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Abstract
The formation of a vertebrate skeletal muscle fiber involves a series of sequential and inter-

dependent events that occurs during embryogenesis. One of these events is myoblast fu-

sion which has been widely studied, yet not completely understood. It was previously

shown that during myoblast fusion there is an increase in the expression of Na+/K+-ATPase.

This fact prompted us to search for a role of the enzyme during chick in vitro skeletal myo-

genesis. Chick myogenic cells were treated with the Na+/K+-ATPase inhibitor ouabain in

four different concentrations (0.01-10 μM) and analyzed. Our results show that 0.01, 0.1

and 1 μM ouabain did not induce changes in cell viability, whereas 10 μM induced a 45%

decrease. We also observed a reduction in the number and thickness of multinucleated

myotubes and a decrease in the number of myoblasts after 10 μM ouabain treatment. We

tested the involvement of MEK-ERK and p38 signaling pathways in the ouabain-induced ef-

fects during myogenesis, since both pathways have been associated with Na+/K+-ATPase.

The MEK-ERK inhibitor U0126 alone did not alter cell viability and did not change ouabain

effect. The p38 inhibitor SB202190 alone or together with 10 μM ouabain did not alter cell vi-

ability. Our results show that the 10 μM ouabain effects in myofiber formation do not involve

the MEK-ERK or the p38 signaling pathways, and therefore are probably related to the

pump activity function of the Na+/K+-ATPase.

Introduction
Muscle fibers are multinucleated cells that have a highly organized myofibrillar cytoskeleton
that enables them to be extremely efficient in contraction. The formation of skeletal muscle fi-
bers involves a series of sequential events that begins, during embryogenesis, with the commit-
ment of mononucleated myoblasts and culminates with cell fusion. The formation of long and
striated multinucleated myotubes depends on myoblast recognition and fusion. Prior to fusion,
myoblasts undergo a number of biochemical and morphological changes, particularly in their
plasma membrane, that enables them to fuse. These changes include the expression and spatial
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organization of membrane proteins and lipids [1–3]. For instance, cholesterol depletion by
methyl-β-cyclodextrin enhances myoblast fusion [4]. Other studies showed a decrease in the
concentration of cholesterol in the membrane of fusing myoblasts, and this decrease was relat-
ed to an increasing in membrane fluidity that is necessary for fusion [5].

The Na+/K+-ATPase enzyme is an essential component of the plasma membrane of all ani-
mal cells. This enzyme is responsible for the transport of Na+ and K+ ions across the plasma
membrane against their electrochemical gradients, and helps the maintenance of membrane
potential. The Na+/K+-ATPase is composed by two subunits, α and β. The main subunit, α,
also known as catalytic or functional, has 4 isoforms in mammals; whereas all cells express the
housekeeping isoform α 1, the others have a more restrict tissue distribution. Rat skeletal mus-
cle in vivo expresses also α 2, which is the most abundant isoform [6–8] as well as mouse
C2C12 cells [9,10]. On the other hand, rat skeletal muscle primary cultures only express α 1
[11,12], which could be due to the lack of innervation [13], and a similar profile occurs in L6
and L8 rat myogenic cell lines [14]. In primary cultures of chick skeletal muscle cells, one iso-
form has been detected so far [15,16]. An increase in the activity and expression of Na+/K+-
ATPase has been shown during chick myogenesis using different techniques [15,17–19]. Inter-
estingly, intracellular Na+ concentration augments during murine myoblast fusion [20], sug-
gesting that the upregulation of Na+ pumps during chick myogenesis may be a response to
increased Na+ load [16,19]. Inhibition of Na+/K+-ATPase has been an important strategy to
study the role of the enzyme during muscle differentiation. Experimentally, the most widely
used Na+/K+-ATPase inhibitor is ouabain. Ouabain is a potent cardiotonic steroid obtained
from mature African seeds of Strophantus gratus and Acokanthera ouabaio plants. Interesting-
ly, recent studies indicate the possible endogenous synthesis of ouabain-like steroids in mam-
malian tissues. In 1991, an isomer of ouabain was identified as an endogenous hormone
synthesized by the adrenal gland and also by the hypothalamus, but its mechanism of action
and physiological significance have not yet been precisely determined [21,22].

Although the effect of cardiotonic steroids in chick skeletal myogenesis is unknown, previ-
ous studies demonstrated that addition of high concentrations (300–400 μM) of ouabain to L6
or C2 myoblast cell line produced nearly complete inhibition of myoblast fusion, and removal
of ouabain allowed complete fusion to occur [23]. Nevertheless, an overall reduction rate of
protein synthesis was considered to be a consequence of ouabain-induced dissipation of Na+

and K+ gradients and low rates of cell fusion, i.e., a nonspecific role of Na+/K+-ATPase in the
phenomenon [20]. In recent years, however, it has been discovered that Na+/K+-ATPase also
mediates the activation of signaling cascades through protein-protein interaction, such as the
MEK-ERK and the p38 pathways, upon binding of cardiotonic steroids [24,25]. These novel
noncanonical Na+/K+-ATPase functions, which are responsible for different cellular effects in-
cluding cell growth and differentiation, are assumed to be carried out by a pool of nonpumping
Na+ pumps localized in caveolae, cholesterol-enriched invaginations of the plasma membrane
[24,26]. For instance, the lack of caveolae promoted by cholesterol depletion or caveolin-1 de-
pletion by siRNA abrogates ouabain-evoked signaling [27,28]. Moreover, Na+/K+-ATPase is
involved in controlling the trafficking of caveolin-1 and cholesterol distribution, suggesting
that it is important for caveolar assembly [29,30].

Our group has demonstrated that cholesterol depletion exacerbates chick myoblast fusion
[4,31] and cell proliferation [32]. Considering that cholesterol and caveolae are important part-
ners for Na+/K+-ATPase function, the aim of this study was to investigate the possible role of
the Na+/K+-ATPase during the initial steps of chick skeletal muscle differentiation using oua-
bain as a tool.
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Materials and Methods

Antibodies and fluorescent probes
DNA-binding probe DAPI (4,6-Diamino-2-phenylindole dihydrochloride) was purchased
fromMolecular Probes (USA). Rabbit polyclonal anti-desmin was from Sigma Chemical Co.
(USA). Alexa Fluor 546-goat anti-rabbit IgG antibody was fromMolecular Probes (USA).

Primary myogenic cell cultures
This study using chick embryos was approved by the Ethics Committee for Animal Care and
Use in Scientific Research from the Federal University of Rio de Janeiro and received the ap-
proval number: DAHEICB 004. All cell culture reagents were purchased from Invitrogen (São
Paulo, Brazil). Primary cultures of myogenic cells were prepared from breast muscles of 11-
day-old chick embryos [4]. Cells were plated at an initial density of 7.5 x 105 cells/35 mm cul-
ture dishes onto 22 mm-Aclar plastic coverslips (Pro-Plastics Inc., USA) previously coated
with rat tail collagen. Cells were grown in 2 ml of medium (minimum essential medium with
the addition of 10% horse serum, 0.05% chick embryo extract, 1% L-glutamine and 1% penicil-
lin-streptomycin) under humidified 5% CO2 atmosphere at 37°C.

The percentage of myoblasts in these cell cultures was calculated by the double-labeling of
24-hour cultures with both DAPI (nuclear staining) and anti-desmin antibody (applied herein
to define a muscle-specific marker) and subsequently counting the number of desmin-positive
cells out of the total number of cells in the field. On average, myoblasts made up 80% of each
culture and nonmyogenic cells comprised 20%.

Twenty-four-hour cultures were treated with ouabain at a final concentration of 0.01 μM,
0.1 μM, 1 μM or 10 μM, or with the MEK-ERK inhibitor U0126 (Sigma Chemical Co., USA) at
a final concentration of 10 μM or with the p38 inhibitor SB202190 (Tocris Bioscience, USA) at
a final concentration of 5 μM. 24 hours after treatment, cultures were washed with fresh cul-
tured medium and grown for the next 24 or 48 hours.

Some 24-hour cultures were treated with the cholesterol depleting agent methyl-β-cyclodex-
trin (MβCD, Sigma Chemical Co., USA) at a final concentration of 2 mM for 30 min. The 2
mM final concentration of MβCD was chosen for cell culture treatments because our group
has previously shown that 2 mM of MβCD is sufficient to induce skeletal muscle cell differenti-
ation without interfering with cell viability [4,32]. After MβCD treatment, cultures were
washed with fresh cultured medium and either treated with ouabain 10 μM for or grown in
normal culture medium for the next 48 hours.

Immunofluorescence microscopy and digital image acquisition
Cells were rinsed with PBS and fixed with 4% paraformaldehyde in PBS for 10 min at room
temperature. Cells were then permeabilized with 0.5% Triton-X 100 in PBS for 30 min. The
same solution was used for all subsequent washing steps. Cells were incubated with primary
antibodies for 1 h at 37°C. After incubation, cells were washed for 30 min with 0.5% Triton-X
100 in PBS and incubated with secondary antibodies for 1 h at 37°C. The cells were washed
again for 30 min with 0.5% Triton-X 100 in PBS and once with 0.9% NaCl. Nuclei were labeled
with DAPI (0.1 μg/ml in 0.9% NaCl) for 5 min. Cells were mounted in ProLong Gold antifade
reagent (Molecular Probes, USA) and examined with an Axiovert 100 microscope (Carl Zeiss,
Germany). Images were acquired with a C2400i integrated charge-coupled device camera
(Hamamatsu Photonics, Shizuoka, Japan) and an Argus 20 image processor (Hamamatsu
Photonics, Japan). Control experiments with no primary antibodies showed only faint
background staining.
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Quantification of cell cultures
Cultures (untreated and treated) were fixed and double labeled for desmin and the nuclear dye
DAPI and merged images were used for checking the presence of nuclei within mononucleated
or multinucleated cells. Nuclei (from mononucleated and multinucleated cells) were counted
in fifty randomly chosen microscope fields (3 culture dishes, 50 fields in each dish) at a magni-
fication of x 400.

Myotube thickness was measured in the thicker region of each multinucleated myotube, for
all myotubes in each microscopic field, in at least 50 different fields for each
experimental condition.

The number of myotubes was counted in at least 50 different fields for each
experimental condition.

The quantification of the number of myoblasts and fibroblasts was manually performed in
chick myogenic cells immunolabeled for desmin (muscle-specific marker) and the nuclear dye
DAPI. The DAPI labeling enables the identification of these two cell types by their nuclear
morphologies and fluorescence intensities. In DAPI-labeled chick myogenic cultures, muscle
fibroblasts have large, flattened and pale nuclei whereas myoblasts have small, round and
bright nuclei. We also performed an automated quantification of nuclei area in which we could
analyze the differences between the distributions of size categories (fibroblasts are larger than
myoblasts) in both untreated and ouabain-treated condition. In both methodologies (manual
and automated) we achieved similar results.

All data were collected from three independent experiments. All quantifications were per-
formed using the public domain software ImageJ (http://rsb.info.nih.gov/ij/).

Cell viability
Chick myogenic cells were plated at an initial density of 2 x 104 cells per well in 96-well plates.
Cells were grown in 2 ml of medium (minimum essential medium with the addition of 10%
horse serum, 0.05% chick embryo extract, 1% L-glutamine and 1% penicillin-streptomycin)
under humidified 5% CO2 atmosphere at 37°C. Twenty-four-hour cultures were treated with
ouabain at a final concentration of 0.01 μM, 0.1 μM, 1 μM or 10 μM, or with the MEK-ERK in-
hibitor U0126 at a final concentration of 10 μM, or with the p38 inhibitor SB202190 at a final
concentration of 5 μM. 24 hours after treatment, cultures were washed with fresh cultured me-
dium and cell viability was measured by the XTT assay [33]. XTT 2,3-bis(2-methoxy-4-nitro-
5-sulfophenyl)-5-[(phenylamino) carbonyl]-2//-tetrazolium hydroxide, Sigma, Chemical Co.,
USA) is metabolically reduced in viable cells to a water-soluble formazan product. This reagent
allows direct absorbance readings. XTT was prepared at 1 mg/ml in prewarmed (37°C) MEM
without serum. PMS (phenazine methosulfate, Sigma Chemical Co., USA) was prepared at 5
mM (1.53 mg/ml) in phosphate buffered solution (PBS). Fresh XTT and PMS were mixed to-
gether in the appropriate concentrations. For a 0.025 mM PMS-XTT solution, 25 μl of the
stock 5 mM PMS was added per 5 ml of XTT (1 mg/ml). One hundred μl of this mixture (final
concentration, 50 μg XTT and 0.38 μg PMS per well) was added to each 96-well containing
chick myogenic cell cultures. After incubation at 37°C for 24 h, the absorbance at 492 nm was
measured with a SUNRISE-Basic Tecan spectrophotometer (Austria).

Statistical analysis
All the values were represented as the means ± standard error. Statistical analysis was per-
formed with one-way ANOVA on Ranks with Newman-Keuls Post Hoc test and statistical sig-
nificance was defined as p<0.05.
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Results and Discussion
In this study we examined the role of Na+/K+-ATPase during skeletal muscle differentiation.
We used chick myogenic cell cultures to probe the involvement of Na+/K+-ATPase in the initial
steps of myogenesis. In order to modulate Na+/K+-ATPase activity, cells were treated with dif-
ferent concentrations (0.01–10 μM) of the cardiotonic steroid ouabain. We also analyzed the
involvement of MEK-ERK and p38 signaling pathways in the ouabain-induced effects by using
the MEK-ERK inhibitor U0126 and the p38 inhibitor SB202190. The chick myoblast primary
culture is a robust in vitromodel of myogenesis. Skeletal myogenesis proceeds in these cell cul-
tures through the following main sequential stages: myoblast proliferation, cell cycle withdraw-
al, myoblast alignment and fusion, and their subsequent differentiation into striated
multinucleated myotubes. The fact that these steps have been well characterized in the last 50
years makes this a valuable model for the study of the role of Na+/K+-ATPase during skeletal
muscle differentiation.

First we tested the viability of cells treated with ouabain, or the MEK-ERK inhibitor U0126,
or the p38 inhibitor SB202190. Experiments were done with untreated and treated myogenic
cell cultures using a XTT-based cell viability method [33]. Our results show that 0.01, 0.1 and 1
μM ouabain did not induce changes in cell viability (Fig. 1). The highest concentration tested,
10 μM, reduced viability by 45%. This effect is consistent with affinity of ouabain to chick mus-
cle Na+/K+-ATPase (Kd = 0.5–2 μM) [15,18]. Indeed, 10 μM ouabain would inhibit bulk cellu-
lar Na+/K+-ATPase activity almost completely [18]. In all concentrations of ouabain tested,
inhibition of MEK, and probably p38 (p = 0.088 compared to SB202190 alone) had no effect
(Fig. 1). It is important to notice that, at the concentrations tested, the MEK-ERK inhibitor
U0126 and the p38 inhibitor SB202190 alone did not induce changes in cell viability in chick
myogenic cells (Fig. 1).

Next, we investigated the influence of ouabain (Fig. 2), the p38 inhibitor SB202190 (Fig. 3)
and the MEK-ERK inhibitor U0126 (Fig. 4) in skeletal muscle differentiation. Immunofluores-
cence images of two-day cultured primary chick skeletal muscle cells show that 10 μM ouabain
clearly inhibited myogenic differentiation, which can be seen by a reduction in the formation
of multinucleated myotubes (compare Figs. 2a-b with Figs. 2e-f). In contrast, 1 μM ouabain
showed no effect in the formation of myotubes as compared to untreated cultures (compare
Figs. 2a-b with Figs. 2c-d). Interestingly, the quantification of the DAPI nuclear staining
showed an increase in the number of isolated mononucleated cells and a decrease in the num-
ber of nuclei within multinucleated myotubes in cultures treated with 10 μM ouabain (Figs. 5a
and 5b). This disturbance in myotube formation suggests that myoblast fusion could be com-
promised. Indeed, the number of myotubes is lower with 10 μM ouabain (Fig. 5d). Similarly, in
rodent L6 or C2 myoblasts, ouabain (> 300 μM) hampers myogenesis [23]. The striking differ-
ence in the concentration to achieve this effect between species is possibly due to existence of
the ouabain-resistant α1 isoform in rodents [34]. Increase in the expression of Na+/K+-ATPase
by heterologous transfection has been shown to enhance myoblast fusion in the L8 rat myogen-
ic cell line [14]. Nevertheless, an overall reduction rate of protein synthesis was considered to
be a consequence of ouabain-induced dissipation of Na+ and K+ gradients and low rates of cell
fusion, i.e., a nonspecific role of Na+/K+-ATPase in the phenomenon [20]. We also tested a
lower concentration of ouabain (1 μM) and no change in the number of mononucleated cells
(Fig. 5a) and in the number of nuclei within myotube and in the total number of nuclei (Fig. 5b
and 5c, respectively) was observed, although the number of myotubes was reduced (Fig. 5d).
These results show that different concentrations of ouabain can induce different effects in skel-
etal muscle fiber formation.
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Our results show that the p38 inhibitor alone had no effect in the formation of myotubes
(Figs. 3 and 5a-c). In mammals, p38 was shown to be a key kinase during myogenesis [35], in-
volved in the initiation of differentiation [36], stimulating MEF2-MyoD factors in the initial
steps of muscle differentiation [37]. In fact, Lee and colleagues (2002) have demonstrated that
p38 inhibits ERK1/2 pathway stopping proliferation in order to start myotube development
[38]. In contrast, the role of p38 in avian skeletal myogenesis is poorly understood, but it was
suggested in v-Src transformed chicken myoblasts that p38 would have a similar growth-inhib-
iting and differentiation-inducing function [39]. Our work reveals that p38 probably has a
minor influence in the initial steps of chick myogenesis. Moreover, considering that most ef-
fects of SB202190 plus 10 μM ouabain had a similar profile to ouabain alone (Fig. 5), this
strongly suggests that the p38 pathway is not involved in the inhibition of myogenesis caused
by ouabain.

Interestingly, our data show that the ERK inhibitor alone induced a reduction in the forma-
tion of myotubes (Figs. 4 and 5b) as well as in the total number of nuclei and in the number of
myotubes in these cultures (Figs. 5c and 5d, respectively). In fact, in mammalian skeletal myo-
cytes, ERK1/2 have been shown to be important in cell proliferation [40] and in the terminal
stage of muscle differentiation [41,42]. Some reports in chick point to a role of ERK1/2 in skele-
tal muscle development [43,44], but this is the first time that a direct effect of ERK1/2 is dem-
onstrated during chick embryo skeletal muscle differentiation. Further, 1 or 10 μM ouabain
potentiated these effects (Fig. 5). Therefore, as U0126 did not antagonize the ouabain effect, ex-
cept in the case of the number of mononucleated cells at 10 μM ouabain (Fig. 5a), we believe
that ERK1/2 signaling is probably not involved in the effect of ouabain in myogenesis.

Fig 1. Effects of ouabain in cell viability.Chick myogenic cells were grown for 24 h and treated with
different concentrations of ouabain for 24 h. A MTT-based method was used to analyze cell viability in
untreated and ouabain-treated cells. Data represent mean absorbance minus background from triplicate
wells. *p<0.05 compared to untreated cells (Ctrl) and #p<0.05 for comparison to the respective control; one-
way ANOVA on Ranks with Newman-Keuls Post Hoc test; n = 3.

doi:10.1371/journal.pone.0120940.g001
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The collection of results presented above show that 10 μM ouabain inhibits the formation of
multinucleated myotubes and that neither the MEK-ERK nor the p38 inhibitors could impede
this effect (Figs. 2–5).

It has been shown that Na+/K+-ATPase can be found in cholesterol enriched membrane
microdomains [27] and that Na+/K+-ATPase-mediated signal transduction is impaired when
caveolae is disrupted [28,45]. In order to probe whether Na+/K+-ATPase is present in lipid

Fig 2. Effects of ouabain in myogenic differentiation. Chick myogenic cells were grown for 24 h, treated with 1 or 10 μM ouabain and fixed after 24 h.
Cells were immunostained desmin (red) and DAPI (blue). Three independent experiments were performed and one representative image of each culture
condition is shown. Scale bar = 100 μm.

doi:10.1371/journal.pone.0120940.g002
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Fig 3. Effects of p38 pathway in ouabain-induced effects in myogenic differentiation. Chick myogenic cells were grown for 24 h, treated with 10 μM
ouabain and/or the p38 inhibitor SB202190 and fixed after 24 h. Cells were immunostained desmin (red) and DAPI (blue). Three independent experiments
were performed and one representative image of each culture condition is shown. Scale bar = 50 μm.

doi:10.1371/journal.pone.0120940.g003
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Fig 4. Effects of MEK-ERK pathway in ouabain-induced effects in myogenic differentiation. Chick
myogenic cells were grown for 24 h, treated with 10 μM ouabain and/or the MEK-ERK inhibitor U0126 and
fixed after 24 h. Cells were immunostained desmin (red) and DAPI (blue). Three independent experiments
were performed and one representative image of each culture condition is shown. Scale bar = 50 μm.

doi:10.1371/journal.pone.0120940.g004
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rafts in cultures of chick primary myogenic cells, we used the drug methyl-β-cyclodextrin
(MβCD) to deplete cholesterol and to disorganize lipid domains. 24 hs-myogenic cells were
treated with 10 μM ouabain (for 48 hours) alone, or with 2 mMMβCD (for 30 min) alone, or
with 2 mMMβCD for 30 min followed by 10 μM ouabain. 72 hs-myogenic cells were double la-
beled with an antibody against desmin and with the nuclear dye DAPI. As our group has
shown before [4], MβCD alone induced the formation of thicker myotubes as compared to un-
treated cultures (Figs. 6 and 7f). MβCD alone also induced an increase in the number of nuclei

Fig 5. Quantification of ouabain effect in mononucleated andmultinucleated myogenic cells. The number of mononucleated cells (A), the number of
nuclei within myotubes (B), the total number of nuclei (C), as well as the number of myotubes (D) per field was quantified in untreated and treated cultures
(from images represented in Figs. 2–4). *p<0.05 compared to untreated cells (Ctrl) and #p<0.05 for comparison to the respective control; one-way ANOVA
on Ranks with Newman-Keuls Post Hoc test; n = 3. At least 50 microscopic fields for each culture condition were scored in at least three
independent experiments.

doi:10.1371/journal.pone.0120940.g005
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Fig 6. Effects of methyl-β-cyclodextrin (MβCD) on ouabain-induced effects in myogenic cells. Chick myogenic cells were grown for 24 h, treated with 2
mMMβCD for 30 min and/or 10 μM ouabain for 24 h. After 24 h cells were immunostained for desmin (red) and DAPI (blue). Three independent experiments
were performed and one representative image of each culture condition is shown. Scale bar = 40 μm.

doi:10.1371/journal.pone.0120940.g006
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Fig 7. Quantification of methyl-β-cyclodextrin effect (MβCD) on ouabain-treated mononucleated and
multinucleated myogenic cells. The number of mononucleated cells (A), the number of nuclei within
myotubes (B), the total number of nuclei (C), the number of myotubes (D), the number of myoblasts and
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within myotubes (Fig. 7b) and in the total number of nuclei in these cultures (Fig. 7c). Immu-
nofluorescence images show that cholesterol depletion by MβCD did not prevent the 10 μM
ouabain induced-effects on myofiber formation (Fig. 6), as confirmed by the quantification of
the number of nuclei within myotubes and the thickness of myotubes after treatment of cells
with both 2 mMMβCD and 10 μM ouabain (Figs. 7b and 7f). Interestingly, no change in the
number of myotubes was observed after treatment of cells with both MβCD and ouabain
(Fig. 7d). These results are consistent with the fact that the signaling Na+/K+-ATPase is not me-
diating the effect of ouabain in chick myogenic cell cultures. Since we only tested the involve-
ment of lipid rafts in the 24-h step of chick in vitromyogenesis, we cannot discard the
possibility that Na+/K+-ATPase could be inserted into lipid rafts in a different stage of chick
skeletal muscle differentiation.

Since we found an increase in the number of mononucleated cells together with a decrease
in the number of nuclei within multinucleated myotubes after 10 μM ouabain treatment
(Fig. 5), we decided to analyze whether this increase in mononucleated cells was related to fi-
broblasts and/or to myoblasts. Primary chick myogenic cell cultures begin with a population of
replicating mononucleated myoblasts and some fibroblastic cells [46]. So, we quantified the
number of myoblasts and fibroblasts in untreated and 10 μM ouabain treated cultures and the
results show that ouabain treatment induced a 60% increase in the number of fibroblasts and a
20% decrease in the number of myoblasts (Fig. 7e). The decrease in the number of myoblasts
(Fig. 7e) is in accordance with the reduction in cell viability found after 10 μM ouabain treat-
ment (Fig. 1). The quantification of the number of myoblasts and fibroblasts was performed by
immunolabeling chick myogenic for desmin (a muscle-specific marker) and the nuclear dye
DAPI. The nuclei of these two cell types can be easily distinguished in DAPI-stained cultures
since fibroblasts have large, flatten and pale nuclei whereas myoblasts have small, round and
bright nuclei. We also found a decrease in the number of myoblasts after treatment of cells
with MβCD alone or together with 10 μM ouabain (Fig. 7e), but no change in the number of fi-
broblasts was observed after MβCD treatment. These results are in accordance with previous
data from our group showing that MβCD induces an increase in myoblast fusion, a decrease in
the number of mononucleated myoblasts and an increase in the formation of multinucleated
myotubes [4]. Interestingly, MβCD blocked the proliferative effect of 10 μM ouabain in fibro-
blast cells, as shown by the decrease in the number of fibroblasts after treatment of cells with
MβCD together with 10 μM ouabain (Fig. 7e). It is important to point out that our data show
that chick myoblasts are differently affected by ouabain as compared to chick muscle
fibroblast cells.

In conclusion, our results show that 10 μM ouabain induce a decrease in cell viability, in the
number of myoblasts and in the formation of mature muscle fibers in chick myogenic cells. We
also show that the 10 μM ouabain effects in myofiber formation do not involve the MEK-ERK
or the p38 signaling pathways, and therefore are probably related to the pump activity function
of the Na+/K+-ATPase. The chick myoblast cell culture model could be used as an important
tool for further studies of the molecular and cellular basis of the Na+/K+-ATPase function in
muscle cells.

fibroblasts (E), as well as myotube thickness (F) was quantified in untreated and treated cultures (from
images represented in Fig. 6). *p<0.05 compared to untreated myoblasts (Ctrl) and #p<0.05 for comparison
to untreated fibroblasts (Ctrl); one-way ANOVA on Ranks with Newman-Keuls Post Hoc test; n = 3. At least
50 microscopic fields for each culture condition were scored in at least three independent experiments.

doi:10.1371/journal.pone.0120940.g007

Na+/K+-ATPase during Myogenesis

PLOS ONE | DOI:10.1371/journal.pone.0120940 March 16, 2015 13 / 16



Acknowledgments
The authors thank Juliana Lourenço for her expert technical assistance. This work was sup-
ported by Brazilian grants from Conselho Nacional de Desenvolvimento Científico e Tecnoló-
gico (CNPq), Fundação Carlos Chagas Filho de Apoio à Pesquisa do Estado do Rio de Janeiro
(FAPERJ), and Fundação do Câncer/Programa de Oncobiologia.

Author Contributions
Conceived and designed the experiments: CM LEMQ. Performed the experiments: ACP CPS
RA TNO. Analyzed the data: CM LEMQMLC. Contributed reagents/materials/analysis tools:
CM LEMQMLC. Wrote the paper: CM LEMQ.

References
1. Schwander M, Leu M, StummM, Dorchies OM, Ruegg UT, Schittny J, et al. (2003) Beta1 integrins reg-

ulate myoblast fusion and sarcomere assembly. Dev Cell 4: 673–685. PMID: 12737803

2. Volonte D, Peoples AJ, Galbiati F (2003) Modulation of myoblast fusion by caveolin-3 in dystrophic
skeletal muscle cells: implications for Duchenne muscular dystrophy and limb-girdle muscular dystro-
phy-1C. Mol Biol Cell 14: 4075–4088. PMID: 14517320

3. Zeschnigk M, Kozian D, Kuch C, Schmoll M, Starzinski-Powitz A (1995) Involvement of M-cadherin in
terminal differentiation of skeletal muscle cells, J Cell Sci 108: 2973–2981. PMID: 8537437

4. Mermelstein CS, Portilho DM, Medeiros RB, Matos AR, Einicker-Lamas M, Tortelote GG, et al. (2005)
Cholesterol depletion by methyl-β-cyclodextrin enhances myoblast fusion and induces the formation of
myotubes with disorganized nuclei. Cell Tissue Res 319: 289–297. PMID: 15549398

5. Prives J, Shinitzky M (1977) Increased membrane fluidity precedes fusion of muscle cells. Nature 268:
761–763. PMID: 561316

6. Sweadner KJ, McGrail KM, Khaw BA (1992) Discoordinate regulation of isoforms of Na, K-ATPase and
myosin heavy chain in the hypothyroid postnatal rat heart and skeletal muscle. J Biol Chem 267:
769–773. PMID: 1309775

7. Hundal HS, Marette A, Ramlal T, Liu Z, Klip A (1993) Expression of beta subunit isoforms of the Na+,K
(+)-ATPase is muscle type-specific. FEBS Lett 328: 253–258. PMID: 8394248

8. He S, Shelly DA, Moseley AE, James PF, James JH, Paul RJ, et al. (2001) The α1- and α2-isoforms of
Na-K-ATPase play different roles in skeletal muscle contractility. Am J Physiol 281: R917–R925.
PMID: 11507009

9. Orlowski J, Lingrel JB (1988) Differential expression of the Na, K-ATPase a1 and a2 subunits genes in
a murine myogenic cell line. J Biol Chem 263: 17817–17821. PMID: 2846580

10. Higham SC, Melikian J, Karine NJ, Ismail-Beigi F, Pressley TA (1993) Na, K-ATPase expression in
C2C12 cells during myogenesis: minimal contribution of a2 isoform to Na, K transport. J Memb Biol
131: 129–136.

11. Ewart HS, Klip A (1995) Hormonal regulation of the Na+-K+-ATPase: mechanisms underlying rapid and
sustained changes in pump activity. Am J Physiol 269: C295–311. PMID: 7653511

12. Sharabani-Yosef O, Bak A, Langzam L, Lui Z, Nir U, Braiman L, et al. (1999) Rat skeletal muscle in cul-
ture expresses the α1 but not the α2 protein subunit isoform of the Na/K pump. J Cell Physiol 180:
236–244. PMID: 10395293

13. Quintas LEM, Caricati-Neto A, Lafayette SS, Jurkiewicz A, Noël F (2000) Down-regulation of Na+/K+-
ATPase α2 isoform in denervated rat vas deferens. Biochem Pharmacol 60: 741–747. PMID:
10930528

14. Sharabani-Yosef O, Bak A, Nir U, Sampson SR (2001) Na/K pump expression in the L8 rat myogenic
cell line: effects of heterologous a subunit transfection. J Cell Physiol 187: 365–673. PMID: 11319760

15. Fambrough DM, Bayne EK (1983) Multiple forms of (Na+ + K+)-ATPase in the chicken. Selective detec-
tion of the major nerve, skeletal muscle, and kidney form by a monoclonal antibody. J Biol Chem 258:
3926–3935. PMID: 6300063

16. Taormino JP, Fambrough DM (1990) Pre-translational regulation of the (Na+/ K+)-ATPase in response
to demand for ion transport in cultured chicken skeletal muscle. J Biol Chem 265: 4116–4123. PMID:
1689313

17. Sperelakis N (1972) (Na+, K+)-ATPase activity of embryonic chick heart and skeletal muscles as a func-
tion of age. Biochim Biophys Acta 266: 230–237. PMID: 4261172

Na+/K+-ATPase during Myogenesis

PLOS ONE | DOI:10.1371/journal.pone.0120940 March 16, 2015 14 / 16

http://www.ncbi.nlm.nih.gov/pubmed/12737803
http://www.ncbi.nlm.nih.gov/pubmed/14517320
http://www.ncbi.nlm.nih.gov/pubmed/8537437
http://www.ncbi.nlm.nih.gov/pubmed/15549398
http://www.ncbi.nlm.nih.gov/pubmed/561316
http://www.ncbi.nlm.nih.gov/pubmed/1309775
http://www.ncbi.nlm.nih.gov/pubmed/8394248
http://www.ncbi.nlm.nih.gov/pubmed/11507009
http://www.ncbi.nlm.nih.gov/pubmed/2846580
http://www.ncbi.nlm.nih.gov/pubmed/7653511
http://www.ncbi.nlm.nih.gov/pubmed/10395293
http://www.ncbi.nlm.nih.gov/pubmed/10930528
http://www.ncbi.nlm.nih.gov/pubmed/11319760
http://www.ncbi.nlm.nih.gov/pubmed/6300063
http://www.ncbi.nlm.nih.gov/pubmed/1689313
http://www.ncbi.nlm.nih.gov/pubmed/4261172


18. Vigne P, Frelin C, Lazdunski M (1982) Ontogeny of the (Na+,K+)-ATPase during chick skeletal myogen-
esis. J Biol Chem 257: 5380–5384. PMID: 6279598

19. Wolitzky BA, Fambrough DM (1986) Regulation of the (Na+ + K+)-ATPase in cultured chick skeletal
muscle. Modulation of expression by the demand for ion transport. J Biol Chem 261: 9990–9999.
PMID: 3015915

20. Pauw PG, Kaffer CR, Petersen RJ, Semerad SA, Williams DC (2000) Inhibition of myogenesis by oua-
bain: effect on protein synthesis. In VitroCell Dev Biol Animal 36: 133–138. PMID: 10718370

21. Hamlyn JM, Blaustein MP, Bova S, DuCharme DW, Harris DW, Mandel F, et al. (1991) Identification
and characterization of a ouabain-like compound from human plasma. Proc Natl Acad Sci USA 88:
6259–6263. PMID: 1648735

22. Hamlyn JM, Laredo J, Shah JR, Lu ZR, Hamilton BP (2003) 11-hydroxylation in the biosynthesis of en-
dogenous ouabain: multiple implications. Ann N Y Acad Sci 986: 685–693. PMID: 12763919

23. Pauw PG, Hermann GJ (1994) Ouabain is a reversible inhibitor of myogenic fusion. In Vitro Cell Dev
Biol Anim 30: 9–11.

24. Xie Z, Cai T (2003) Na+-K+-ATPase-mediated signal transduction: from protein interaction to cellular
function. Mol Interv 3:157–168. PMID: 14993422

25. Arnaud-Batista FJ, Costa GT, Oliveira IM, Costa PP, Santos CF, Fonteles MC, et al. (2012) Natriuretic
effect of bufalin in isolated rat kidneys involves activation of the Na+-K+-ATPase-Src kinase pathway.
Am J Physiol Renal Physiol 302: F959–966. doi: 10.1152/ajprenal.00130.2011 PMID: 22237798

26. Bagrov AY, Shapiro JI, Fedorova OV (2009) Endogenous cardiotonic steroids: physiology, pharmacol-
ogy, and novel therapeutic targets. Pharmacol Rev 61: 9–38. doi: 10.1124/pr.108.000711 PMID:
19325075

27. Wang H, Haas M, Liang M, Cai T, Tian J, Li S, et al. (2004) Ouabain assembles signaling cascades
through the caveolar Na+/K+-ATPase. J Biol Chem 279: 17250–17259. PMID: 14963033

28. Quintas LE, Pierre SV, Liu L, Bai Y, Liu X, Xie ZJ (2010) Alterations of Na+/K+-ATPase function in
caveolin-1 knockout cardiac fibroblasts. J Mol Cell Cardiol 49: 525–531. doi: 10.1016/j.yjmcc.2010.04.
015 PMID: 20451529

29. Cai T, Wang H, Chen Y, Liu L, GunningWT, Quintas LEM, et al. (2008) Regulation of caveolin-1 mem-
brane trafficking by the Na/K-ATPase. J Cell Biol 182: 1153–1169. doi: 10.1083/jcb.200712022 PMID:
18794328

30. Chen Y, Cai T, Wang H, Li Z, Loreaux E, Lingrel JB, et al. (2009) Regulation of intracellular cholesterol
distribution by Na/K-ATPase. J Biol Chem 284: 14881–14890. doi: 10.1074/jbc.M109.003574 PMID:
19363037

31. Mermelstein CS, Portilho DM, Mendes FA, Costa ML, Abreu JG (2007) Wnt/β-catenin pathway activa-
tion and myogenic differentiation are induced by cholesterol depletion. Differentiation 75:184–192.
PMID: 17359297

32. Portilho DM, Soares CP, Morrot A, Thiago LS, Butler-Browne G, SavinoW, et al. (2012) Cholesterol de-
pletion by methyl-β-cyclodextrin enhances cell proliferation and increases the number of desmin-posi-
tive cells in myoblast cultures. Eur J Pharmacol 694: 1–12. doi: 10.1016/j.ejphar.2012.07.035 PMID:
22921450

33. Scudiero DA, Shoemaker RH, Paull KD, Monks A, Tierney S, Nofziger TH, et al. (1988) Evaluation of a
soluble tetrazolium/formazan assay for cell growth and drug sensitivity in culture using human and
other tumor cell lines. Cancer Res 48: 4827–4833. PMID: 3409223

34. O'BrienWJ, Lingrel JB, Wallick ET (1994) Ouabain binding kinetics of the rat alpha two and alpha three
isoforms of the sodium-potassium adenosine triphosphate. Arch Biochem Biophys 310:32–39. PMID:
8161218

35. Keren A, Tamir Y, Bengal E (2006) The p38 MAPK signaling pathway: a major regulator of skeletal
muscle development. Mol Cell Endocrinol 252: 224–230. PMID: 16644098

36. Cuenda A, Cohen P (1999) Stress-activated protein kinase-2/p38 and a rapamycin-sensitive pathway
are required for C2C12 myogenesis. J Biol Chem 274: 4341–4346. PMID: 9933636

37. Zetser A, Gredinger E, Bengal E (1999) p38 mitogen-activated protein kinase pathway promotes skele-
tal muscle differentiation. J Biol Chem 274: 5193–5200. PMID: 9988769

38. Lee J, Hong F, Kwon S, Kim SS, Kim DO, Kang HS, et al. (2002) Activation of p38 MAPK induces cell
cycle arrest via inhibition of Raf/ERK pathway during muscle differentiation. Biochem Biophys Res
Commun 298: 765–771. PMID: 12419320

39. Ciuffini L, Castellani L, Salvati E, Galletti S, Falcone G, Alemà S (2008) Delineating v-Src downstream
effector pathways in transformed myoblasts. Oncogene 27: 528–539. PMID: 17637741

Na+/K+-ATPase during Myogenesis

PLOS ONE | DOI:10.1371/journal.pone.0120940 March 16, 2015 15 / 16

http://www.ncbi.nlm.nih.gov/pubmed/6279598
http://www.ncbi.nlm.nih.gov/pubmed/3015915
http://www.ncbi.nlm.nih.gov/pubmed/10718370
http://www.ncbi.nlm.nih.gov/pubmed/1648735
http://www.ncbi.nlm.nih.gov/pubmed/12763919
http://www.ncbi.nlm.nih.gov/pubmed/14993422
http://dx.doi.org/10.1152/ajprenal.00130.2011
http://www.ncbi.nlm.nih.gov/pubmed/22237798
http://dx.doi.org/10.1124/pr.108.000711
http://www.ncbi.nlm.nih.gov/pubmed/19325075
http://www.ncbi.nlm.nih.gov/pubmed/14963033
http://dx.doi.org/10.1016/j.yjmcc.2010.04.015
http://dx.doi.org/10.1016/j.yjmcc.2010.04.015
http://www.ncbi.nlm.nih.gov/pubmed/20451529
http://dx.doi.org/10.1083/jcb.200712022
http://www.ncbi.nlm.nih.gov/pubmed/18794328
http://dx.doi.org/10.1074/jbc.M109.003574
http://www.ncbi.nlm.nih.gov/pubmed/19363037
http://www.ncbi.nlm.nih.gov/pubmed/17359297
http://dx.doi.org/10.1016/j.ejphar.2012.07.035
http://www.ncbi.nlm.nih.gov/pubmed/22921450
http://www.ncbi.nlm.nih.gov/pubmed/3409223
http://www.ncbi.nlm.nih.gov/pubmed/8161218
http://www.ncbi.nlm.nih.gov/pubmed/16644098
http://www.ncbi.nlm.nih.gov/pubmed/9933636
http://www.ncbi.nlm.nih.gov/pubmed/9988769
http://www.ncbi.nlm.nih.gov/pubmed/12419320
http://www.ncbi.nlm.nih.gov/pubmed/17637741


40. Jones NC, Fedorov YV, Rosenthal RS, Olwin BB (2001) ERK1/2 is required for myoblast proliferation
but is dispensable for muscle gene expression and cell fusion. J Cell Physiol 186: 104–115. PMID:
11147804

41. Gredinger E, Gerber AN, Tamir Y, Tapscott SJ, Bengal E (1998) Mitogen-activated protein kinase path-
way is involved in the differentiation of muscle cells. J Biol Chem 273: 10436–10444. PMID: 9553102

42. Li J, Johnson SE (2006) ERK2 is required for efficient terminal differentiation of skeletal myoblasts. Bio-
chem Biophys Res Commun 345: 1425–1433. PMID: 16729973

43. Vaudin P, Dupont J, Duchêne S, Audouin E, Crochet S, Berri C, et al. (2006) Phosphatase PTEN in
chicken muscle is regulated during ontogenesis. Domest Anim Endocrinol 31: 123–140. PMID:
16307863

44. Elia D, Madhala D, Ardon E, Reshef R, Halevy O (2007) Sonic hedgehog promotes proliferation and dif-
ferentiation of adult muscle cells: Involvement of MAPK/ERK and PI3K/Akt pathways. Biochim Biophys
Acta 1773: 1438–1446. PMID: 17688959

45. Liang M, Tian J, Liu L, Pierre S, Liu J, Shapiro J, et al. (2007) Identification of a pool of non-pumping
Na/K-ATPase. J Biol Chem 282: 10585–10593. PMID: 17296611

46. Holtzer H, Dillulo C, Costa ML, Lu M, Choi J, Mermelstein CS, et al. (1991) Striated myoblasts and mul-
tinucleated myotubes induced in non-muscle cells by MyoD are similar to normal in vivo and in vitro
counterparts, In: Ozawa E, Masaki T, Nabeshima Y (eds), Frontiers in Muscle Research, pp 187–207.
Elsevier, Amsterdam.

Na+/K+-ATPase during Myogenesis

PLOS ONE | DOI:10.1371/journal.pone.0120940 March 16, 2015 16 / 16

http://www.ncbi.nlm.nih.gov/pubmed/11147804
http://www.ncbi.nlm.nih.gov/pubmed/9553102
http://www.ncbi.nlm.nih.gov/pubmed/16729973
http://www.ncbi.nlm.nih.gov/pubmed/16307863
http://www.ncbi.nlm.nih.gov/pubmed/17688959
http://www.ncbi.nlm.nih.gov/pubmed/17296611

