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Abstract The distribution of insulin-like growth factor-I
(IGF-I) and myostatin (MSTN) was investigated in sea bass
(Dicentrarchus labrax) by real-time polymerase chain
reaction (PCR), in situ hybridization (ISH) and immuno-
histochemistry. Real-time PCR indicated that IGF-I mRNA
increased from the second day post-hatching and that this
trend became significant from day 4. ISH confirmed a strong
IGF-I mRNA expression from the first week post-hatching,
with the most abundant expression being detected in the
liver of larvae and adults. Real-time PCR also showed that
the level of MSTN mRNA increased significantly from day
25. The expression of MSTN mRNA was higher in muscle
and almost absent in other anatomical regions in both larvae
and adults. Interestingly, the lateral muscle showed a
quantitative differential expression of IGF-I and MSTN
mRNAs in red and white muscle, depending on the

developmental stage examined. IGF-I immunoreactivity
was detected in developing intestine at hatching and in
skeletal muscle, skin and yolk sac. MSTN immunostaining
was evident in several tissues and organs in both larvae and
adults. Both IGF-I and MSTN proteins were detected in the
liver from day 4 post-hatching and, subsequently, in the
kidney and heart muscle from day 10. Our results suggest,
on the basis of a combined methodological approach, that
IGF-I and MSTN are involved in the regulation of somatic
growth in the sea bass.
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Introduction

Development and growth in teleost fish are highly dynamic
and puzzling processes. Indeed, fish live in an environment
with a large range of physical habitats and with many
different types of hydrodynamic regimes that change
rapidly during early stages of larval life (Webb 1988).
Furthermore, some fish show a determinate final size (Biga
and Goetz 2006), whereas other fish, such as sea bass, are
characterized by rapid growth and a large adult size; this is
reached by means of continuous hyperplastic mechanisms
that occur by the apposition of new fibres along prolifer-
ative zones (Patruno et al. 1998; Rowlerson and Veggetti
2001). Recently, increasing attention has been drawn to
molecules, i.e. insulin-like growth factors (IGFs) and
transforming growth factor-β (TGF-β), that show an
endocrine and a paracrine/autocrine action in controlling
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fish growth. The regulation of these growth factors is
dependent upon many aspects, such as the developmental
stage considered, the environment, the swimming behav-
iour, the mechanisms of growth and the final adult size
reached.

IGF-I, a highly conserved 70-amino-acid polypeptide
showing a structural sequence similarity to both IGF-II and
insulin, plays a central role in the regulation of develop-
ment and growth by its potent metabolic and mitogenic
action (for a review, see Reinecke and Collet 1998). In fish,
as in mammals, the main site of IGF-I mRNA expression is
the liver, although expression in several other tissues has
also been observed (for reviews, see Duan 1998; Reinecke
and Collet 1998; Reinecke et al. 2005; Wood et al. 2005).
The mitogenic effect of IGF-I in fish has also been
described in cultured muscle cells from rainbow trout
(Castillo et al. 2004). IGF-I genes have been characterized
in several fish species (Reinecke et al. 1997; Moriyama et
al. 2000; Duval et al. 2002; Patruno et al. 2006) and the
expression of its mRNA has been observed in tissues from
larvae, fry and adults (Duguay et al. 1996; Greene and
Chen 1997, 1999; Perrot et al. 1999; Ayson et al. 2002;
Berishvili et al. 2006; Patruno et al. 2006). To date, scarce
information exists regarding the cellular localization of
teleost IGF-I protein, with only a few studies in sea bream
(Perrot et al. 1999), shi drum (Radaelli et al. 2003a) and
tilapia (Shved et al. 2005; Berishvili et al. 2006).

Myostatin (MSTN), also known as “growth and differ-
entiation factor-8” or GDF-8, is a member of the growth
factor TGF-β superfamily and is expressed mainly in the
skeletal muscle. This protein has therefore been suggested
to be involved in the regulation of skeletal muscle growth
(McPherron et al. 1997; Joulia-Ekaza and Cabello 2006;
Funkenstein and Rebhan 2007; Patruno et al. 2007).
Hypertrophy of skeletal muscle because of mutations in
the coding sequence of bovine MSTN has been observed in
two breeds of double-muscled cattle, Belgian Blue and
Piedmontese (Grobet et al. 1997, 1998; Kambadur et al.
1997; McPherron and Lee 1997). McPherron et al. (1997)
have demonstrated the inhibitory effect of MSTN during
skeletal muscle development and growth by generating
MSTN null mice, which show a marked increase in skeletal
muscle mass. In mammals, MSTN expression has also been
reported in cardiomyocytes and Purkinje fibres of the heart
(Sharma et al. 1999; Matsakas et al. 2006) and in mammary
gland (Ji et al. 1998) and adipose tissue (McPherron et al.
1997). Although the predicted TGF-β amino acid sequen-
ces of many vertebrate and invertebrate species are identical
in the active carboxy-terminal region (McPherron et al.
1997; Patruno et al. 2003; Radaelli et al. 2003b), the
presence of two distinct MSTN genes (MSTN-1 and
MSTN-2) in teleosts confirms the evolutionary complexity
of this superfamily of growth factors. Indeed, an early

MSTN gene duplication in the fish lineage resulted in the
presence of two distinct MSTN genes in sea bream
(Maccatrozzo et al. 2001a) and zebrafish (Biga et al.
2005; Kerr et al. 2005), whereas four MSTN paralogues
have been described in salmonids (Garikipati et al. 2007).

In fish, the majority of studies have been conducted on
the MSTN-1 orthologue (as suggested by Kerr et al. 2005),
which, differently from MSTN-2, has been cloned in
numerous species, such as the sea bream, the trout, the
Atlantic salmon, the channel catfish, the sea bass, the
spotted grouper and the zebrafish (Maccatrozzo et al.
2001b; Østbye et al. 2001; Rescan et al. 2001; Roberts
and Goetz 2001; Rodgers et al. 2001; Kocabas et al. 2002;
Xu et al. 2003; Amali et al. 2004; Biga et al. 2005; Terova
et al. 2006; Ko et al. 2007). In contrast to mammals, the
MSTN-1 gene and protein are expressed in several fish
organs, such as brain, eyes, exocrine and endocrine pan-
creas, gills, gonads, heart, intestine, kidney, liver, oesoph-
agus, pharynx, skin, spleen, and stomach (Maccatrozzo et
al. 2001a, b; Østbye et al. 2001; Rescan et al. 2001; Roberts
and Goetz 2001; Kocabas et al. 2002; Radaelli et al. 2003b;
Gregory et al. 2004; Garikipati et al. 2006, 2007; Terova et
al. 2006; Ko et al. 2007) and in muscle explants of fish
(Funkenstein et al. 2006).

Generally, the great bulk of MSTN studies have been
carried out on mRNA expression. Scarce information exists
about the cellular localization of MSTN protein, with only
one study having been carried out in sea bream, sole and
zebrafish (Radaelli et al. 2003b).

We have investigated the expression of IGF-I and MSTN
during the development and growth of the teleost fish
Dicentrarchus labrax (sea bass), a species that shows an
indeterminate final size and is of great interest in
aquaculture. We have chosen these particular growth factors
in order to investigate their role in fish since, in mammals,
they have an opposite function, especially on skeletal
muscle differentiation. We have used real-time polymerase
chain reaction (PCR) and in situ hybridization (ISH) to
detect the expression of IGF-I and MSTN mRNAs in
muscle and in other organs from larvae, fry, juveniles and
adult animals, and immunohistochemistry to characterize
the cellular localization of both IGF-I and MSTN proteins.
Furthermore, we have assessed the putative differential
expression of MSTN and IGF-I in the two distinct fibre
types present in the lateral muscle of fish (deep white and
superficial red fibres) in juveniles and adult animals. In
many fish species, the lateral muscles continue to grow,
even into juvenile and adult life, through hyperplasia and
hypertrophy mechanisms (for a review, see Rowlerson and
Veggetti 2001). This designates the fish lateral muscle as a
particularly good experimental model for studying the
expression of growth factors in the two muscle fibre types
after metamorphosis.

644 Cell Tissue Res (2008) 331:643–658



Materials and methods

Fish samples and tissue processing

Larvae (0, 2, 4, 6, 10, 25, 40 days post-hatching [dph]), fry
(80 days), juvenile (6 months) and adult (3 years) sea bass
were obtained from the Pellestrina (VE, Italy) fish hatchery
and the Bonello (RO, Italy) fish farm. The animals were
killed by an overdose of anaesthetic MS222 (Sandoz,
Milan, Italy). For both immunohistochemistry and ISH,
animals and tissues were fixed in 4% paraformaldehyde
prepared in 0.1 M phosphate-buffered saline pH 7.4 (PBS)
at 4°C overnight. Small fish (hatching to juveniles) were
fixed in toto followed by longitudinal (both frontal and
sagittal) and transversal section preparation. Organ and
tissue samples were dissected out from large adult fish
and processed separately. Samples for RNA expression
analysis were stored in RNA Later Reagent (Ambion, USA)
at −20°C until required.

Qualitative reverse transcription/PCR and quantitative
real-time PCR

RNAs were extracted by using TRIZOL Reagent (Gibco-
BRL, Gaithersburg, Md., USA) from a pool of 10–15 fish
sampled at the stages described above (n=6) and from the
following adult (3 years) tissues and organs (100 mg
samples): red muscle, white muscle, skin, gut, liver, heart
and gills (n=9). Red and white muscles were also dissected
out from juveniles (6 months, n=9). To assess the integrity
and the amount of the RNA extracted, agarose gel
electrophoresis and spectrophotometric A260/280 readings
were performed. Total RNA (2 μg) was retrotranscribed
into cDNA. First-strand cDNAs were synthesized by using
Superscript II RNase H− reverse transcriptase protocols
(Invitrogen, Life technologies, UK) and a mixture of
random hexamers as primer (synthetized by MWG-Biotech,
Ebersberg, Germany). The obtained cDNAs were used as
templates for PCR expression analysis. PCRs (32 cycles at:
95°C for 45 s, 55°C for 45 s and 72°C for 45 s) were
carried out in order to check the specificity of the following
primers designed by using Primer Express 3.0 software
(Applied Biosystems): IGF-I (forward) 5′ GTG TGT GGA
GAG AGA GGC TTT TA, (reverse) 5′ CCA ATG CAC
GGC GGT C designed from GenBank, accession no.
AY800248; MSTN (forward) 5′ GAG ATT AAC GCC
TTC GAT TCG AG, (reverse) 5′ GAC TTT GGC TGG
GAC TGG ATT A designed from GenBank, accession no.
AY839106. To verify the efficiency of the reverse tran-
scription (RT) and to exclude genomic DNA contamination,
a fragment of β-actin cDNA (accession no. AJ493428) was
amplified with primers designed to span an intron: forward
5′ACC CAG TCC TGC TCA CAG AG and reverse 5′GGG

AGT CCA TGA CAA TAC CAG TG. PCR products were
electrophoresed on a 1.5% agarose gel and visualized under
UV light. Two additional IGF-I primers were used to
generate RNA probes for the ISH (see below): forward, 5′
AGC GCT CTC TCC TTT CAG TG; reverse, 5′ TTT GTC
TTG TCT GGC TGC TG.

Quantification assays were performed to detect the
relative expression of IGF-I and MSTN mRNA among
different post-hatching developmental stages of sea bass
larvae and juveniles (white and red muscles) and among the
various organs and tissues from adults sea bass (as
described earlier). This expression analysis was carried
out by using the ABI 7500 Real-Time PCR System
(Applied Biosystems) as described by Caelers et al.
(2004) and Patruno et al. (2006, 2007). A sample without
cDNA template was used to verify that the master mix was
free from contaminants. Real-time conditions were: 2 min
at 50°C, 10 min at 95°C, 40 cycles of denaturation at 95°C
for 15 s and annealing/extension at 60°C for 1 min. Wells
contained 30 μl PCR mixture including 3 μl cDNA at a
dilution of 1:5 for larvae (60 ng/well) and at a dilution of
1:8 for adult tissues and organs (40 ng/well). The β-actin
gene was amplified in separate tubes as an active
endogenous reference to normalize quantification of a
mRNA target. Three replicates of each sample and
endogenous control were amplified.

Real-time PCRs for target and reference genes were run
in the same RT reaction. Data from SYBR Green I PCR
amplicons were collected with ABI 7500 System SDS
Software. The fluorescence signal baseline and threshold
were set manually for each detector (IGF-I, MSTN and β-
actin), generating a threshold cycle (Ct) for each sample.
An amplification plot graphically displayed the fluores-
cence detected over the number of cycles that were
performed.

Standard curves for both targets and the endogenous
reference gene, created on the basis of the linear relation-
ship between the Ct value and the logarithm of the starting
amount of cDNA, showed acceptable slope values (includ-
ed between −3.8 and −3.3). Standard curves were obtained
by using serial dilutions of sample cDNA (1:2, 1:4, 1:8,
1:16, 1:32).

Before using the ΔΔCt method for relative quantifica-
tion (comparative method), a validation experiment was
required in order to demonstrate that the efficiency of the
target amplification and that of the reference amplification
were almost equal. All PCR efficiencies were measured and
found to be adequate (slope <0.1).

The difference between Ct values was calculated for
each mRNA by taking the mean Ct of triplicate reactions
and subtracting the mean Ct of triplicate reactions for the
reference RNA measured on an aliquot from the same RT
reaction (ΔCt=Cttarget gene−Ctreference gene). All samples
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were then normalized to the ΔCt value of a calibrator
sample to obtain a ΔΔCt value (ΔCttarget−ΔCtcalibrator).
The calibrator, defined as the sample used as the basis for
comparative results, could represent an untreated control or
a particular stage of development (see Chemistry Guide,
Applied Biosystem, 2003). During larval development, the
hatching stage was chosen as the calibrator sample in order
to evaluate the putative differential mRNA expression of
target genes during post-hatching development relative to
day 0 (hatch, see below). In adults, the intestine or the
white muscle were chosen as calibrators, respectively (see
below). For the comparative method, relative quantifica-
tions were calculated in relation to the concentrations of the
calibrator sample (2−ΔΔCt), expressed in arbitrary units and
normalized to the endogenous reference gene (β-actin).
Therefore, by using the 2−ΔΔCt method, data were recorded
as the fold-change in gene expression normalized with the
endogenous reference gene and relative to the calibrator
sample (Livak and Schmittgen 2001). Dissociation melting
curves confirmed the specific amplification of the cDNA
target and the absence of nonspecific products.

For statistical analysis, the data were expressed as the
mean±standard error. Normality of the data was checked
with a Kolmogorov-Smirnov test (α=5%). Statistical
differences in IGF-I and MSTN mRNA, between calibra-
tor samples (hatching stage for larvae and intestine for
adults) and larva samples (at various post-hatching
developmental stages) or adult organ samples were
detected by one-way analysis of variance (ANOVA) with
SPSS software version 11.0 (SPSS, Chicago, Ill., USA).
The Tukey honestly post-hoc test was used to characterize
statistical differences further among the developmental
stages examined. Significant differences in IGF-I and
MSTN mRNA levels (see below) between the calibrator
sample (white muscle sampled from juveniles and white
muscle sampled from adults) vs red muscle were deter-
mined by using Student’s t-test for independent samples.
The level of statistical significance was set at P<0.05 for all
analysis.

ISH protocol

Generation of the sea bass probes The PCR products
obtained with the IGF-I and MSTN primers (as above) were
cloned into the pCR-II plasmid vector using a TOPO-TA
cloning kit (Invitrogen) and sequenced by the CRIBI
sequencing service (http://bmr.cribi.unipd.it/). Linearized
plasmids containing sea bass IGF-I and MSTN fragments
were used as templates to generate sense and anti-sense
RNA probes (Nieto et al. 1996). The reagents were added,
at room temperature, in the following order: 10 μl sterile
distilled water, 4 μl 5× transcription buffer (Promega,
Italy), 2 μl 0.1 M dithiothreitole (Promega), 2 μl digox-

igenin (DIG) nucleotide mix pH 8.0 (Roche, Italy), 1 μl
linearized IGF-I plasmid (1 μg/μl), 0.5 μl ribonuclease
inhibitor (100 U/μl) (Roche), 1 μl T7 or SP6 RNA
polymerase (10 U/μl, Promega). After incubation at 37°C
for 2 h, 2 μl ribonuclease-free DNase I (Roche) was added
and incubation was continued for an additional 15 min.
Precipitation of the synthesized RNA was achieved by the
addition of 100 μl TE buffer (10 mM TRIS, 1 mM EDTA,
pH 8.0), 10 μl 4 M lithium chloride, 300 μl ethanol and
incubated at −20°C for 30 min. The RNAwas then purified
and air-dried. The RNA was reconstituted in 50 μl TE and
5 μl were run on a 1% denaturing formaldehyde agarose/
TBE gel (TBE=0.09M TRIS-borate, 0.002 M EDTA, pH
8.3) to assess its integrity and concentration. The RNA
probe was diluted to 0.1 μg/μl and stored at −80°C.

Whole-mounts Sea bass larvae (0, 2, 4, 6, 8, 10, 25, 40 dph)
were fixed in 4% paraformaldehyde for 1 h, washed in PBS
twice, dehydrated and stored in methanol at −20°C.
Following hydration in graded methanol, larvae were
processed as described earlier (Radaelli et al. 2005) with
slight modifications. Briefly, after incubation in 6% H2O2

for 15 min, larvae were permeabilized by treatment with
10 μg/ml proteinase K (Roche) in PBS containing 0.1%
Tween 20 (PBT) for about 5 min (duration of treatment
depended on the size of the sample), washed in PBT and
fixed again in 4% paraformaldehyde plus 0.2% glutaral-
dehyde for 20 min before the hybridization step. After being
washed in PBT, larvae were rinsed with 1:1 PBT/hybridiza-
tion solution and then incubated with hybridization solution,
pre-warmed to 60°C, for 30 min. This was replaced with
fresh hybridization solution containing 0.1 μg/μl RNA
antisense probe (or sense probe for controls) and incubation
continued overnight at 60°C. After several washes in 2× SSC
(sodium chloride/sodium citrate) followed by PBS washes,
transcripts were identified by using the DIG nucleic acid
detection kit (anti-DIG AP-coupled Ab, Roche). The
hybridized larvae were viewed by using a stereomicroscope
connected to a digital camera (Olympus). Following ISH,
larvae were kept in PBT containing 100 mM EDTA at 4°C.

Frozen sections Sections of larvae (as above) and fry (80 dph)
were processed for ISH experiments as described else-
where (Radaelli et al. 2005) with the following modifi-
cations. The riboprobes (500 ng/ml final concentration)
were resuspended in the following hybridization buffer:
50% (deionized) formamide, 1× SSC, 10% dextran
sulfate, 1× Denhardt’s solution, 0.67 M NaCl, 0.1 μg/μl
yeast tRNA, and 0.1 μg/μl herring sperm DNA. Ribop-
robes were then heated at 80°C for 5 min before the
hybridization step. Approximately 50 μl hybridization
buffer containing the probe were used per slide, overlaid
with a coverslip. Hybridization was performed overnight
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at 45–50°C in a humidified incubator. Coverslips were
removed by rinsing in 6× SSC, followed by two high-
stringency steps at 50°C for 20 min in 0.5× SSC and 20%
formamide and two rinses in 2× SSC at room temperature.
Unhybridized probe was digested with 2 μg/ml RNase A
in 0.5 M NaCl, 10 mM TRIS-HCl, pH 8.0, at 37°C for
30 min, followed by five washes in 2× SSC at room
temperature and another high-stringency wash for 10 min.
The sections were rinsed twice with 2× SSC and maleic

buffer (0.1 M maleic acid, 0.15 M NaCl, pH 7.5) and
twice in blocking solution (15 min for each wash). The
samples were then blocked with 5% inactivated BSA
(bovine serum albumin; Sigma) in maleic buffer for 60
min at room temperature. Methods for the detection of
hybridized probes were adapted from the manufacture’s
protocols with the anti-DIG antibody conjugated with
fluorescein (FITC; Roche). After several washes in PBS,
sections were mounted with Vectashield (Vector Labora-
tories, Burlingame, Calif., USA). Images were obtained
with a Leica TCS-SP2 confocal laser scanning micro-
scope. Sense probes were used as negative controls in all
experiments.

Immunohistochemistry

Fixation and embedding. Samples fixed as described above
were washed in PBS, dehydrated through a graded series of
ethanol and embedded in paraffin. Sections were cut at a
thickness of 4 μm by using a microtome.

Antisera For IGF-I, polyclonal antibodies against recombi-
nant sea bream IGF-I (Fine et al. 1997) were raised in
mouse and used at a dilution of 1:100. The anti-MSTN
antibody was produced in mouse against sea bream MSTN-
a, which is expressed in several tissues of this species
(Radaelli et al. 2003b).

Immunohistochemical procedures Immunohistochemical
staining was performed by using the Envision system
(goat-anti-mouse immunoglobulins conjugated to peroxi-
dase-labelled complex; DAKO, Italy). Endogenous perox-
idase activity was blocked by 3% H2O2 in PBS prior to the
application of the primary antibody. Non-specific binding
sites were blocked by incubating the sections in 1:5 dilution
of mouse serum (Dako, Italy). The immunoreactive sites
were visualized by using diaminobenzidine (Sigma, Italy)

�Fig. 1 IGF-I: in situ hybridization (ISH) and real-time PCR in
various post-hatching stages during sea bass development. a In a
whole-mount larva at 6 days post-hatching (dph), intense IGF-I
hybridization signal (top) is found mainly in the cephalic region and
in the trunk. Bottom Sense control experiment. b Transverse section
of an 8-dph larva (g gut) showing a positive fluorescent signal in the
liver (arrow). c Serial frozen section to that in b showing the
haematoxylin-eosin staining of liver (L) and gut (g). d Transverse
section of a 25-dph larva showing a positive fluorescent signal in the
gut (g) and in the growing cartilage (arrow). e Serial frozen section
to that in d showing the haematoxylin-eosin staining of gut (g) and
cartilage (arrowheads). Bars 500 μm (a), 90 μm (b), 75 μm (c, d, e).
f IGF-I mRNA levels, detected by real-time PCR, show a significant
increase from the fourth day post-hatching. Data are calculated as
the relative expression with respect to hatching (0 dph). Bars
designated with different letters are significantly different (P<0.05)
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as the chromogen. To ascertain structural details, sections
were counterstained with Mayer’s haematoxylin.

Controls The specificity of the immunostaining was veri-
fied by incubating sections with: (1) PBS instead of the
specific primary antibodies (see above); (2) preimmune sera
instead of the primary antisera; (3) PBS instead of the
secondary antibodies; (4) antisera pre-absorbed with an
excess of synthetic peptides (3 μg/μl) before incubation
of the sections. The results of these controls were negative,
i.e. staining was abolished.

Results

Expression of IGF-I mRNA in sea bass larvae as detected
by ISH and real-time PCR

Whole-mount ISH showed strong IGF-I mRNA expression
after the first week post-hatching (Fig. 1a). In particular,
IGF-I mRNA was distributed mainly in the cephalic region
of the larvae (Fig. 1a, top). The same technique used on
frozen sections revealed that the liver (Fig. 1b) was the only
organ in which IGF-I mRNA was localized at early stages
of growth (6–8 days; Fig. 1b,c). The intestine showed a
positive signal from day 25, as did the growing cartilage
(Fig. 1d,e).

Real-time PCR experiments confirmed that IGF-I
mRNA levels increased significantly (Fig. 1f) from day 4
post-hatching. After this stage, a constant increase of IGF-I
mRNA expression was monitored up to day 80 (Fig. 1f).
The real-time PCR data were recorded as the expression
relative to the hatching stage (0 dph) as the calibrator
sample (see Materials and methods).

Localization of IGF-I protein in sea bass larvae
by immunohistochemistry

The immunohistochemical localization of IGF-I is summa-
rized in Table 1.

Epithelial cells of the yolk sac (when still present) exhibited
strong immunoreactivity to IGF-I antiserum (Table 1). IGF-I
immunoreactivity could be detected in the epithelium of
developing intestine and in the developing skeletal muscle
in larvae staged at day 0 (Fig. 2a). At all stages examined,
epithelial cells of the epidermis exhibited a marked immuno-
reaction, whereas mucous cells were negative (Fig. 2b). At
day 4, IGF-I expression was detected in liver parenchyma
(Table 1). From day 10, immunostaining was evident in the
epithelium of renal tubules and faint reactivity was detected
in the heart musculature and in the epithelium of the pharynx
and oesophagus (Table 1, Fig. 2c). From day 40, immuno-
staining was detected in the epithelial cells of the stomach
and in the gastric pits (Fig. 2d). In the 80-dph fry, faint
immunoreactivity was present in the white fibres of skeletal
muscle, whereas red fibres exhibited a marked positivity
(Fig. 2e). The epithelium of the gills exhibited immunostain-
ing for IGF-I in both larvae and fry (Fig. 2f).

Expression of IGF-I in various adult tissues and organs
of sea bass as detected by real-time PCR
and immunohistochemistry

Various tissues and organs sampled from adult animals
were processed in order to perform a relative analysis of the
IGF-I mRNA content (Fig. 3a). IGF-I mRNA was abun-
dantly expressed in the liver, although a large amount was
also found in other organs such as the gills, lateral muscle
and skin (Fig. 3a). In order to ascertain the IGF-I mRNA
content between the deep white and the superficial red
musculature, a real-time PCR approach was carried out in
juvenile (6 months) and adult (3 years) sea bass. In juveniles,
the level of IGF-I mRNAwas higher in white muscle, whereas
in adults, the opposite was observed (Fig. 3b). In adults,
immunohistochemistry experiments showed marked IGF-I
protein expression in the liver (Fig. 4a), gill epithelium
(Fig. 4b) and heart muscle (Fig. 4c). In skeletal muscle,
strong immunostaining was observed in red muscle fibres
(Fig. 4d). The white deep muscle fibres exhibited a mosaic
of negative and immunostained fibres (inset of Fig. 4d).

Expression of MSTN mRNA in sea bass larvae as detected
by ISH and real-time PCR

Whole-mount ISH performed with the MSTN mRNA probe
revealed a signal in the trunk muscle (Fig. 5a, top); in
particular, the staining was evident at the border (epiaxial
and hypoaxial regions) of the myomeres of the 25-dph larva

Table 1 Immunohistochemical localization of IGF-I in sea bass (– not
detectable, +/− slight staining above background levels, + moderate, ++
marked staining, +++ strong staining, x tissue not found on the sections
examined at this stage, R red muscle fibres, W white muscle fibres, NA
not applicable)

Tissue 0–4
days

5–10
days

25–40
days

80
days

Adults

Skeletal muscle ++ ++ + ++R,
+/−W

+++R,
++W

Heart x +/− + +/− ++
Gut epithelium +++ ++ ++ + +
Kidney epithelium x + +/− + +
Gill epithelium – – ++ ++ ++
Skin ++ ++ ++ ++ ++
Pancreas – – – – –
Liver ++ ++ ++ ++ ++
Yolk sac +++ NA NA NA NA
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(Fig. 5a). ISH experiments performed on frozen tissue
sections on fish at 80 days revealed that MSTN was only
detectable in the muscle tissue, especially in the superficial
monolayer and in the proliferative area underneath (com-
posed of developing red and white fibres), adjacent to the
horizontal septum (Fig. 5b,c). Real-time PCR experiments
showed that the level of MSTN mRNA expression increased
significantly at 25 dph (Fig. 5d). At 40 and 80 dph, the level
of MSTN mRNA was significantly greater with respect to
earlier stages of growth (Fig. 5d). Larvae at stage 2 dph were

chosen as calibrators, since the 0 dph stage showed an
almost complete absence of MSTN transcript.

Localization of MSTN protein in sea bass larvae
by immunohistochemistry

The immunohistochemical localization of MSTN is sum-
marized in Table 2.

The epithelium of the yolk sac (when still present) showed
moderate immunoreactivity to MSTN antiserum (Table 2).

Fig. 2 Immunohistochemical localization of IGF-I in sea bass larvae
and fry. All micrographs show counterstaining with haematoxylin. a
At hatching, strong IGF-I immunoreactivity is present in the
cytoplasm of the intestinal epithelium (arrowhead). Marked immu-
nostaining is also present in the new muscle fibres that are produced
during the myofibrillogenesis process, as indicated by the presence of
many centrally aligned swollen nuclei (arrows). Top Notochord (N). b
Parasagittal section at the trunk level in a 4-dph larva (M myomere in
which muscle fibres are immunopositive, arrows centrally aligned
swollen nuclei characterizing the new muscle fibres produced during
the myofibrillogenesis process, arrowheads immunopositivity in the

skin). c Sagittal section of a 10-day larva. Immunostaining is found in
the epithelium of the pharynx (asterisks). Note the negative mucous
cells (arrowheads). Cartilage (C) is also negative. d Sagittal section of
the stomach of a 40-dph larva showing immunopositivity in the
epithelium (asterisks) and in the gastric pits (G). Liver (L) parenchyma
is also positive. e Transverse section of a 80-dph fry. Marked IGF-I
immunostaining is present in the trunk musculature at the level of red
muscle fibres (R), whereas white muscle fibres (W) show faint
positivity. f In a 80-dph fry, immunostaining is present in the
epithelium of the gill filaments (arrowheads positive cells located at
the base of the secondary lamellae). Bars 10 μm (a–c, e), 20 μm (d, f)
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At all stages examined, epithelial cells of the epidermis
were immunoreactive to MSTN antiserum (Fig. 6a),
whereas mucous cells were negative (Fig. 6e). From day
4, marked immunostaining was present in the epithelium of
the developing intestine and in skeletal muscle (Table 2). In
larvae aged 5–10 days, faint immunoreactivity was ob-
served in the parenchyma of the liver and pancreas (Fig. 6b)
and in the heart muscle (Fig. 6c). In larvae aged 25–40
days, strong MSTN immunostaining was observed in the
epithelium of the gill filaments (Fig. 6d). In gut epithelium,
strong immunostaining was evident in larvae aged 40 days
(Fig. 6e). From day 40, MSTN immunoreactivity was
observed in the epithelium of the renal tubules (Fig. 6f). In
skeletal muscle of fry, marked immunostaining was

observed in white muscle fibres, whereas red fibres were
negative (Table 2).

Expression of MSTN in various adult tissues and organs
of sea bass as detected by real-time PCR
and immunohistochemistry

The same samples and the same real-time methods as used
for the IGF-I assay were employed for the relative
quantification of MSTN. Among the organs and tissues
examined, a high level of MSTN mRNA was exclusively
observed in the lateral muscle, although the skin also
showed a modest amount of MSTN mRNA (Fig. 7a). The
MSTN mRNA content between the deep white and the
superficial red musculature was also measured in juvenile
and adult fish (Fig. 7b). Real-time PCR results showed that
juveniles (6 months) exhibited a similar level of MSTN
mRNA between deep white fibres and superficial red fibres,
whereas adults showed a higher value for MSTN mRNA in
the red muscle fibres (Fig. 7b).

In adults, immunohistochemistry experiments showed
moderate MSTN labelling in the liver (Fig. 8a), whereas the
gill epithelium exhibited significant immunostaining (Fig. 8b).
Weak immunostaining was detected in the muscle fibres of
the heart (Fig. 8c). In skeletal muscle, marked immunostain-
ing was observed in red muscle fibres (Fig. 8d), whereas the
white deep muscle fibres were negative (inset in Fig. 8d).

Discussion

This study reports the expression of mRNA for IGF-I and
MSTN throughout the life cycle of sea bass. Moreover, the
cellular localization of IGF-I and MSTN proteins has also
been studied from hatching to adult stages by immunohis-
tochemistry with polyclonal antisera raised against sea
bream IGF-I (Fine et al. 1997) and MSTN (Radaelli et al.
2003b).

Expression and cellular localization of IGF-I in sea bass

The ubiquitous expression of fish IGF-I has been confirmed
in this report, although its intensity and appearance
(especially at the mRNA level) depended on the organ
and the developmental stage considered.

Generally, the liver is the main source of endocrine IGF-
I. In sea bass, our ISH experiments have revealed that only
this organ shows detectable mRNA expression from 6 dph.
Real-time PCR has confirmed the ISH data indicating that
IGF-I mRNA increases from the second day post-hatching
and that this trend becomes statistically significant from day
4. The observation that IGF-I mRNA is not expressed in
large amounts before day 4 is in agreement with earlier

Fig. 3 Expression of IGF-I mRNA in various adult tissues and organs
of sea bass, detected by real-time PCR. a In adult animals, the liver (L)
showed the highest level of expression for IGF-I. The intestine (I) was
used as the calibrator sample (G gills, H heart, M muscle, S skin). Bars
designated with different letters are significantly different (P<0.05). b
IGF-I mRNA levels were measured in white and red muscles collected
from juvenile and adult fish. The relative amount of IGF-I mRNAwas
higher in the deep white muscle (WM) in juvenile fish compared with
that in red superficial muscle (RW). The latter showed a higher IGF-I
mRNA content in adult animals. A Student’s t-test for independent
samples was used to evaluate significant differences (*P<0.05) in
IGF-I mRNA expression between the two types of muscle. White
muscle was chosen as the calibrator in both juvenile and adult samples
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studies that have shown that IGF-II, and not IGF-I, is the
most precocious insulin-like factor to be expressed in
mammals and fish (Wood et al. 2005). The intensity of
IGF-I immunoreactvity observed in the sea bass liver is
strong from early developmental stages throughout life, as
its mRNA expression. However, in some fish, as in
tilapia and in barramundi, the evident expression of IGF-I
mRNA in the adult liver does not correspond to IGF-I
immunoreactivity in hepatocytes (Richardson et al. 1995;
Schmid et al. 2000). If the IGF-I is immediately released
from fish liver into the circulation, as is observed in
mammals (Hansson et al. 1988) and has been suggested for
tilapia and barramundi (Berishvili et al. 2006), then the high
level of IGF-I mRNA and protein found in adult sea bass
may be attributable to the high IGF-I turnover present in
hepatocytes of this species. However, another factor
involved in the translational regulation of IGF-I mRNA
might be the concentration of circulating growth hormone
(GH). Indeed, Pierce et al. (2004) have found, in a primary
hepatocyte culture system established from salmon, a
biphasic response curve, since the high GH level down-
regulates GH signaling and, consequently, IGF-I production.

Paracrine IGF-I is widely distributed and, indeed, our
investigations have shown an abundance of IGF-I mRNA
and protein in various organs of larvae and of adults. ISH
experiments have also revealed that IGF-I mRNA expres-
sion is abundant in the intestine and in the cartilage of
larvae. However, this expression is not observed until the
third week post-hatching. This may be because the mRNA
level in the intestine and in the cartilage is too low to be
detected by our ISH technique. Most likely, in these organ
and tissue, the mitogenic effect of IGF-I is required once

the organ is formed and the gut epithelium and chondro-
cytes need to increase their proliferative ratio by growth
mechanisms. We have found IGF-I immunoreactivity in the
epithelial layer of the pharynx, oesophagus, stomach and
intestine, corroborating earlier observations (Perrot et al.
1999; Radaelli et al. 2003a; Berishvili et al. 2006) and
suggesting a paracrine/autocrine action of IGF-I in promot-
ing the epithelial cells proliferation of these tracts. The
presence of IGF-I protein in the epithelia of gills and renal
tubules also suggests that IGF-I is involved in osmoregu-
lation. Although IGF-I immunoreactivity has been de-
scribed in the gills of several fish species (Perrot et al.
1999; Radaelli et al. 2003a; Berishvili et al. 2006), its
expression in the epithelium of renal tubules has been
reported only in tilapia (Berishvili et al. 2006). Our study
has demonstrated the presence of IGF-I protein in the heart
musculature from larvae to adults; this data is in agreement
with that from the shi drum (Radaelli et al. 2003a). The
prolonged expression pattern found in the heart, together
with the observations of Biga et al. (2004) indicating that
the treatment of tilapia with recombinant bovine somato-
tropin decreases the mRNA level of the IGF-I receptor A,
indicates that a complex, poorly understood autocrine/
paracrine mode of action of IGF-I occurs in the fish heart.
However, of importance, Berishvili et al. (2006) have
detected IGF-I immunoreactivity in cardiomyocytes only
up to 70 days post-fertilization, suggesting a particular
physiological impact of IGF-I, especially during heart
development.

In this study, immunoreaction for IGF-I has been found
in sea bass skeletal muscle throughout the life cycle.
Similar results have been observed in sea bream, shi drum

Fig. 4 Immunohistochemical
localization of IGF-I in sea bass
adults. All micrographs show
counterstaining with haematox-
ylin. a Liver (L) exhibits marked
IGF-I immunostaining in the
hepatocytes. b In gills, IGF-I
immunostaining is present in
both primary and secondary
(arrowheads) lamellae. c Striat-
ed myocardial fibres of the heart
(H) showing marked IGF-I
immunostaining. d Transverse
section of the lateral muscle
showing strong immunostaining
in red fibres (R). Inset: Mosaic
of white muscle fibres (W).
Most of the fibres exhibit
marked immunoreactivity
(asterisk negative fibre). Bars
20 μm
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and tilapia (Perrot et al. 1999; Radaelli et al. 2003a;
Berishvili et al. 2006) suggesting that IGF-I acts as a
growth regulator for both red and white fibres. However, in
the adult white muscle, large-diameter differentiated fibres
show an absence of IGF-I staining, thus indicating that this
factor plays an active role, especially during muscle
development and growth. The real-time PCR data corrob-
orate these results, since the amount of IGF-I mRNA is
higher in developing white muscle fibres of juveniles (at
this stage, white fibres show a higher growth ratio with
respect to red fibres) and in developing red muscle fibres of
adults (at this stage, red fibres show a higher growth ratio
with respect to white fibres).

Expression and cellular localization of MSTN in sea bass

The fish MSTN gene was duplicated during evolution (as
shown by the existence of two clades; Kerr et al. 2005)
giving the MSTN-1 and MSTN-2 paralogue genes. In
salmonids, a second gene duplication occurred resulting in
four MSTN paralogues (Garikipati et al. 2007). In sea
bass, gene duplication for MSTN has not yet been reported.
Therefore, we performed a BLAST and ClustalW search by
using the unique sea bass (D. labrax) MSTN sequence
(AY839106; Terova et al. 2006) against the fish database in
order to assess which MSTN we had amplified in this study.
The alignment revealed a 93% identity of our fragment with
the MSTN-1 gene of zebrafish (NM_131019.3) and 100%
identity with the sea bream MSTN-a (or MSTN-1,
AF258447.1) but only a 75% identity with the MSTN-2
gene of zebrafish (DQ451548.1) and 59% with the sea
bream MSTN-b (or MSTN-2, AY046314.1). Therefore, we
assume that the sea bass MSTN gene examined in this report
belongs to the MSTN-1 clade. This is also supported by the
finding that MSTN-1 and MSTN-2 are differentially
expressed during zebrafish development (Kerr et al. 2005),
the MSTN mRNA expression found in our study resembling

�Fig. 5 MSTN: ISH and real-time PCR in various post-hatching stages
during sea bass development. a In a 25 dph whole-mount larva, the
MSTN hybridization signal is found in the apical part of the myomeres
along the trunk musculature (top, arrowheads). Bottom Sense control
experiment with no signals in the trunk and tail. b In a transverse
section of a fish at 80 dph, a positive hybridization signal is present at
the level of the superficial monolayer (arrowheads) and in the
proliferative area underneath (formed by red and white fibres),
adjacent to the horizontal septum (arrows). c Serial frozen section to
that in g showing the haematoxylin-eosin staining of the area in which
MSTN is expressed. Bars 900 μm (a), 100 μm (b, c). d MSTN
mRNA levels detected by real-time PCR increased from the stage at
25 dph. Data are calculated as the relative expression with respect to
the 25 dph stage. Bars designated with different letters are
significantly different (P<0.05)
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the expression pattern of zebrafish MSTN-1 (zfMSTN-1;
Helterline et al. 2007). Levels of zfMSTN-1 rise during late
stages of somitogenesis, whereas the zfMSTN-2 peaks
rapidly at early stages of somitogenesis and then drops
almost immediately (Helterline et al. 2007). Although we
have investigated post-hatching phases of development in
sea bass, we have detected a low level of MSTN mRNA as
early as 2 dph (and none before), with a significant mRNA
increase being observed at later stages of development (from
day 25).

Because MSTN is expressed at low levels during early
post-hatching development and the earlier expression of
MSTN is generally of maternal origin (Vianello et al. 2003;
Biga et al. 2005), visualization of its mRNA expression by
ISH at these stages is extremely difficult (Kerr et al. 2005).
Our real-time PCR result confirms the lack of a proper

Fig. 6 Immunohistochemical
localization of MSTN in sea
bass larvae and fry. All micro-
graphs show counterstaining
with haematoxylin. a Sagittal
section a 4-dph larva. Immu-
nostaining is found in the epi-
thelium of developing intestine
(arrowheads). Skin (asterisk) is
also positive. Inset: Detail of a
showing immunostaining in the
epithelium (asterisks) and in the
lateral muscle (M). b Sagittal
section of a 10-dph larva show-
ing faint immunoreactivity in
pancreas (arrow) and liver (L).
Intestine (I) is also positive. c
Heart (H) of a 25-dph larva
showing moderate MSTN im-
munoreactivity in the striated
myocardial fibres. d In a 25-dph
larva, strong immunoreactivity
is detectable in the epithelium of
the gill filaments (arrowheads
immunopositive cells located at
the level of secondary lamellae).
e Strong MSTN immunostaining
is present in the epithelium of
intestine (arrows) and in the
skin (asterisks) of a 40-dph
larva. In skin, mucous cells are
negative (arrowheads). f Kidney
of a 80-day fry (H haemopietic
tissue). Faint MSTN immuno-
staining is present in the epithe-
lium of the renal tubules
(arrowheads). Bars 10 μm (c, d
f, inset in a), 20 μm (a, e),
40 μm (b)

Table 2 Immunohistochemical localization of MSTN in sea bass (– not
detectable, +/− slight staining above background levels, + moderate, ++
marked staining, +++ strong staining, x tissue not found on the sections
examined at this stage, R red muscle fibres, W white muscle fibres, NA
not applicable)

Tissue 0–4
days

5–10
days

25–40
days

80
days

Adults

Skeletal muscle + + ++ −R, ++W ++R, −W

Heart x +/− + x +/−
Gut epithelium ++ + +++ + +
Kidney epithelium x + + +/− +
Gill epithelium – – +++ ++ ++
Skin ++ ++ +++ ++ +++
Pancreas – +/− – – –
Liver +/− +/− + +/− +
Yolk sac + NA NA NA NA
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MSTN mRNA signal up to the third week from hatching;
following this period, mRNA expression can be detected in
the trunk lateral muscle of young larvae only in the epiaxial
and hypoaxial proliferative muscle zones. ISH performed
on frozen sections of a 80-dph sea bass has revealed the
presence of MSTN mRNA in the superficial monolayer
(future red muscle under the skin) and in the proliferative
zone below it, adjacent to the horizontal septum. The latter
area is a region of hyperplastic growth characterized by
small-diameter fibres among large fibres (future red and
white fibres), known as the mosaic area (Patruno et al.
1998; Rowlerson and Veggetti 2001). Interestingly, MSTN

immunostaining carried out on sections at the same stage
(80 dph) has revealed that the white muscle only exhibits
intense reaction (see Table 2 and supplemental material).
These observations prompted us to establish a real-time
PCR assay for measuring MSTN mRNA levels in red and
white muscles from juvenile and adult fish, stages in which
the two muscle types can readily be dissected (see below).

In adults, MSTN mRNA is expressed in all organs
examined, as detected by standard PCR. The real-time PCR
approach shows that MSTN mRNA is expressed at high
levels in the lateral muscle, at low levels in the skin and at
very low levels in all other organs examined. However,
when the muscle is not considered in the relative
calculation, higher amount of MSTN mRNA are also
detected in the gills, heart, intestine and liver (data not
shown). The wide distribution of MSTN mRNA in sea bass
organs is supported by the presence of the relative MSTN
protein.

In our previous immunohistochemical studies, the use
of an antiserum raised against sea bream MSTN allowed
us to detect the cellular distribution of MSTN protein in
three different teleosts. This demonstrates the high
degree of similarity between MSTNs from different fish
species, leading to cross-species immunoreactivity
(Radaelli et al. 2003b). Similar results have been obtained
in the present study in which MSTN protein has been
observed not only in the muscle, but also in several other
tissues. The presence of MSTN in heart musculature is in
agreement with the data observed in sole and zebrafish
(Radaelli et al. 2003b), indicating that MSTN plays an
important role during cardiac muscle development. Of
interest, in fish, there may be a direct link between IGF-I
and MSTN in cardiomyocytes, as hypothesized by Shyu et
al. (2005) for mammals; MSTN could, indeed, represent
a chalone molecule of the IGF-I pathway in the cardiac
muscle.

In skeletal muscle, MSTN immunostaining is present,
even during larval life, as observed in other fish species
(Radaelli et al. 2003b). During post-larval development, fry
exhibit negative red fibres and positive white fibres,
whereas adults show the opposite profile. In order to study
MSTN expression in these two highly different types of
muscles further, we have carried out a quantitative relative
assay by means of real-time PCR. Such data in the literature
are scarce and not quantitative, with Northern analysis
showing that (1) MSTN mRNA is higher in the red muscle
of adult brook trout, king mackerel and yellow perch, (2)
MSTN is expressed predominantly in white muscle in little
tunny and (3) MSTN is expressed equally in both muscle
types in mahi-mahi (Roberts and Goetz 2001). Further-
more, Østbye et al. (2001) have demonstrated that, in
salmon, the mRNA of MSTN is detectable in red muscle
only (by standard PCR assay). The real-time PCR assay has

Fig. 7 Expression of MSTN mRNA in various adult tissues and
organs of sea bass as detected by real-time PCR. a Lateral muscle
showed the most elevated expression of MSTN. The intestine (I) was
used as the calibrator sample (G gills, H heart, M muscle, S skin). Bars
designated with different letters are significantly different (P<0.05). b
MSTN mRNA levels were measured in white and red muscles
collected from juvenile and adult fish. In juveniles, the two types of
muscles exhibited a similar MSTN mRNA level, whereas in adults,
the red muscle (RM) showed a higher level of mRNA compared with
the white muscle (WM). A Student’s t-test for independent samples
was used to evaluate significant differences (*P<0.05) in MSTN
mRNA expression between the two types of muscle. White muscle
was chosen as the calibrator in both juvenile and adult samples
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confirmed our immunohistochemical data, especially in
adult sea bass in which the level of mRNA is much higher
in the red/slow portion of lateral muscle than in the white/
fast muscle (this is also the case in shi drum and sea
bream; M. Patruno et al., unpublished observations),
whereas the mRNA levels in juveniles are about the
same. This pattern of MSTN expression, which is in-
fluenced by the developmental stage considered, is
analogous to that observed in mammals. Indeed, in the
latter animals, MSTN mRNA levels are higher in adult
fast-glycolytic fibres compared with those in slow fibres
(Carlson et al. 1999; Matsakas et al. 2006), whereas during
myogenesis (towards the end of the gestation period),
MSTN is expressed in slow fibres only (Patruno et al.
2007). In sea bass, red muscle grows slowly compared with
the fast-growing white muscle. The lack of MSTN protein
in the red muscle of fry (as opposed to the high level of
expression found in the same muscle in adults) suggests
that MSTN plays a role as a negative growth regulator in
this muscle type. However, only a single study has
demonstrated that MSTN suppression (by RNAi) increases
the size of zebrafish because of an increase of muscular
mass (Acosta et al. 2005). Therefore, we cannot exclude
other possible functions for MSTN in the fish muscle or in
other tissues in which it is expressed.

Concluding remarks

Our study demonstrates that the IGF-I mRNA and protein
expression patterns are consistent with previous findings
(Vong et al. 2003; Biga et al. 2004; Pierce et al. 2004)

indicating that IGF-I functions in an autocrine/paracrine
manner that stimulates cell proliferation in various tissues
and organs, especially from the first week post-hatching.
Another indication of the importance of the local production
of IGF-I on general growth is found in the lateral muscle in
which IGF-I mRNA fluctuations during development are
strictly linked to the proliferative condition of either the
white or red muscle fibres. Recently, Eppler et al. (2007)
have shown that the enhanced growth of GH-overexpressing
tilapia probably depends on the action of IGF-I on extra-
hepatic sites, in particular on the skeletal muscle. Therefore,
during intense phases of growth, IGF-I mRNA may be
produced continuously in the muscle (red or white or both)
and immediately released into the circulation or translated
locally; this could also explain the discrepancy between IGF-
I mRNA and protein expression profiles observed in the
lateral muscle.

We have also confirmed the wide expression of sea bass
MSTN-1 mRNA and protein, suggesting that, in fish,
MSTN has additional functions other than regulating
muscle growth. However, of interest, the muscle tissue of
sea bass exhibit a quantitative differential expression of
MSTN in red and white muscle in adults but not during
earlier phases of development. The MSTN mRNA levels
observed in the two muscle types of sea bass, together with
previous ambiguous results obtained in other fish species
(Østbye et al. 2001; Roberts and Goetz 2001), suggest that
MSTN is developmentally regulated (McFarlane et al.
2005) and that a rapid up- or down-regulation of this factor
is necessary during both slow (adults) and rapid (juveniles)
growing phases of sea bass.

Fig. 8 Immunohistochemical
localization of MSTN in sea
bass adults. All micrographs
show counterstaining with hae-
matoxylin. a Liver (L) exhibits
MSTN immunostaining in the
hepatocytes. b In gills, MSTN
immunostaining is present in
both primary and secondary
(arrowheads) lamellae. c Striat-
ed myocardial fibres of the heart
(H) showing faint MSTN
immunostaining. d Transverse
section of the lateral muscle
showing marked immunostain-
ing in red fibres (R). Inset:
Immunonegative white muscle
fibres (W). Bars 20 μm
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