
Calcium ions play a key role in the regulation of a

wide variety of processes occurring in living organisms

ranging from protozoa to higher animals and plants.

Since the origin of life calcium, thanks to its chemical

properties, is involved in regulation of many biochemical

reactions and physiological processes inside cells. The

concentration of calcium ions in the cytoplasm of resting

cells is about 100 nM. With its increase, energy metabo-

lism, secretion, contraction, and many others processes

are activated. At the same time, long-term increase in the

concentration of Ca2+ in the cytoplasm leads to calcium

overload, which is toxic to cells since it can cause the

aggregation of proteins and nucleic acids, deposition of

phosphate, and disruption of cell membranes [1, 2].

Therefore, cells constantly spend energy to pump calci-

um to maintain low levels of [Ca2+]i. A key role in pump-

ing of calcium ions from the cytoplasm is played by sar-

coplasmic/endoplasmic reticulum Ca2+-transporting

ATPase (SERCA) [3]. At the same time, the reticulum

serves as a depot of calcium ions performing signaling

functions. Mitochondria having large buffer capacity for

these ions are also involved in the maintenance of calci-

um homeostasis. In 2002, a new intracellular source of

calcium ions, lysosomes and acid lysosome-like vesicles,

was found [4]. Release of Ca2+ from acid endolysosomal

vesicles occurs via special type of channels – two-pore

channels (TPC) activated by second messenger nicotinic

acid adenine dinucleotide phosphate (NAADP) [5]. The

physiological role of this calcium depot is not well stud-

ied. One of the functions of TPCs in endolysosomes is to

trigger calcium-induced calcium release (CICR) from

the reticulum [6].

The development of cell specialization along with

morphological peculiarities of functional systems regulat-

ing Ca2+ inflow into the cytoplasm specific to a particular

type of cell has appeared. An example of this is skeletal

myotubes – excitable cells in which release of calcium

ions from the reticulum occurs through ryanodine recep-

tor type 1 channels (RyR1) [7]. In the last few years, it has

been found that in differentiated skeletal muscle cells,

along with Ca2+ release from sarcoplasmic reticulum in

response to depolarization of sarcolemma, receptor-

dependent mechanisms of [Ca2+]i regulation are operat-
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pore calcium channels from endolysosomal vesicles in this process.

DOI: 10.1134/S0006297914050071

Key words: calcium ions, skeletal myotubes, arachidonic acid, ryanodine-sensitive channels



436 MUSLIKHOV et al.

BIOCHEMISTRY  (Moscow)   Vol.  79   No.  5   2014

ing. C2C12 skeletal myoblasts that can under certain con-

ditions differentiate into multinuclear myotubes is a use-

ful and convenient object for studying calcium metabo-

lism in striated muscle cells. As differentiation of C2C12

myoblasts into myotubes is going on, they have increased

expression of all three types of inositoltrisphosphate

(InsP3) receptors [8], and this is accompanied by an

increase in calcium signal in response to ATP via P2Y

purinergic receptors [9]. Store-operated calcium entry

(SOCE) characteristic of non-excitable cells has been

identified in skeletal muscle cells [10, 11], and it was

demonstrated that Orai1 channels are involved in SOCE

in skeletal myotubes [12, 13]. In addition, it was found

that several TRP (transient receptor potential) channels

are expressed in C2C12 myotubes [14]. Some of these

participate in SOCE, and others participate in Ca2+ influx

in response to mechanical stimuli [15, 16]. Another rep-

resentative of the Orai family – Orai3 – is also expressed

in skeletal muscles [17]. It is known that Orai3 is part of

the ARC channels (arachidonate-regulated calcium

channels) whose specific activator is arachidonic acid

(AA) [18]. ARC channels are formed by three Orai1 and

two Orai3 molecules as well as by protein STIM1 local-

ized in plasma membrane. ARC channels are revealed in

several types of non-excitable cells [18], but it is not clear

how widespread these channels are in different types of

cells.

It was established that the products of the phospho-

lipase A2 reaction – AA and lysophosphatidylcholine –

are able to regulate the activity of calcium channels in

various cell types [19, 20]. It turned out that one of the

isoforms of this enzyme, a calcium-independent phos-

pholipase A2 (iPLA2), participates in the regulation of

SOCE in skeletal myotubes [21]. SOCE is activated in

myotubes by lysophosphatidylcholine [22]. AA is also

considered to be a second messenger [20]. AA can affect

neighboring cells as a paracrine regulator since it easily

penetrates cell membranes and is released into the envi-

ronment. There is evidence that in addition to ARC

channels, AA regulates activity of several TRP channels

and a number of other Ca2+-transporting channels [23].

In particular, it was shown that in some cells AA activates

ryanodine receptor channels [24]. So today we have a

wide list of AA targets in different types of cells, but it

remains unclear whether and how it affects intracellular

calcium metabolism in skeletal muscle cells.

MATERIALS AND METHODS

Experiments were performed on C2C12 myoblasts

(ATCC collection). To induce differentiation of

myoblasts into multinucleated myotubes culture medium

DMEM with 10% fetal calf serum was replaced by

DMEM with 2% horse serum. After replacement of the

medium, some of the myoblasts fuse to form myotubes.

When replacing the growth medium to differentiation

medium, the cells were not treated to stop divisions, thus

undifferentiated myoblasts continued to divide for some

time and filled the free space between the myotubes.

Myotubes formed after five days growth in the differ-

entiation medium were stained with monoclonal antibod-

ies (Developmental Studies Hybridoma Bank, Iowa City,

IA, USA) against a marker of myogenic differentiation –

myosin heavy chains (MHC). Goat antibodies labeled

with Alexa Fluor 594 (Molecular Probes, USA) were used

as second antibodies.

Arachidonic acid (Sigma-Aldrich, USA) dissolved in

0.9% NaCl with bovine serum albumin (BSA) was used.

BSA binds and stabilizes AA. The total concentration of

AA in the incubation medium was 1 mM, and the con-

centration of free AA was less than 10 µM since more

than 99% of AA binds to BSA [23]. To evaluate the effec-

tiveness of AA, its activity was tested in the reaction of

platelet aggregation. BSA solution without AA was used

as a control.

Studies of the influence of AA on free cytoplasmic

calcium concentration ([Ca2+]i) were performed with

C2C12 cells grown in 24-well plates on the fifth day after

replacement of the growth medium by differentiation

medium. To load the cells with Fura-2/AM (Invitrogen,

USA), they were initially washed once with physiological

salt solution (PSS) containing 145 mM NaCl, 5 mM KCl,

5 mM HEPES, 1 mM MgCl2, 1 mM CaCl2, and 10 mM

glucose (pH 7.4). Then the cells were incubated for 1 h in

PSS with 2 µM Fura-2/AM and 0.04% Pluronic F-127

(Molecular Probes) at room temperature. Then the cells

were washed free from the probe and incubated for about

one hour in PSS for full hydrolysis of Fura-2/AM in the

cytoplasm. Fluorescence of individual Fura-2-loaded

myoblasts and myotubes was measured using a Leica DM

6000 microscope (Leica Microsystems, Germany) at

25°C. Changes in [Ca2+]i are presented as ratio of fluores-

cence at emission wavelength 508 nm at excitation wave-

lengths 340 and 387 nm. Background fluorescence was

subtracted.

The curves presented in the figures were obtained by

averaging the data of five independent experiments in

each of which the fluorescence of 5-10 individual

myoblasts or myotubes were registered. The means ±

SEM are presented. For calculations, the LAS AF Lite

and Microsoft Excel programs were used. Statistical sig-

nificance was calculated according to Student’s t-test.

RESULTS

Figure 1 shows C2C12 cells after five days incubation

in differentiation medium stained with antibodies to

myosin heavy chains (MHC). Besides stained multinu-

cleated cells, undifferentiated mononuclear cells con-

taining no MHC are observed in the field of view. The flu-
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orescence of Fura-2-loaded multinucleated myotubes

and undifferentiated myoblasts was registered. The aver-

aged curves depicting kinetics of [Ca2+]i changes in

response to AA in individual myotubes and myoblasts are

presented in Fig. 2.

Administration of AA caused a rapid and abundant

inflow of Ca2+ into the cytoplasm of myotubes. This effect

was not observed when control solution of BSA without

AA was added. In undifferentiated C2C12 myoblasts, the

increase in [Ca2+]i under the action of AA was much less

pronounced (Fig. 2).

It was demonstrated that elevation of [Ca2+]i in

skeletal myotubes might be due to its entry via voltage-

gated [25, 26] and store-operated Orai1 channels [12,

13]. Furthermore, as noted, the presence of ARC chan-

nels in the myotubes might be expected, since its compo-

nent Orai3 is expressed in skeletal muscle [17]. To deter-

mine whether calcium ions enter skeletal myotubes under

the action of AA from the extracellular space, we studied

the effect of AA on cells placed in medium without Ca2+.

Comparison of the responses of myotubes to AA in medi-

um with or without calcium shows lack of significant dif-

ferences in kinetics and in the amplitude of [Ca2+]i eleva-

tions (Figs. 3 and 4). This indicates that AA induces

[Ca2+]i increase in myotubes due to release of calcium

ions from intracellular stores.

The major intracellular depot of Ca2+ in skeletal

myotubes is sarcoplasmic reticulum. Ryanodine receptor

channels type 1 (RyR1) and, as previously shown [8],

three types of InsP3-sensitive channels are located in its

membrane. We checked the possible involvement of

phospholipase C, which catalyzes synthesis of InsP3, in

the effect of AA on [Ca2+]i in myotubes. For this purpose,

the inhibitor of phospholipase C U73122 [27, 28] was

used. Phospholipase C inhibitor and its inactive analog

U73343 at 10 µM concentration do not affect [Ca2+]i

increase in myotubes in response to AA (Fig. 4).

Contraction of skeletal muscle occurs after depolar-

ization of the plasma membrane, the activation of dihy-

dropyridine receptors, and transfer of excitation on RyR1

channels of sarcoplasmic reticulum. Dantrolene is a

blocker of RyR1 channels [29]. Incubation of C2C12

myotubes for 10 min with 25 µM dantrolene resulted in a

decrease in [Ca2+]i elevation in response to AA by 68.7 ±

Fig. 1. Multinucleated myotubes and undifferentiated myoblasts

on the fifth day of incubation in differentiation medium. The cells

were stained with antibodies against heavy myosin chains and

nuclear specific stain Hoechst.

Fig. 2. Changes in the ratio of fluorescence of Fura-2-loaded

myoblasts (1) and myotubes (2) in response to AA at 340 and

387 nm excitation wavelengths. The arrow indicates administra-

tion of AA.
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Fig. 3. Kinetics of [Ca2+]i elevation in C2C12 myotubes in

response to AA in standard PSS with Ca2+ (1), in PSS without

Ca2+ (2), and in PSS with Ca2+ after 10 min preincubation with

20 µM dantrolene (3). The arrow indicates administration of AA.
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6.3% (Figs. 3 and 4). These data indicate that RyR1 cal-

cium channels are involved in the increase in [Ca2+]i

induced by AA. ATP is a powerful stimulator of calcium

metabolism in skeletal myotubes [9]. In our experiments,

dantrolene had no effect on ATP-induced increase in

[Ca2+]i in myotubes (data not shown). This suggests that

Ca2+-signaling mechanisms of AA and ATP are different.

Endolysosomes were recently found to be an intra-

cellular source of calcium ions [4]. The pool of calcium

ions in endolysosomes is relatively small but sufficient for

the realization of their physiological function: calcium

signal propagation via Ca2+-induced Ca2+ release

(CICR). The exit of calcium ions from endolysosomal

vesicles occurs through a special type of channels – two-

pore calcium channels (TPC), which are activated by the

second messenger nicotinic acid adenine dinucleotide

phosphate (NAADP) [5]. To determine the role of TPC

channels in AA-induced increase in [Ca2+]i, we used their

specific inhibitor trans-NED19 [30]. Preincubation of

myotubes with 10 µM trans-NED19 decreased the ampli-

tude of the increase in [Ca2+]i in response to AA by 35.8 ±

5.4% (Fig. 4).

DISCUSSION

In the present work we have shown that AA activates

release of calcium ions from the intracellular stores in

skeletal myotubes. Dantrolene considerably suppresses

the effect of AA. This indicates that ryanodine receptor

calcium channels in sarcoplasmic reticulum are involved

in AA-induced increase in [Ca2+]i in C2C12 myotubes.

The effect of AA on calcium metabolism in myoblasts is

much less pronounced. The reason for this might be

insufficient development of sarcoplasmic reticulum and

RyR1 channels in undifferentiated progenitor muscle

cells.

The increase in [Ca2+]i in response to AA was shown

in HEK293 cells, where AA stimulates both Ca2+ mobi-

lization from internal stores and Ca2+ influx [31]. The

mechanism of AA-induced [Ca2+]i elevation in HEK293

cells is different from the mechanisms Ca2+-signaling in

response to carbachol, caffeine, or thapsigargin. In sever-

al types of cells, AA activates calcium ions entry via ARC

channels, whose components are Orai1, Orai3, and

STIM1 [18]. We did not observe such a mechanism of cal-

cium ion entry into skeletal myotubes. However, it might

be that Ca2+ influx via ARC channels if they are present in

myotubes causes increase in Ca2+ concentration locally

near the plasma membrane ([Ca2+]pm), and the Fura-2

method is not sensitive enough to detect changes in

[Ca2+]pm as shown in [32].

Activation of Ca2+ release in response to 150 µM AA

was demonstrated in pancreatic β-cells, which also pos-

sess ryanodine receptor channels [24]. Increase in [Ca2+]i

was due to release of calcium ions from intracellular

depots and influx from the extracellular environment.

Elevation of [Ca2+]i induced by AA was attenuated by the

SERCA inhibitor thapsigargin [24]. Application of the

blockers of InsP3 receptors and RyR channels demon-

strated that AA selectively affects the latter [24].

5,8,11,14-Eicosatetraenoic acid, a non-metabolizable

analog of AA, mimicked the effect of AA, indicating that

AA itself stimulates ryanodine receptors in β-cells. AA-

induced Ca2+ influx in β-cells is apparently due to subse-

quent activation of store-operated channels after empty-

ing of the reticulum.

The ability of AA to stimulate the release of calcium

ions through the ryanodine receptor channels was

demonstrated in cardiomyocytes [33]. This effect was

reproduced by 5,8,11,14-eicosatetraenoic acid and was

not blocked by inhibitors of cyclooxygenase, epoxyge-

nase, and lipoxygenase. The latter exclude involvement of

AA metabolites in its action on calcium metabolism in

cardiac muscle cells. According to this work [33],

increase in Ca2+ release via ryanodine receptor channels

induced by AA occurs due to enhancement of Ca2+ con-

tent in sarcoplasmic reticulum and potentiation of caf-

feine-induced Ca2+ mobilization. It was demonstrated

that in cardiomyocytes AA strengthens calcium signals

and contractions in response to glucagon [33], cate-

cholamines [34], and TNF-α [35].

We have shown that the NAADP receptor antagonist

trans-NED19 causes slight inhibition of the effect of AA

on [Ca2+]i in myotubes. NAADP receptors are coupled

with two-pore calcium channels located in endolysoso-

mal vesicles, and our data suggest that AA also activates

this mechanism of intracellular calcium metabolism. It is

interesting that in pancreatic β-cells acidic lysosome-like

vesicles are also somehow involved in the effect of AA.

Fig. 4. Amplitudes of [Ca2+]i elevation in C2C12 myotubes in

response to AA under control conditions in PSS with Ca2+ (1), in

PSS without Ca2+ (2), in PSS with Ca2+ after preincubation for

10 min with 20 µM trans-NED19 (3), 10 µM U73122 (4), or

20 µM dantrolene (5). Significance of the difference from control:

* p < 0.05; ** p < 0.001. The data from 3-5 independent experi-

ments are presented.
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This is evidenced by the fact that disruption of acidic

stores with the inhibitor of vacuolar H+-ATPase

bafilomycin A1 or glycyl-phenylalanyl-β-naphthylamide

(GPN) decreases calcium signals in response to AA [36].

These data support the idea that AA functions as a

second messenger regulating calcium metabolism in cells

expressing ryanodine receptor calcium channels. To eval-

uate the physiological role of AA in regulation of skeletal

muscle cell contractions and their other functions, fur-

ther investigations are necessary.
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