MHC 2a and MHC 2b
was smaller in DM muscle illustrating a '

delav in th fth fib o we can not tell if the fast fibres more
elay In (n€ appearance of (nese nbres. A%umerous in DM muscles contain MHC 2b.
180 days, IIC fibres began to appear in mo

N muscles, but they were not present in Dq;l(owever, other results concerning the

Th it diate fibres h b etabolic differentiation [8] have shown
ones. These Intermediate Nbres have De&fi; v muscles were less oxidative than N
described in N muscles by Picard et al. [14

o nes from the last third of foetal life. So,
and Gagniere et al. [9]. They appeared froru,e can hypothesise that DM muscles con-

180 days and then were transformed int?ained a greater proportion of IIB fibres at

fast or slow fibres according to the muscle,.; .
; o irth. Further analyses are in progress to
Our results showed that the differentiation Oﬁonfirm this hypothesis.

these fibres was delayed in all DM muscles.
So, we speculate that the mechanisms of
regulation implicated in the differentiation of 4 3 MHC isoforms transition
these fibres are different between the two

genotypes. The five MHC isoforms described in N
At 210 days, all DM muscles containedmuscles [9, 14] were also present in all DM
fibres unlabeled with all 5 antibodies. Thesenuscles. MHC1 and MHC2 were observed
fibres have been already described in fouin low proportions during the first two-thirds
DM muscles by Picard et al. [17]. Presenof foetal life and then increased when foetal
results confirm that they seem to be preseMIHC decreased. These data show that adult
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MHC1 and MHC2 appear when the foetal Among other hypertrophied muscles in
MHC isoform disappears as has alreadypM bovine, ST and BF were studied. Picard
been observed in several N muscles [9, 14t al. [16] have already described a delay of
and in ST of DM [16]. Nevertheless, mostdifferentiation in ST which was confirmed
DM muscles were composed of higher proin the present study. However, the differ-
portions of foetal MHC just before birth. ences were less important than in CT, which
Therefore, the disappearance of foetal MHC@ould be explained by a less important
appears to be delayed in DM than in Nhypertrophy in this muscle. In BF of DM
which confirms the delay of differentiation only weak differences were observed during
in DM as previously observed at cellularfoetal life, but just before birth, it showed
level [19]. the most important differences in the pro-

portions of fast and slow fibres between the

two genotypes. Our results in N muscles [9]
4.4, Muscles variability have demonstrated that the differentiation

of this muscle was delayed comparatively

Our results showed that muscles with difto ST. This explains why this muscle shows

ferent degree of muscle hypertrophy in aduldifferences between N and DM only at the
DM differ in their timing of MHC produc- end of gestation.

tion. LT muscle, isotrophied in DM [4], did

CT muscle described as the most hyperot present any delay of differentiation. This
trophied muscle in DM bovine [13] was theresult argues in favour of a direct relation-
most different between N and DM in theship between a more intense proliferation
present study, particularly from 110 toin hypertrophied muscles and a delay of dif-
210 days. It showed an important delay oferentiation. In N.and DM LT muscles, the
differentiation of the first and the secondproliferation could be similar. However, LT
generations of fibres from 110 days. At thisPresented the characteristics of DM mus-
stage, the ratio of secondary/ primary fibre§les such as unknown fibres at 210 days and
was very small in DM. This indicates a delaymore type Il fibres just before birth. This
in the appearance of the secondary genertd Us to believe that proliferation (at the
tion of fibres which could be the conse-0rigin of hypertrophy in adult DM) and dif-
quence of a longer proliferation phase oferentiation (at the origin of the particular
primary fibres. Indeed, Picard et al. [19]character|st'|cs of adult DM muscles) are
have shown in vitro that 110 days DM controlled differently
myoblasts of ST muscle proliferated more  The differentiation of Di, hypotrophied in
than N ones. Because CT is highly hyperbM [13], was consistent with the above
trohied in DM, it is logical to think that pro- hypothesis. During the first stages of foetal
liferation of myoblasts in this muscle waslife (from 60 to 180 days), we did not
more intense than in the other DM musclegbserved large differences between N and
to generate a larger number of fibres. Thi®M. However, from 210 days onwards we
will be verified in primary cultures of observed the same particularity in Di than in
myoblasts from N and DM CT. The fact other DM muscles. Moreover, this muscle
that MHC F proportion was higher in DM presented another important difference
CT confirms a delay of differentiation. between N and DM. Electrophoretic data
Moreover, this muscle was the only N musshowed that MHC 2b was not present in N,
cle which contained unknown fibres{-)  whereas it was observed in DM Di. This
at 210 days. The proportion of these fibresesult is coherent with the fact that DM mus-
was higher in DM CT. However, the dif- cles contain more type IIB fibres, and could
ferences between the two genotypes disagxplain that DM bovine present some res-
peared just before birth. piratory problems.
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The Ma, also hypotrophied in adult DM REFERENCES

[13], presented weak differences from 60
to 180 days between N and DM. However altl
210 days, it showed the same differences
than in other muscles. Just before birth, M&?
was composed of a greater proportion of
type IlIC fibres than other muscles in DM
and many type Il fibres. Moreover, small[3]
fibres (S—FA) only present in slow muscles
were observed from 230 days of gestation in
Ma of N and 260 days in that of DM which (4]
illustrates a delay of differentiation of DM
MA comparatively to N one, whereas they
were present at 210 days in Di of both geno-
types. [5]

All these results show that the delay of
contractile differentiation already described
in vivo and in vitro for DM ST muscle [16,
19] was more or less marked according tgs]
the muscle. It seems that a direct relation
exists between the hypertrophy of muscle
in the adult stage and the delay of differen-
tiation during foetal life. We speculate that
the most hypertrophied muscles exhibit thg7)
most important proliferation of myoblasts
which induce a delay in the differentiation
phase. In CT muscle the proliferation of
both primary and secondary fibres seems to
be higher in DM animals. In all other mus-
cles studied, speed of appearance of fibres is
the same in the two genotypes, only the prég]
liferation of the secondary generation of
fibres appears to be longer in DM. Further
studies are in progress to verify this hypothi9]
esis. However, all DM muscles present sim-
ilar characteristics, particularly at 210 days,
which seems to be independent of theifm]
degree of hypertrophy.
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