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ABSTRACT 
 

Myostatin is a member of the TGF-β family, and considered a 

negative regulator of myocyte proliferation and differentiation. In 

mammals, myostatin is expressed in skeletal muscle and null mutants 

show a double-muscle phenotype due to hyperplasia and/or hypertrophy. 

In fish, the function of myostatin remains unclear, because it is expressed 

in several organs besides skeletal muscle such as gill, brain, eye, and 

heart, and at least two isoforms (four in salmonids) have been 

documented. In vivo experiments to study myostatin function in fish have 
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been performed with some species, however these experiments are not 

always possible since not every fish species (mainly marine fish) are 

amenable for aquaculture, and mutational or gene-silencing experiments 

require proper conditions and delivery systems, which vary between 

species. To overcome these limitations, in vitro systems have been 

developed to provide a better tool for systematic, repetitive and 

quantitative experiments. In this regard, primary muscle cells have been 

obtained from some fish species to study myostatin function, proving to 

be a valuable and informative strategy; however, tissue integrity is lost 

because of cell dissociation. It is also possible to use a muscle tissue-

culture system to perform gene-silencing experiments ex vivo. In this 

system, tissue integrity is conserved, cells express endogenous myostatin 

and/or myogenic factors for several days, and gene silencing by RNAi 

can be performed by simple transfection. In vitro and ex vivo systems 

have been extensively used to study cellular and molecular mechanisms; 

nevertheless there are still some limitations that highlight the question of 

their relevance concerning in vivo experimental models. Here, we discuss 

different experimental strategies to study myostatin function in fish, 

benefits, limitations, and difficulties of each one, as well as future 

perspectives in therapeutic research and biotechnology. 
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INTRODUCTION 
 

Muscle Structure in Fish 
 

Skeletal muscle is a particular tissue since cells are adapted to allow 

movement. Muscle cells are multinucleated due to the fusion of precursor cells 

[1]. The structure of muscle tissue is complex; it not only contains muscle 

fibers and precursor muscle cells, but also nerves, fibroblasts, osteocytes, 

adipocytes, and endothelial cells. Multinucleated muscle cells are the most 

abundant, however muscle growth requires the interaction of all cell types as 

well as communication with other tissues [2]. 

Skeletal muscle in fish is divided in two symmetrical, lateral halves, 

supported by the vertebral column and bone structures. At each side of the 

medial septum, there are blocks of myomeres or myotomes forming groups of 

muscle fibers parallel to the longitudinal axis of the fish, they are packed 

between sheets of collagenous myosepts. In cross sections, muscles are 
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arranged in four compartments, two dorsal and two ventral, separated by the 

horizontal septum, myotomes are visible as concentric circles [2, 3] (Figure 1).  

 

 

Figure 1. Schematic representation of skeletal muscle in the spotted rose snapper 

Lutjanus guttatus. 

Adipocytes are present between muscle fibers (mainly in red muscle), and 

are particularly abundant between fibers and tendons, and on the myoseptum 

surface. Red (slow) muscle fibers contain several mitochondria; they are 

associated to slow, continuous movement, their content varies among species, 

and they are located under the skin. Intermediate (mixed) fibers show high 

aerobic activity, glycolytic capacity, and intermediate contractile abilities. 

White (fast) muscle fibers are the most abundant and provide strength 

associated to rapid movements, which are not stable or continuous (Figure 2). 

Both red and white fibers may develop during larvae or juvenile stages, since 

the myotome shows a high degree of plasticity during the life cycle, defining 

functional requirements for swimming in each fish species [2-9]. 

 

 

Figure 2. Representation of the three types of muscle: red (slow) muscle with high 

mitochondrial content, mixed (intermediate) muscle with moderate mitochondrial 

content, and white (fast) muscle with low mitochondrial content. 
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Embryonic Muscle Development 
 

Skeletal muscle originates from the dermomyotome, from somites derived 

from paraxial mesoderm. In fish, prior to segmentation, paraxial and axial 

mesoderm develop; the later creates the notochord through a rostral-caudal 

segmentation process. Epiblast cells (which build both types of mesoderm), 

surround the gastrulation hemisphere, which is essential for a correct 

differentiation of muscle cells in fish [5, 10, 11]. Two key genes required for 

the correct migration of cells have been identified in zebrafish, one is spt 

(spadetail), which is required for de appropriate development of axial muscle, 

its absence affects expression of myogenic genes and cell adhesion molecules 

(such as paraxial protocadherin or PAPC) [12-14]. The second gene is flh 

(floating head), required for notochord formation, repressing muscle 

development, thus separating axial and paraxial mesoderm [10, 15, 16]. 

Myogenic precursor cells (MPCs) appear before somite development, at 

the beginning of gastrulation. A subgroup of MPCs, called adaxial cells, 

appears during gastrulation forming a monolayer around the notochord; these 

cells express MyoD before segmentation, initiating the myogenic process [2, 

17, 18]. Once somites develop, most adaxial cells lose their columnar 

morphology and migrate to the lateral surface of the somites where they 

differentiate into non-pioneer slow muscle fibers (NMPs). Another group of 

adaxial cells develop into muscle pioneer cells (MPs), which later will express 

the slow isoform of the myosin heavy chain (MyHC) to produce slow 

contracting muscle (red aerobic muscle). Another subgroup of MPCs, the non-

adaxial muscle precursors, form white (fast) muscle fibers, these are the most 

abundant cells located in posterior-lateral somites [10, 17-20]. Hence, rapid 

and slow muscle cells in fish originate from different precursor cell types, 

differing from chicken and mouse, in which both muscle fibers originate  

from the same precursor cells and their fates are determined after migration  

[17, 21, 22]. 

Adaxial cells require hedgehog (Hh) signaling to commit MPCs to slow 

muscle fibers [10]. Although slow and fast muscle precursors are spatially 

segregated, they do not commit until they have entered the segmental plate. It 

has been documented that a prolonged Hh signaling produces MPs whereas 

short signaling events produce NMPs. In the absence of Hh signaling, cells 

differentiate into fast muscle cells [17, 23, 24] (Figure 3). Hh signaling also 

promotes (indirectly) elongation of fast muscle cells through the production of 

slow muscle cells. This is because slow muscle cells are necessary and 

sufficient to induce elongation of fast muscle cells when they migrate from 
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middle to lateral somites, in this way migration of differentiated cells induce 

morphogenesis [25]. 

 

 

Figure 3. Simplified representation of Hedgehog (Hh) signaling during skeletal muscle 

development in fish. MP, muscle pioneer cells; NMP, non-pioneer muscle cells. The 

doted arrow represents Hh short signaling events to produce NMPs. 

Fast muscle cell differentiation initiates after migration of MyHC-

expressing adaxial cells [10, 18, 26]. The synchronized development of both 

types of muscle has been related to the ability of fish to swim slowly in the 

search of food, and fast to escape from predators [10, 27]. Nevertheless, this 

behavior does not exist in all species probably related to the size of the yolk 

sac; in the presence of a big yolk sac, slow muscle fibers develop post-hatch, 

whereas species with a small yolk sac develop slow fibers before hatch  

[10, 28-30]. 

In fish, the neural tube and the notochord develop opposite to the mid 

myotome, aligning the dorsal-ventral mid line, and the sclerotome appears at 

some distance from the notochord; this is different from amniotes, in which 

the sclerotome appears adjacent to the notochord representing a reduction in 

somite derivatives. This has been related to the propulsion force in fish coming 

from axial muscles. In this way, embryonic cells of fish commit rapidly to the 

myogenic linage (at the end of gastrulation), whereas in amniotes myogenesis 
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occurs until somitogenesis. These differences allow fish to move rapidly at 

hatch [10, 31]. 

 

 

Post-Embryonic Muscle Growth 
 

Post-embryonic muscle growth includes the same steps observed in 

embryonic myogenic development such as cell proliferation, fusion, 

differentiation, sarcomere assembly, and myofibrogenesis [2]. Two 

hyperplasia stages have been described in fish; the first one occurs at the end 

of embryogenesis and is known as stratified hyperplasia (SH), in which 

myotubes from lateral germinal areas of the myotome are formed, resulting in 

an increment of fiber diameter. The SH creates both slow and fast fibers, and 

does not depend on adaxial cell-derived slow fibers. This is the main 

mechanism of myotube formation post-hatch, and may be present throughout 

life in some species [2, 5, 32-37]. 

 

 

Figure 4. Muscle growth by hyperplasia and hypertrophy. A, normal muscle fibers; B, 

myofibrillar hypertrophy (increase in fiber size); C, sarcoplasmic hypertrophy 

(increase in fiber sarcoplasm content); D, hyperplasia (increase in fiber number). 
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The second process of hyperplasia results in a significant increment of 

total fiber number from all muscle layers, acquiring the typical “mosaic” 

shape. This mosaic hyperplasia (MH) causes a five-fold increase of muscle 

fibers in zebrafish; it is the last step of myotube myogenesis building a surface 

of fast muscle fibers with a mosaic shape [2, 5, 32]. MH is the main 

mechanism of fast muscle fiber extension in juvenile and adult fish, 

contributing to up to 40% to the total length of the fish; afterwards muscle 

growth occurs by hypertrophy, muscle fibers grow in diameter and length, but 

not in number. MH is probably the main process contributing to muscle 

growth in species of aquaculture importance [5, 38, 39] (Figure 4). The timing 

for hyperplastic and hypertrophic muscle growth varies among fish species; in 

some species, hyperplasia starts at the end of the larval period while in others 

it starts just prior or after metamorphosis [33, 35]. 

Once the fibers reach a maximum number (FNmax), cells enter a state of 

senescence, and new myotubes are formed only after an injury. These findings 

led to the search for mechanisms inhibiting muscle development and the genes 

involved in the regeneration of damaged muscle [5, 40]. Variations in the 

FNmax have been related to the size of the fish, although other factors (such as 

temperature, photoperiod, reproduction, nutrition, and oxygen) may participate 

[2, 41, 42]. Muscle growth in small fish is produced by hypertrophy of fibers 

generated during embryonic and early stages of larval development. On the 

other side, larger fish show a continuous hyperplastic growth of muscle fibers 

throughout life [39, 43, 44].  

 

 

Myogenic Genes in Fish 
 

Myogenic-regulatory factors (MRFs) include Pax7, Myf5, MyoD, Mrf4, 

and myogenin. These factors play important roles in the proliferation and 

differentiation of skeletal muscle in vertebrates. These proteins belong to a 

group of transcription factors containing a Helix-Loop-Helix DNA-binding 

domain, and form heterodimers with E proteins, such as E12 and E47, which 

are encoded by the E2A gene. These heterodimers bind to a consensus DNA 

sequence (CANNTG), located in regulatory regions of the genes [43, 46, 47]. 

Expression and knockout experiments in the mouse indicate that these proteins 

perform different, overlapping functions during myogenesis [43, 47, 48]. 

In the mouse, quiescent satellite cells express Pax7 and when activated, 

coexpress Pax7 with MyoD. Dorsomedial cells from the dermyotome express 

Myf5, to generate myogenic progenitors, which will form the epiaxial muscle. 
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Then MyoD is expressed in ventral-lateral cells, which are the precursors of 

the hypaxial muscle, this will commit undifferentiated cells to exit the cell 

cycle and differentiate. Afterwards, cells fuse and express myogenin to form 

the myotome. Mrf4 is the last transcription factor to be expressed after 

myogenin activation during somitogenesis, at this time secondary muscle is 

formed and motor innervation starts (Figure 5) [43, 45, 49-55]. 

In teleost fish, the process is somehow different, since some MRFs occur 

in paralogues because of genome duplication events. Interestingly, there are no 

reports of myogenin and Mrf4 variants, only for MyoD and Myf5 [55]. For 

instance, for MyoD four isoforms have been reported in Salmo salar [56, 57], 

and for Myf5, variants have been reported for two species (Haplochrinus 

burtoni and Esox Lucios), differences between variants are mostly located in 

the 5´ region of the sequence. 

 

 

Figure 5. Sequential expression of myogenic genes during muscle development in the 

mouse (modified from [50]). 

During embryonic development, MyoD is the first myogenic factor to be 

expressed in adaxial cells in close proximity to the notochord [18, 33, 58]. In 

zebrafish, anterior adaxial cells commit to differentiate into slow muscle 

fibers, however, if cells fail to maintain MyoD expression, fast muscle fibers 

are formed. Therefore, MyoD is required by adaxial cells to form slow muscle 
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fibers, and Hg signaling is necessary to maintain MyoD expression [17]. At the 

same time, MyoD plays a pivotal role in the activation of satellite cells and the 

novo formation of muscle fibers [43]. In Oncorhynchus mykiss two MyoD 

paralogues have been identified, showing different expression patterns; one is 

expressed in pre-somites and somites, it continues to be expressed in 

myotomes, and in adults accumulates in both slow and fast fibers. The second 

paralogue is expressed only in somites and the protein accumulates only in 

slow fibers [45, 59]. 

Myf5 is expressed before segmentation of paraxial mesoderm; it has been 

detected in adaxial cells, in lateral cells from the segmental plate, in mid and 

lateral regions from the somites, and in pre-somitic cells. Expression of Myf5 

decreases with somite development. In Pralichthy solivaceus, Myf5 expression 

has been detected in caudal somites, jaws, adductor opercula, and pectoral fins 

at hatch [45, 60, 61]. MyoD and Myf5 expression differ mainly in the timing 

(Myf5 is expressed before MyoD), Myf5 is expressed in lateral pre-somitic 

cells and in new somites, while MyoD is expressed in all somites [61].  

Myogenin expression starts in MyoD-expressing medial cells during 

somite formation. Expression continues from mid to lateral regions and then to 

anterior regions during somite maturation [45]. In carp (Ciprinus carpio, L), 

Myf5 is initially expressed during somite formation, followed by MyoD, then 

myogenin, and finally MyHC (myosin heavy chains), as well as α-actin. 

Variations to myogenic gene expression have been documented under culture 

conditions [43], since temperature plays an important role in fish myogenesis. 

In addition, different expression patterns have been reported among different 

fish species [43]. Several factors participate in the regulation of MRFs, these 

include E proteins, Id porteins, MEF2, Cysteine-rich proteins (CRPs), Bone 

Morphogenetic Proteins (BMPs) and other members of the Transforming 

Growth Factor (TGF-β) family of proteins, such as the Growth and 

Differentiation Factor-8 (GDF-8), also known as myostatin [45, 52, 62-66]. 

 

 

Myostatin 
 

The growth and differentiation Factor-8 (GDF-8), also known as 

myostatin, is a negative regulator of myocyte proliferation and differentiation. 

Its function was demonstrated through knockout experiments, in which 

myostatin-null mutant mice showed a double muscle phenotype [68].  

Myostatin inhibits myoblast proliferation by halting the cell cycle in G1, 

specifically by the regulation of p21, which in turn arrests cyclin-dependent 
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kinase-2 (Cdk2) in satellite cells, inducing cell senescence [69]. In addition, 

myostatin blocks the recruitment of p300 to the cyclin D1 promoter resulting 

in cyclin D1 silencing, and inducing p300 degradation through the ubiquitin-

proteasome system [70]; this in turn will prevent cyclin-dependent kinase-4 

(Cdk4) activity and promote cyclin D1 degradation. Without Cdk4/Cdk2, 

retinoblastoma (Rb) is activated, sequestering the transcription factor E2F and 

halting the cell cycle in the G1/S checkpoint [70, 71]. Myostatin-induced cell 

senescence is reversible, and myogenic factors (such as Pax-3 and MyoD) may 

reinitiate cell cycle progression [73].  

The myostatin gene is composed of three exons and two introns [74]. As a 

member of the TGF-β superfamily, the protein consists of different functional 

domains: a) an amino-terminal domain important for the proper folding of the 

precursor protein, as well as for the correct dimerization of the mature protein 

[75]; b) a pro-region followed by a conserved motif (RSRR) which represents 

a catalytic-processing site; and c) a 109 amino acid carboxy-terminal domain 

containing nine conserved cysteine residues; this domain is responsible for the 

biological activity of the protein [76]. Cell signaling is performed through 

activin receptors [76-78]. 

The myostatin gene/transcript has been sequenced from more than 70 fish 

species, some of them presenting two (or even four) isoforms [79-83], which 

show different (species-specific) expression patterns during growth and 

development [84]. It is believed that these isoforms resulted from genome 

duplication events during fish evolution, and have not been reported in 

mammals [80, 85]. Recently, it has been suggested that myostatin inhibits 

muscle cell proliferation (hyperplasia) but does not participate in 

differentiation (hypertrophy) [55, 86]. In addition, myostatin in fish is 

expressed in several tissues (such as brain, ovary, eye, and gill) [83, 87-92], 

whereas in mammals appears to be muscle–specific (although it has been 

detected in Purkinje fibers, heart, and mammary gland) [93, 94].  

It has been suggested that in fish, myostatin performs different functions 

other than the regulation of muscle growth [95]. For instance, the function of 

myostatin in the brain is still unknown; however, it has been related to the 

growth and differentiation Factor-11 (GDF-11), since GDF-11 functions as a 

regulator of neurogenesis [80]. It is believed that GDF-11 and GDF-8 

(myostatin) originate from the same ancestral gene expressed in both muscle 

and brain, and while in mammals GDF-8 is muscle-specific, in fish maintains 

its ancestral expression pattern [96].  
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Myostatin Gene Silencing in Fish 
 

First studies aimed to understand myostatin function in fish were carried 

out with zebrafish, in which a transgenic line was generated by microinjection 

of a plasmid harboring the myostatin prodomain driven by the light chain 

myosin (mylc) promoter. No significant changes were observed in the 

expression of myogenic genes or in slow and fast muscle cell differentiation 

during embryonic development. However, transgenic fish did show 

hyperplasia (but not hypertrophy) of muscle fibers [97]. 

Posttranscriptional gene silencing by RNAi has also been used to 

knockdown myostatin in fish. Acosta et al. [98] used dsRNA designed from 

the active peptide region of zebrafish myostatin to obtain the giant phenotype. 

Fish showed both hyperplasia and hypertrophy of muscle fibers. RNAi has 

also been used in vivo to silence myostatin in Dicentrarchus labrax [(99]. Two 

strategies were tested, direct injection of dsRNA and shRNA into muscle 

tissue, and electroporation. After seven weeks, no weight differences were 

observed, however a decrease in myostatin transcription was detected. On the 

other hand, the microRNA-27a was shown to promote cell proliferation in a 

myoblast C2C12 cell line by targeting the 3´UTR region of the myostatin 

transcript, demonstrating that miRNAs regulate myogenesis in mammalian 

cells [100], and opening new alternatives for myostatin regulation in fish.  

The two myostatin isoforms from Tachysurus fulvidraco (yellow catfish) 

have been silenced by endonuclease edition. Myostatin-1 was silenced by 

Zinc-Finger Nucleases (ZFN); the mutation produced two lines of myostatin-

null fish, one with an insertion of 4 bp and the second with a deletion of two 

amino acids in the N-terminal region of the protein, both mutations in exon 

one [101]. The second myostatin was silenced with Transcription Activator-

Like Effector Nucleases (TALENs), deleting mostly exon 2 and obtaining only 

F1 heterozygous mutants. Mutant fish grew normally, and muscle growth 

phenotypes were not observed [102].  

TALENs have also been used to silence myostatin in vivo in Oryzias 

latipes [103]. Mutant F2 fish showed a significant increase in weight and 

length without deformities or other defects. At the same time, the authors 

found a decrease in the expression of Smad3, and an increase in the expression 

of MRFs. However, F3 fish, when challenged with the Redspotted Grouper 

Nervous Necrosis Virus (RGNNV), showed low expression levels of Gig1, 

MxA, ISG56, and ISG15, which stimulate the interferon response, concluding 

that the mutation produced a reduction of the immune response. Other 

genome-editing systems (such as CRISPR-Cas9) are currently used to silence 
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the two isoforms of myostatin in zebrafish (work in progress). RNAi and 

genome-editing technologies in vivo have been useful to study the function of 

myostatin as a regulator of muscle growth in fish; however, the experiments 

have shown inconsistent results due to several variable factors (both intrinsic 

and extrinsic), which are difficult to control. Myostatin function in fish has 

also been studied in vitro, showing that it inhibits satellite cell proliferation 

[96]. In vitro strategies are useful to study gene function since it is possible to 

perform controlled experiments, in which most (if not all) factors are 

standardized throughout the experiment. Different in vitro strategies are 

available for muscle cells; an attractive option is to work with tissue culture 

systems, since the integrity of muscle cells is mostly preserved, this is 

important because of the particular organization of muscle fibers, which 

maintain cell-cell communication for more realistic results. Under this context, 

two in vitro strategies (explant and tissue culture) were tested to study 

myostatin function in muscle from a commercially important marine fish 

species (the spotted rose snapper Lutjanus guttatus). These strategies allow 

performing short-term reproducible, controlled experiments, which would be 

difficult achieve in vivo due to costs, fish availability, and methodological and 

logistic factors in general.  

 

 

METHODS  
 

Explant Culture 
 

Explants were prepared from muscle tissue obtained from the marine fish 

L. gutattus to evaluate cell proliferation and survival. Fish (30–40 g body 

weight) were collected from grow-out ponds and acclimatized in circular 

fiberglass tanks of 6000 L for four days prior the experiment. Fish were fed 

with commercial pellets. Prior muscle dissection, three fish were maintained 

overnight in sterile, aerated seawater containing 1000 IU/ml penicillin and 

1000 µg/ml streptomycin for 24 h at room temperature. For muscle sampling, 

fish were anaesthetized by plunging in ice for 5 min and surface-sterilized by 

dipping in 5% sodium hypochlorite (500 ppm available chlorine) for 5 min and 

wiped with 70% alcohol for 5 min. The skin from the flank of each fish below 

the lateral line and viscera was carefully removed and discarded using a sterile 

scalpel blade. The dorsal muscle was used to initiate the culture. Each dorsal 

muscle was dissected under aseptic conditions in a laminar flow cabinet, and 

washed three times for 15 min with sterile PBS containing penicillin/ 
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streptomycin (P/S) 2% (v/v) and FungizoneTM 2% (v/v). Subsequently, they 

were cut into small pieces (approximately 4 x 4 x 2 mm) [115] using a sterile 

surgical scalpel in the same solution. The explants were then air-dried on the 

surface of a poly-L-lysine (0.05mg/ml)-treated dish for 45 minutes [115]. 

Muscle tissue fragments were inoculated in a 6- or 24-well culture plate with 

2.5 or 0.5 ml respectively of prepared growth medium (Table 1). After 

inoculation of tissue fragments, the plate was incubated at 27ºC and observed 

daily using an inverted microscope (Zeiss, Axiovert A1) for attachment, 

spreading, and proliferation. Cells were fed with fresh medium every 3–5 

days. Muscle explants were maintained for 18 days without any morphological 

change. During the first days, all explants were viable and adhered firmly to 

the surface of the flask or plate. Emergence of small myoblast-like cells close 

to the attached muscle explants was observed within five days (Figure 6). 

After 18 days, numerous fusiform cells were observed to spread around the 

founding explant and formed a confluent monolayer. These first results 

indicate that DMEM medium supplemented with antibiotics, salt, and fetal 

bovine serum (FBS) (see table 1) is adequate for culturing explants of marine 

fish muscle showing good cell growth for 20 days.  

In a separated trial, explants were prepared and cultured under the same 

conditions described above, except that temperature was raised to 29°C, and 

then to 31°C, obtaining better results at 31°C in cell proliferation and survival 

for more than five weeks even after the explant was removed (figure 6). 

However, experiments at 31°C have not been performed. 

 

Table 1. 

 

Supplement cell culture reagent DMEM* Concentration  

Penicillin/Streptomycin 1% (v/v) 

Fungizone 1% (v/v) 

L-glutamine 1% (v/v) 

NaCl FBS  0.07 M 15% (v/v) 

* For each experiment, the culture medium was prepared fresh, pH-checked (7.5), and 

sterilized by filtration through 0.2-p.m millipore filters. 

 

 

Tissue Culture 
 

Recently, the ex vivo tissue culture system has stimulated research efforts 

to develop fish screening assays. This method has the advantage over in vivo 
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assays in that it is less time- and resource-consuming and minimizes the use of 

animals; moreover, it maintains the structure and function of the source tissue, 

and the cellular integrity can be verified histologically (Figure 7). 

Additionally, tissue culture is uncomplicated compared to primary cell 

cultures, which are time-consuming because they require an isolation 

procedure by mechanical or chemical methods [107]. Tissue culture systems 

are particularly suitable to study specific mechanisms requiring cell-cell and 

cell-matrix communication mechanisms.  

 

 

Figure 6. A) Cells emerging from muscle explants of L. guttatus incubated at 27°C 

(40X); B and C) Cells incubated at 27°C spreading and attaching on day 5 post-

explantation (40X); D) Proliferation of myoblasts on day 6 of culture at 27°C (40X); 

E) Cell monolayer formed from the muscle explant at day 9 at 27°C (40X), F) 

Complete monolayer formed around the explant at day 11 at 27°C (10X); E and F) 

Cells after five weeks at 31°C (20X). 
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Figure 7. Histological hematoxylin & eosin-stained cross (A and C) and longitudinal 

(B and D) sections of muscle tissue in culture after 3 (A and B) and 5 (C and D) days 

(40X). Some fiber disorganization and potential damage (arrows) is observed in 

cultured tissues after 5 days, due probably to culture conditions. 

The preparation of ex vivo tissue cultures was relatively simple. Dorsal 

muscles were aseptically removed and placed in a glass Petri dish containing 

sterile PBS and 2% penicillin-streptomycin solution. Each dorsal muscle was 

dissected into fragments of ∼4 mm3 and maintained in a serum-free culture 

medium. Tissue fragments were randomly transferred onto 13 mm sterile 

OmniporeTM membrane filters with a 0.45 µm pore size (Millipore), and each 

disc was placed into a well-plate filled with 600 µl of conditioned medium 

(Table 1, Figures 8 and 9). Muscles were acclimatized for two days at 27°C 

prior transfection (see below) in a 5% CO2 atmosphere. In this case, tissues 

were incubated for 10 days at 27°C only; higher temperatures (29 and 31°C) 

have not been tested. Tissues were harvested after 10 days of culture. In both 

cases (explants and tissues), expression of myostatin, MyoD, Mrf4, and 

myogenin was evaluated by RT-PCR in cultures incubated at 27° C. β-actin 

was used as internal control gene. 

 

 

Myostatin Gene Silencing Assays in Tissue Culture 
 

Tissue culture is an easy and inexpensive way to perform short-term gene 

silencing assays. This culture strategy is also useful to study gene function 
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through posttranscriptional gene silencing by RNAi. Samples harvested from 

two specimens and three independent replicates for each experiment were 

assayed using two different approaches: transfection of Dicer-substrate small 

interference RNAs (DsiRNAs) and transfection of short-hairpin RNAs 

(shRNAs)-expressing vectors. Both DsiRNAs and shRNAs were designed to 

target exon 3 of the myostatin transcript from L. guttatus (GenBank: 

JX987064) encoding the active peptide domain. DsiRNAs were designed 

according to Integrated DNA Technologies (IDT, http://www.idtdna.com/ 

pages/products/gene-silencing/custom-dsirna), whereas shRNAs were 

designed with the Block-it RNAi Designer tool from Invitrogen 

(http://rnaidesigner.lifetechnologies.com/rnaiexpress/), and inserted into a 

vector using the Block-iTTM U6 RNAi entry vector kit (Invitrogen). Both 

approaches were previously tested in mouse fibroblasts (3T3 L1) expressing 

fish (L. guttatus) myostatin in co-transfection experiments. Transfections of 

fibroblasts were performed at 37°C with XFect™ in vitro transfection reagent 

(Clontech). Since fibroblasts expressed fish myostatin at very high levels, cells 

were transfected first with shRNAs (2 ug) or DsiRNAs (50 pmol), then 

transfected with fish myostatin 21 hours later, and harvested 3 hours later (24 

hours after transfection with shRNAs or DsiRNAs). Cells were harvested and 

the silencing effect was evaluated by real-time PCR. The same transfection 

reagent was used to silence endogenous myostatin is fish muscle tissue under 

culture conditions. Muscle tissue from two specimens were prepared for 

culture and incubated at 27°C for 48 hours before transfection. Tissues were 

transfected with shRNA1047 (20 ug) or DsiRNA18 (300 pmol), plates were 

incubated at 27°C for 72 h. Muscle samples were collected to isolate RNA and 

assess myostatin gene silencing by real-time PCR.  

 

 

RESULTS 
 

In vitro culture is a standard technique used to study physiologic, 

biochemical, and developmental properties in different organisms [104-105]. 

Particularly in teleosts, some efficient culture methods from different organs, 

tissues, and species have been developed to establish fish cell lines, primary or 

organ ex vivo cultures [106]. In this regard, different culture techniques, such 

as tissue slices [107], dispersed cells [108-110], gonads [111], embryos [88, 

112], cartilage [113], and perfused whole brain [114] have been successfully 

established.  
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Figure 8. Schematic setup of the ex vivo muscle organ culture from fish. A) Dissection 

of dorsal muscle (a) in a Petri dish (b) filled with fresh medium (c); B) Detail of 

muscle fragment (a) transferred into a-well plate (b) for incubation in fresh medium (c) 

on a Millipore membrane (d); C) View of all muscle fragments during incubation in a 

twelve-well plate. 

Explant cultures were able to promote cell growth and survival at 27°C as 

long as the explant was present. Once the explant was removed, the cells 

attached and survived for about three days and then started to die. Cells 

incubated at 29°C and then at 31°C, showed an improvement in proliferation 

even after the explant was removed, however more trials are necessary in 

order to establish the optimum temperature for cell growth and survival. 

Another problem with this strategy was bacterial growth. Several approaches 

to remove bacteria from explant cultures were attempted with no avail. 

Apparently, bacteria were inoculated from the fish muscle, and we partially 
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overcame the problem by treating the fish with antibiotics before dissection. 

Since the bacterial culture was not successful, we performed a molecular 

identification to improve the antibiotic treatment. In spite of these problems, 

explants were maintained in culture for 18 days, and expression of myostatin 

and myogenic genes was assessed. 

 

 

Figure 9. Muscle tissue of L. guttatus after 14 days in culture. 

The expression of myostatin in explants from L. guttatus was detected at 

high levels in fresh tissue (day 0), decreasing from day 1 to day 3 to lower but 

detectable levels, decreasing even more to undetectable levels at day 4, 

increasing again from day 6 to day 18, when the explant was harvested for 

analysis. MyoD and Mrf4 were expressed at day 0, and from day 1 to day 6, 

decreasing afterwards to almost undetectable levels, coinciding with the 

increased expression of myostatin. Myogenin was expressed at day 0 and from 

day 1 to day 10, decreasing afterwards to lower but detectable levels. (Figure 

10). Myf5 expression was not detected at any time. β-actin was expressed in all 

samples except at day 18. 

Tissue culture was easy to perform, muscle pieces flattened in culture, 

however, tissue integrity was maintained and bacterial growth was not a 

problem. In tissue culture, expression of myostatin in muscle from L. guttatus 

was high at day 0, and then from day 1 to day 5 of culture, afterwards, 

expression decreased to lower but detectable levels. Myogenic genes (MyoD, 

Mrf4, and myogenin but not Myf5) were expressed at day 0 and from day 1 to 

day 10, when tissues were harvested for analysis (Figure 11). Expression of β-
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actin was constant throughout the experiment. Since gene expression was high 

throughout the 10-day experiment, and muscle morphology was still intact 

after 14 days of culture (in spite of some fiber disorganization and potential 

damage), it is possible that longer experiments could be successfully 

performed. Myf5 was not detected, neither in explants nor in tissues. Myf5 in 

fish is expressed early in somitogenesis (pre-somitic expression) and its 

absence may be related to the age of the donor fish. Future work should 

include early juvenile fish (not older than 90 days post-hatch, weighting up to 

20 g), or even larvae (30 to 40 dph) as long as muscle tissue dissection is 

possible. This approach may help also to improve cell proliferation and 

survival in culture. 

It is evident that the expression profiles observed in explants and tissues 

are not the same, indicating that gene expression could change depending on 

the culture system. Apparently, in explants cell proliferation stopped around 

day 8 (expressing myostatin but not myogenic genes), and probably 

experienced cell death by day 18, since a general decrease of gene expression 

was observed. In muscle tissues, gene expression seemed to be more stable. 

The whole muscle tissue includes different cell types (besides muscle cells), 

and cell-cell and cell-matrix interactions under these conditions have not been 

studied [38].  

In a different culture system form a different fish species (a myoblast 

primary culture from Sparus aurata), [55] reported expression of Myf5 and 

MyoD2 during the first days of culture indicating cell proliferation, decreasing 

as differentiation occurred. At day 7, expression of myogenin and Mrf4 

increased, indicating myotube differentiation. It is necessary to characterize 

the cells in different culture systems from both morphological and molecular 

perspectives, in order to understand the regulatory networks working under 

different culture conditions. Other genes such as Pax3, Pax7, and Sox8, among 

others participate in the regulation of myogenenis, working downstream or in 

parallel with MRFs, but more research is needed to clarify these and other 

interactions [38, 55, 116, 117].  

Fish myostatin was successfully expressed in mouse fibroblasts, and both 

silencing strategies (DsiRNAs and shRNAs) were able to decrease gene 

expression (Figure 12). Best results were obtained with shRNA1047 and 

DsiRNA18. In a first attempt to silence endogenous myostatin in fish muscle 

tissue under culture conditions, these two treatments were selected. 

Preliminary results show that transfection of shRNA1047 and DsiRNA18 for 

72 hours decreased myostatin expression in cultured tissues, indicating that the 

RNAi mechanism was successfully activated (Figure 13).  
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Figure 10. Gene expression in muscle explants from L. guttatus from day 0 to day 18, 

incubated at 29°C. M indicates the 100 bp ladder molecular weight marker, and N 

indicates the negative control without DNA. 

 

Figure 11. Gene expression in muscle tissue from L. guttatus from day 0 to day 10, 

incubated at 29°C. M indicates the 100 bp ladder molecular weight marker. 
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Figure 12. Fish myostatin gene silencing in mouse fibroblasts. Myostatin was 

expressed in cells co-transfected with fish myostatin and a scrambled DsiRNA 

sequence (control seq). Expression levels decreased in cells co-transfected with fish 

myostatin and shRNAs (sh915 or sh1047), or fish myostatin and DsiRNAs (dsiRNA4 

or dsiRNA18). Non-transfected fibroblasts expressed endogenous (mouse) myostatin 

at very low levels (Cells). 

 

Figure 13. Fish myostatin gene silencing in muscle tissue culture at 72 hours post-

transfection. Myostatin was expressed in muscle tissue incubated in DMEM with the 

transfecting polymer (DMEM+pol). Expression of myostatin decreased in tissue 

transfected with shRNA1047 and DsiRNA18. 
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Further research is necessary to improve these experiments by increasing 

exposure time, incubation temperature, sample size, by testing different 

concentrations of both shRNAs and DsiRNAs, and by analyzing possible 

hypertrophy and/or hyperplasia on histological sections. Deep transcriptome 

sequencing could be performed in order to study different mechanisms of 

muscle development and growth with biotechnological applications, including 

therapeutic research to understand and treat pathological conditions.  

 

 

CONCLUSION 
 

Fish muscle explant and tissue culture systems are fast and inexpensive 

methods to study gene function ex vivo. Further research is necessary to 

establish optimum culture conditions and to characterize cell morphology 

under different culture environments. So far, our results (although preliminary) 

indicate that the tissue culture system could be a good approach to perform 

short duration myostatin gene silencing assays in fish using shRNAs or 

DsiRNAs. This strategy could be especially useful when working with marine 

fish, since in vivo assays could be expensive and, sometimes, logistically 

difficult due to fish size and availability. 
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