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Abstract — The expression of the growth hormone receptor (GHR) gene was investigated in
semitendinosus muscle during bovine foetal development in both normal and double-muscled
Charolais foetuses which differ with respect to muscle development. Northern-blot analysis of foetal
muscle RNA preparations with a GHR cDNA probe identified the 4.5 kb GHR mRNA as early as
130 days post-conception. In double-muscled animals, the expression of GHR mRNA increased
from 130 to 210 days of gestation while it stayed stable in normal ones. It was significantly higher
(P < 0.05) in double-muscled foetuses compared to normal ones from the second third of gestation.
Northern-blot analysis of foetal muscle RNA preparations from both genotypes with a 3-actin cDNA
probe, revealed lower (-actin gene expression in double-muscled foetuses than in normal ones,
suggesting a delay in the differentiation of muscle cells. In situ hybridisation revealed the localisation
of specific GHR mRNA in muscle cells at all gestation stages analysed (130, 170, 210 days post-
conception) but not in connective tissue surrounding the muscle cells. At the adult stage, the
hybridisation signal was also very high and observed in muscle cells only. These results show the
ontogeny of GHR mRNA in bovine muscle and demonstrate a difference between normal and double-
muscled animals.
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1. INTRODUCTION etal. [1]. The hypertrophy of some superficial
muscles, which results from the presence of

Some bovine breeds exhibit muscular  inactive myostatin, is the consequence of an

hypertrophy which is under the control of
the myostatin gene. In double-muscled ani-
mals, this gene, which is deleted in its cod-
ing sequence, has been identified by Grobet
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increase in the total fibre number [2] due to
hyperplasia [3, 4]. Picard et al. [5, 6] showed,
in vivo and in vitro, that there was a variable
delay in contractile differentiation of the
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muscle of double-muscled (DM) animals.
This delay occurred during the last third of
foetal life. This delay could be due to effects
of insulin like growth factors (IGF), mainly
IGF-II. Indeed, these growth factors are
known to play a role in muscle differentia-
tion [7]. In addition, in a previous study, we
showed that IGF-II mRNA were present in
large amounts in foetal muscle cells [8].

In growing animals, growth hormone
(GH) is well known for its effects on growth
of skeletal muscle and for its metabolic
actions. In the foetus, although the concen-
tration of growth hormone (GH) in the cir-
culation is high, it is established that it does
not have a significant growth-regulatory
function. For instance, anencephalic human
foetuses [9] and hypophysectomised foetuses
of numerous other species [10—12] appear
to grow almost normally although they
have little or no circulating immunoreac-
tive GH. Nevertheless, a number of foetal
tissues including skeletal muscle have been
shown to respond to GH stimulation in vitro
and in vivo [13-16] by an increase in pro-
tein synthesis and in myosin heavy chain
expression at the mRNA level implying the
presence of a functional GH receptor
(GHR) during foetal development. The
ontogeny of GHR gene expression in the
foetuses of several species has been ana-
lysed by Northern-blot and RNAse protec-
tion assays. In foetal sheep, a major 4.4 kb
transcript was detected [17] as early as day
51 of gestation in the liver, kidney, lung,
heart, muscle and placenta. Its level
increased slightly with advancing gesta-
tion. In the bovine foetus, Lucy et al. [18]
reported the presence of GHR mRNA in
several tissues, including the muscle and
liver. In addition, both GHR mRNA and
GHR protein have been detected in bovine
embryos [19]. However, to our knowledge,
ontogeny studies have never been con-
ducted in cattle up till now.

Some authors showed that, on the one
hand, a relationship exists between myosta-
tin expression and GH action [20] and, on the
other hand, between myostatin and IGF II

expression [21]. One of the objectives of the
present study was to investigate the ontog-
eny of GHR mRNA and to compare it to that
of IGF-II [8] and myostatin [22] mRNA
previously described in the same samples in
our laboratory. In addition, in order to better
understand the regulation of the differenti-
ation of muscle fibres, we chose an hyper-
trophied muscle in double-muscled animals,
the semitendinosus (ST) muscle. We deter-
mined the relative changes of GHR gene
expression in double-muscled ST muscle,
compared to normal ST muscle by North-
ern-blot and in situ hybridisation. This may
be of high biological importance due to the
association between myostatin expression
and GH action [20].

2. MATERIALS AND METHODS

2.1. Animals

DM embryos of strain INRA9S5 [23]
were transplanted into Charolais/Salers
crossbreed cattle at a mean age of 2 years.
Seven DM foetuses (2 at 130 days post-con-
ception [d pc],2 at 170 d pc, 3 at 210 d pc)
were obtained from the transplantations.
Their development was compared with
11 Charolais x Charolais/Salers (CS) foe-
tuses (4 at 130 d pc, 3 at 170 d pc, 4 at
210 d pc) lacking the DM genotype, and
produced by artificial insemination (the full
gestational period for cattle is 280 days).
Foetuses were produced at the INRA
Research Centre and all the animals were
slaughtered and samples were collected in
compliance with ethical guidelines for ani-
mal care in this same centre (Theix, France).

2.2. Samples

Semitendinosus (ST) muscle and liver
samples were taken from all foetuses. Adult
ST muscle samples were taken from 5 mature
cows (3 years of age after birth) and used
as controls for in situ hybridisation. Tissue
samples were removed immediately after
exsanguination of the dam. Samples for
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in situ hybridisation were frozen in liquid
nitrogen cooled isopentane then transferred
to liquid nitrogen. Tissue samples collected
for total RNA preparation were directly fro-
zen in liquid nitrogen. All samples were
stored at —80 °C.

2.3. Total RNA preparation

Total RNA was extracted according to
the method of Puissant and Houdebine [24].
After extraction, RNA was precipitated by
the addition of 5.5 vol of 4 M LiCl, kept at
4 °Cfor 2 h and recovered by centrifugation
(5000 x g,20 min, 4 °C). The pellet was dis-
solved in 2 vol of 10 mM Tris-HCI pH 7.5,
1 mM EDTA and 0.5% SDS. After one
additional extraction by phenol:isoamylic
alcohol-chloroform (vol-vol~!), the aque-
ous phase was precipitated in the presence
of 300 mM sodium acetate and 2.5 vol of
ethanol. The RNA was stored in this pre-
cipitated form at —20 °C, until quantifica-
tion by optical density measurements and
analysis by Northern-blot.

2.4. Probes

A 600 bp fragment of bovine GHR
cDNA (bGHR) was obtained from bovine
hepatic mRNA using reverse transcription
and a polymerase chainreaction (RT-PCR).
Specific primers were derived from the
bGHR cDNA previously published [25].
The sequence of the amplified fragment,
coding the extracellular-, transmembrane-
and part of the intracellular- domains of
bGHR, was verified by sequencing (Applied
Biosystems DNA sequencing system, Fos-
ter city, USA), and was identical to the one
previously published. This fragment was
cloned in the pGEM 18 plasmid.

2.5. Northern-blot analysis.

The RNA samples (20 ug) of both nor-
mal and double-muscled animals were
denatured in 2.2 M formaldehyde, 50% for-
mamide (5 min, 65 °C) and size-separated
by electrophoresis in the same gel in agar-

ose (1.5%), 2.2 M formaldehyde in 10 mM
sodium phosphate buffer. RNA were trans-
ferred to the Zeta probe membrane (Biorad)
by capillary blotting overnight under high
ionic strength (10 x SSC = 1.5 M sodium
chloride, 0.15 M sodium citrate). The bGHR
DNA fragment and a mouse 3-cDNA probe
(1 kb) were labelled with o[32P]-dCTP
(3000 Ci-mmol-1) (ICN, France) to a spe-
cific activity of 108 cpm-ug=! DNA using
a random priming kit (Roche). Used as a
control, a rat 18S ribosomal oligonucle-
otide probe was labelled at the 5’end with
v [32P]-ATP using polynucleotide kinase as
described by Hocquette et al. [26]. Mem-
branes of muscle mRNA were first hybrid-
ised with the 32P GHR cDNA probe, then
they were stripped off (boiling in 0.5% SDS),
before re-hybridisation with the 32P labelled
18S ribosomal oligonucleotide, then with
the 32P B-actin cDNA probe. Autoradio-
grams were obtained by exposure to Amer-
sham Hyperfilm with two amplified screens,
at—80 °C. Image analysis was performed on
autoradiograms using the Chemilmager
5000 and the AlphaEase FluorChem soft-
ware (Alpha Innotech Corporation, San
Leandro, California, USA).

2.6. In situ hybridisation

The procedure for in situ hybridisation
used was similar to that reported by Lyons
et al. [27] with slight modifications.
Briefly, frozen cross-sections of muscle
and liver tissues were made using a 2800
Frigocut microtome (Reichert-Jung, Lahn-
technik, Germany) and mounted on gelatin-
coated (0.2 % wi/v gelatin) slides. Foetal
liver sections served as positive controls.
The sections were fixed in 4% paraformal-
dehyde phosphate buffered saline solution
followed by dehydration with absolute eth-
anol. Sections were stored, at —80 °C.
Before hybridisation, the sections were
rehydrated, treated with proteinase K
(Sigma), fixed and acetylated with trieth-
anolamine/acetic anhydride, washed and
dehydrated. High specific-activity bGHR
antisense RNA probes were transcribed
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from the linearised plasmid pGEM18 con-
taining bGHR DNA fragment using [35S]-
UTP (specific activity > 1000 Ci-mmole™),
(Amersham) and a SP6/T7 transcription kit
(Roche). Sense strand cRNA probes were
transcribed in the opposite direction under
similar conditions. The resulting cRNA
probes were reduced to < 100 nucleotides
using alkali hydrolysis and separated by gel
filtration on a sephadex G-50 column (Phar-
macia). Tissue cross sections, under cover
slips, were hybridised in a humid chamber
with 7.5 x 108 cpm-mL-! labelled bGHR
cRNA probe in 50% deionised formamide,
0.3 M NaCl, 20 mM Tris-HCI, pH 7.4,
5 mMEDTA, 10 mM NaPOy, 10% dextran
sulfate, 1x Denhardt solution, 100 mM dithi-
othreitol (DTT), 100 ug-mL~! salmon sperm
DNA at 42 °C. Control slides were proc-
essed in an identical manner and probed
with the corresponding sense GHR ribo-
probe. After hybridisation, the sections were
washed once for 30 min at 50 °C with 5x SSC
containing 10 mM DTT then washed at
65 °C for 20 min with 50% formamide,
2x SSC, 10 mM DTT. Section slides were
thenrinsed 10 min. at 37 °Cin 1 M Tris-HCl
(pH 7.5) with 2x SCC, dehydrated and a
66% v/v LM 1 nuclear track emulsion (Amer-
sham) was applied. The slides were exposed
for one week in light-tight boxes in the pres-
ence of desiccant at4 °C. Photographic devel-
opment was performed using Ilford Phenisol
(Ciba-Geigy).

2.7. Statistical analysis

All experiments were carried out in trip-
licate and all data were tested by variance
analysis using the General Linear Model
Procedure of the Statistical Analysis Sys-
tem [28]. Firstly, data of 18S and of -actin
mRNA were analysed by testing the effect
of age and genotype and the interaction
between these two parameters. For 3-actin
and for GHR, the statistical analysis was
performed with different approaches:
(a) analysis of crude mRNA levels alone,
(b) with B-actin or (c) with 18S RNA levels
introduced as covariables in the statistical

model as described by Hocquette and
Brandstetter [29].

After analysing the results, we chose to
use 18S RNA levels as a covariable to ana-
lyse GHR and B-actin mRNA levels. In the
same model, we tested the effects of age and
genotype and the effect of their interaction.
All data were expressed as means = SEM.

3. RESULTS

3.1. Developmental expression of 18S,
[B-actin and of GHR genes

Northern-blot hybridisation of muscle
RNA preparations with the 18S oligonucle-
otide identified the 1.8 kb rRNA in muscle
of double-muscled and normal foetuses
(Figs. laand 1b). Variance analysis showed
that there was no effect of genetic type, a
slight effect of age (P = 0.04), the 18S
rRNA level decreasing with age only in nor-
mal animals (P < 0.05) (Fig. 2a) and no
interaction between the age and the genetic
type.

Mouse B-actin ¢cDNA is known to
hybridise to actin mRNA in muscle [30,
31], soitwas used as a control for the degree
of muscle differentiation during foetal
development. Northern-blot hybridisation
of muscle mRNA preparation identified a
2.2 kb mRNA in the muscle of double-mus-
cled and normal foetuses (Figs. 1c and 1d).
The results of variance analyses of crude
results obtained with B-actin or of the data
obtained by using 18S rRNA level as a cov-
ariable were the same. They showed an
effect of age and an effect of genetic type
(P < 0.001) and a significant interaction
between these two factors. Whatever the
genetic type, the P-actin mRNA levels
increased regularly from 130 to 210 days
pc. Their levels were higher in the ST of
normal animals than of the DM animals
(P <0.001) especially at 170 days of foetal
life, but also at 210 days pc (Fig. 2b).

Northern-blot hybridisation of foetal ST
muscle RNA preparations with the bovine
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Figure 1. Northern-blot analysis of 18S (a, b), B-actin (¢, d) and growth hormone receptor (GHR)
(e, f) gene expression in foetal semitendinosus (ST) muscle of double-muscled (DM) and
normal (N) animals of 130, 170 and 210 days post-conception (dpc).

GHR cDNA identified the 4.5 kb GHR
mRNA (Figs. le and 1f). During the foetal
period, the GHR mRNA was expressed at
all stages analysed, in both genetic types.

Variance analysis of the crude and nor-
malised results in ST muscle showed
effects of age and genetic type (P < 0.01)
but no interaction between these two fac-
tors. In double-muscled animals, GHR
mRNA levels increased regularly and sig-
nificantly (P <0.001) from 130 to 210 days
pc (P <0.01). In normal ones, their increase
was not significant. These levels were
higher in the ST of DM animals than those

of normal animals (P < 0.01) from the sec-
ond third of gestation (170 dpc) (Fig. 2¢).

3.2. Localisation of GH receptor gene
expression in foetal muscle

To establish the precise intramuscular
localisation of GHR gene expression in
bovine muscle, we conducted an in situ
hybridisation study at several foetal ages
representative of the various stages of mus-
cular development.

At 130 and 170 dpc (the two first thirds
of gestation), hybridisation with the GHR
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Figure 2. Results of Northern-blot analysis of
18S (a), B-actin (b) and growth hormone
receptor (GHR) (¢) gene expression in foetal
semitendinosus (ST) muscle of double-
muscled (DM) (black bars) and normal (N)
(grey bars) animals at different ages post-
conception (d pc). The results normalised
relative to 18S mRNA levels are presented as
means + sem. Asterisks indicate significantly
different means between ontogenic stages of
between normal and double-muscled foetuses
(* P <0.05; *** P <0.001).

probe generated clusters of silver grains in
the nuclei of muscle cells (Figs. 3.1,3.2,3.4
and 3.5). At the end of gestation, illustrated
by the 210 days pc sample, the labelling was
very abundant (Figs. 3.7 and 3.8) and as at
the adult stage, the hybridisation signal was
distributed throughout the cell (Figs. 4.4
and 4.5). In the connective tissue surround-
ing them there was no signal. Foetal liver,

used as a positive tissue control, displayed
astrong but diffuse GHR signal localisation
(Figs. 4.1 and 4.2).

4. DISCUSSION

This study identified and localised GH
receptor mRNA in bovine muscle during
foetal development using Northern-blot
and in situ hybridisation analyses. In foetal
muscle, a single transcript was observed
with a size of about 4.5 kb which is consist-
ent with the bovine GHR transcript reported
in the adult liver [25] and in foetal tissues,
such as the liver, thymus, spleen, kidney
and brain [32].

In this study, we demonstrate a higher
GH receptor gene expression in the ST of
double-muscled bovine foetuses compared
to normal ones. It is well known that dou-
ble-muscled animals have a lot of particu-
larities, including muscle hypertrophy
especially in ST muscle. Some of these par-
ticularities may be explained by GH actions
demonstrated in vivo or in vitro. The greater
muscle mass of DM cattle arises from an
increased total number of fibres. This hyper-
plasia results in the hypertrophy of some
muscles in DM cattle, since their mass is
about twice that of other muscles before birth
in N cattle. Muscle hypertrophy is general
but not uniform. It is greater in some parts
of the shoulder and forelimb, and especially
in the proximal part of the hindlimb [2].

The effect of GH on hyperplasia has
been shown in vivo by Rehfeldt et al. [16].
They showed that treatment of pregnant
sows early in gestation (days 10 to 24) with
porcine somatotropin increased the number
of muscle fibres in skeletal muscles in the
foetus resulting in higher body weight at
birth. However, the mechanisms by which
the GH regulates skeletal muscle growth
remain unclear. GH might act concomi-
tantly with myostatin. In fact Liu et al. [20]
have shown that GH had an inhibitory effect
on myostatin expression. In our model, we
showed that GHR mRNA level increased
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Figure 3. Localisation of the growth hormone receptor (GHR)mRNA in normal semitendinosus
muscle by in situ hybridisation. Bright micrographs (1, 4 and 7) exhibited muscle structure with
nuclei which appeared in black, muscle cells in gray, and connective tissu in clear gray. Dark field
(2, 5 and 8) micrographs exhibited the localisation of muscle GH receptor mRNA during foetal
bovine development (130 days post-conception [d pc], 1-2-3; 170 d pc, 4-5-6; 210 d pc, 7-8-9),
using a 33S-labelled GHR antisense riboprobe. Some positive muscle cells are surrounded. The
signal (silver grains) in the form of white points appeared on dark field micrographs. At 130 and
170 d pc, it was localised in nuclei of muscle cells, at 210 d pc, it was localised throughout the
muscle cells. The negative control dark field (right column) micrographs (3, 6 and 9) were obtained
using 35S-labelled GHR sense riboprobe and showed no positive localisation above background in
any region. Magnification x250.

from 130 dpc mainly in double-muscled
animals and, in another study, that myosta-
tin mRNA expression (which was very high
at 110 dpc) decreased considerably during
the second third of gestation both in normal
and double-muscled animals [22]. The
increase in GHR mRNA was perhaps due

to an increase in foetal GH or of the GH-like
level. According to the results of Liu et al.
[20], we can hypothesise, that the decrease
in myostatin mRNA level was related to an
increase in GH action, the latter being higher
due to a greater expression level of the
GHR.
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Figure 4. Localisation of growth hormone receptor (GHR)mRNA in normal foetal liver (bright
field: 1, dark field: 2, 3) and in adult semitendinosus (bright field: 4, dark field: 5, 6) muscle by in
situ hybridisation. The signal (silver grains) appeared in the form of white points on dark field
micrographs. Foetal liver displayed a strong but diffuse GHR signal localisation. In the adult
muscle, one positive muscle cell was surrounded. The labelling was high and distributed in all the
cells. A 35S-labelled GHR sense riboprobe was used as the negative control in micrographs 3 and
6. There was no positive localisation above background in any region. Magnification x250.

In the double-muscled animals, the inac-
tive myostatin might have triggered a novel
muscle regulatory pathway with an up reg-
ulation of the GH system. This could
explain why double-muscled animals have
amore developed muscle mass than normal
ones [2]. IGF, mainly IGF-II, could also be
implicated in the differences between nor-
mal and double-muscled foetuses. Kocamis
etal. [21] showed that IGF-II mRNA levels
were significantly higher in myostatin
knockout mice soleus muscles with no
translation in active myostatin than in those
of control mice. We can thus hypothesise,
that our previous results (more IGF-II
mRNA in double-muscled animals where
myostatinis inactive) [8] were in agreement
with those of Kocamis et al. (21) (more
IGF-II mRNA in animals where there is no
myostatin). It would have been interesting
to discuss possible relations between IGF-II
and GHR, but to our knowledge, no relation

has been found in the literature between
GHR mRNA abundance and the IGF-II
mRNA level [33].

Another particularity of DM muscles
concerns the properties of their muscle
fibres. Adult animal muscles contain a higher
proportion of fast-twitch glycolytic fibres
(IIX fibres), which is another point on
which GH might play arole. As a matter of
fact, Loughna and Bates [34] found in
hypophysectomised rats that GH treatment
restored the mRNA levels for all forms of
the myosin heavy chain, particularly the
fast glycolytic ones. Al Hassan et al. [35]
presented similar results in the rat, i.e. that
the mRNA levels of GHR were greater in
fast twitch (glycolytic) than in slow twitch
(oxidative) muscles.

By in situ hybridisation, we observed
that the GHR mRNA were only present in
developing muscle bundles around nuclei
during foetal life, and not in the connective
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tissue surrounding the fibres. This result
was in agreement with that obtained by
Mertani and Morel [36] in rats and by
Mertani et al. [37] in humans. In the adult
muscle, the signal was marked and homog-
enous not around the nuclei, but equally dis-
tributed throughout the muscle fibres. In the
adult muscle, the GHR mRNA labeling was
unexpected compared with the low specific
GH binding observed in microsomial mus-
cle preparations from other species [34, 38].

To verify if the GHR mRNA were trans-
lated in an active GHR protein, we
attempted to realise binding of 251 oGH
labelled both on muscle and liver microso-
mal preparation and on muscle sections
from normal and double-muscled foetuses,
but we failed (results not shown). So, we
observed an apparent opposition between
muscular GHR mRNA amounts and mus-
cular GH specific binding. Both in adultand
foetal muscle, other authors have observed
the same contradiction as we did [7, 36, 37,
39]. Only a few studies in adult and foetal
pig skeletal muscle [40, 41] and in bovine
embryos [19] were able to detect a specific
binding of GH. By autoradiographic stud-
ies, the GH specific binding was located in
the outer margins of the adult rat muscle and
in local regions of the perimysial space
[42]. The GH binding was restricted to
small areas and could explain the very low
GH binding observed if total muscle mem-
branes were used. Another hypothesis to
explain the lack of GH binding is that, in the
foetus, another molecule is able to bind to
GH receptor. For instance, sheep foetal
liver is able to bind both 251-0GH (ovine
GH) and ovine Placental Lactogen (oPL)
[43].

In contrast to the higher GHR expression
in the double-muscled animals compared to
the normal ones, the B-actin gene expres-
sion was lower. This result was consistent
with the pattern of expression of myosin
isoforms observed by immunocytochemi-
cal detection, indicating the presence of
more mature myosins in the muscles of nor-
mal than of double-muscled foetuses at the

same gestational stage [6]. These observa-
tions confirm a delay in the degree of dif-
ferentiation of double-muscled foetuses.

In conclusion, this study shows that dou-
ble-muscled foetuses can be used to inves-
tigate the potential and direct mitogenic
role of GH via its specific receptor in mus-
cular tissue and offers a good model for
understanding the transcriptional regula-
tion of the bovine GH receptor gene during
development. The major characteristics of
double-muscled foetuses are a higher level
of GHR expression at the end of gestation
compared to normal animals, concomitant
with a low myostatin expression and a
higher level of IGF-II mRNA expression
than in the normal genotype.
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