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in vitro myocyte studies. The first paper published by our group in this field was with Tom Moon on brown
trout cardiomyocytes, where the insulin and IGF-I receptors were characterized and the down-regulatory effects
of an excess of peptides demonstrated. We followed the research on cultured skeletal muscle cells through the
collaboration with INRA focused on the characterization of IGF-I receptors and its signaling pathways through
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In vitro cultures in vitro development. Later on, we showed the important metabolic role of IGFs, although these studies were
Insulin only the first stage of a prolific area of work that has offered a useful tool to advance in our knowledge of the en-

IGFs docrine and nutritional regulation of fish growth and metabolism. Obviously, the findings obtained in vitro serve
Insulin and IGF-I receptors the purpose to propose the scenario that will need confirmation in vivo, but this technique has made possible

Myogenesis many different, easy, fast and better controlled studies. In this review, we have summarized the main advances
Myogenic factors that the use of cultured muscle cells has permitted, focusing mainly in the role of IGFs regulating fish metabolism
TA?nl?no acids and growth. Although many articles have already appeared using this model system in salmonids, gilthead sea
bream or zebrafish, it is reasonable to expect new studies with cultured cells using innovative approaches that

will help to understand fish physiology and its regulation.
© 2015 Published by Elsevier Inc.
1. Introduction Our group has participated in the development of the field working

During the last decade, the use of muscle cells for in vitro studies in fish
has increased importantly, with the contribution of different laboratories
around the world. After the first publication in common carp by Koumans
et al. (1990), many other groups have developed the technique in different
species: rainbow trout (Rescan et al., 1995; Seiliez et al., 2008; Gabillard
et al,, 2010; Garikipati and Rodgers, 2012), Atlantic salmon (Bower and
Johnston, 2009), giant danio (Froehlich et al, 2013) and zebrafish
(Froehlich et al., 2014). The primary culture of fish cardiomyocytes has
been also utilized as a useful technique to characterize heart physiology,
and Nurmi and Vornanen (2002) explored the electrophysiological
characteristics of rainbow trout cardiac myocytes, and later, Goldstein
et al. (2004) studied their metabolic viability. Brette et al. (2008) proposed
the ventricular myocytes in zebrafish as an ideal model for the investigation
of mutated ion channels, and more recently, Sander et al. (2013) also used
zebrafish cardiomyocytes to study heart regeneration.
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first with fish myocytes, later with adipocytes, and more recently with
osteoblasts. (Castillo et al., 2002; Montserrat et al., 2007; Bouraoui
et al., 2008; Salmeroén et al., 2013a; Capilla et al., 2011). However, the
first paper published by our group in fish myocytes was an article
with Tom Moon (Moon et al., 1996) on cardiomyocytes that was started
in Seattle in collaboration with E.M. Plisetskaya in the summer of 1995
and later continued in Barcelona during the sabbatical of Tom at the
University of Barcelona. In this study, both insulin and insulin-like
growth factor I (IGF-I) receptors in brown trout cardiomyocytes were
characterized and the capacity of down-regulation by both ligands
was demonstrated (Fig. 1). This finding was later confirmed in vivo in
the red muscle of the same species (Bafios et al., 1997), and these stud-
ies were the first stage to open the line of research in cultured myocytes
from skeletal muscle in our laboratory.

We continued the research on skeletal myocytes through the col-
laboration with INRA (B. Fauconneau, P.Y. Le Bail and P.Y. Rescan, in
Scribe, Rennes). They already had developed the technique to isolate
satellite muscle cells from rainbow trout (Rescan et al., 1995;
Faucanneau and Paboeuf, 2000), and we adapted it to investigate in-
sulin and IGF-I binding (Castillo et al., 2002). This first paper was fo-
cused on the characterization of IGF-I receptors (total number,
binding and affinity) through myocytes development in culture,
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Fig. 1. Insulin and IGF-I receptors characterization in brown trout isolated cardiomyocytes. Schematic representation of receptor binding down-regulation by excess of peptide. INS: insu-
lin; INS-R: insulin receptor; IGF-IR: IGF-I receptor; Ky: dissociation constant of high affinity binding sites; R,: number of binding sites; % Bgp,: percentage of specific binding. The asterisks

indicate significant differences between insulin and IGF-I receptor characteristics (P < 0.05).

and it was the basis for the majority of the papers published later by
our group and other laboratories.

The aim of this review was to summarize the main advances that the
use of muscle cells cultured in vitro has permitted, focusing mainly in
the role of IGFs regulating metabolism and development and pointing
out some applications of the technique used in understanding fish phys-
iology and growth.

2. Metabolic functions of IGFs

Once the IGF-I receptors were characterized in rainbow trout
myocytes through their development in culture (Castillo et al., 2002),
the next study on myocytes (Castillo et al., 2004) had the objective to in-
vestigate the significance of the abundant number of IGF-I receptors and
the low number of insulin receptors in fish muscles, especially when
this ratio was compared with other homoeothermic vertebrates
(Parrizas et al., 1995a). In previous studies, we had established in a va-
riety of fish species that the number of insulin receptors was significant-
ly lower than that of the IGF-I receptors (Parrizas et al., 1995b).
However, the physiological meaning of such abundant number was un-
known, and the purpose then was to investigate whether IGF-I could as-
sume some of the functions that in mammals are performed by insulin
receptors. Such an objective required to set up the main techniques on
metabolites uptake (e.g., glucose, amino acids (AA), thymidine and
fatty acids) in cultured myocytes.

Results were very interesting and helped us to understand the role
that IGF-I was playing in fish in comparison to mammals (Fig. 2). In
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fact, IGF-I was stronger than insulin stimulating glucose, AA and thymi-
dine uptake in rainbow trout myocytes (Castillo et al., 2004) and also in
gilthead sea bream myocytes (Montserrat et al., 2012). Both studies
confirmed the specificity of the effects by means of inhibitors of glucose
uptake (e.g., worthmanin, PD-98059 and cytochalasin B) that signifi-
cantly reduced the entrance of glucose in myocytes. Furthermore, stud-
ies by Diaz et al. (2007, 2009) demonstrated the involvement of the
facilitative glucose transporter (GLUT4) in the uptake of glucose stimu-
lated by insulin and IGF-I in brown trout cultured myocytes, and
Montserrat et al. (2012) also observed the increase of GLUT4 in re-
sponse to IGFs treatment in gilthead sea bream myotubes. Our findings
coincide with results in muscle cells in mammals (Ciaraldi et al., 2001)
and chicken (Duclos et al., 1993). In fish, Drakenberg et al. (1997) and
Degger et al. (2000) found that in vivo IGF-I treatment increased glucose
incorporation into fish muscle glycogen. More recently using a different
cellular model, Bou et al. (2014) demonstrated that in rainbow trout ad-
ipocytes IGF-I increases glucose uptake similarly than insulin.

Regarding AA, there is literature demonstrating that IGF-I stimulates
their uptake in fish muscle in vitro and in vivo (Inui and Ishioka, 1983;
Negatu and Meier, 1995; Degger et al., 2000). Gallardo et al. (2001)
showed also the stimulatory effects of IGF-I in alanine uptake and pro-
tein synthesis in brown trout cardiomyocytes. Through culture develop-
ment, higher responses of IGF-I in AA uptake were observed at early
stages than once the myotubes are developed (Castillo et al., 2004).
This coincides with results in mammals (Davis et al., 2002) and agrees
with the fact that IGF-I can play a more important role when cells are
in a proliferating stage.
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Fig. 2. IGF-I signaling through MAPK and AKT pathways during myocytes development regulating mainly proliferation and differentiation, respectively. IGF-I through AKT pathway also
enhances nutrients uptake to control metabolism. Glu: glucose; AA: amino acids; FFA: free fatty acids.
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