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Abstract 
Introduction: Calcium is the trigger for muscle contraction and strict control of 

intracellular calcium handling is fundamental for muscle function. Imbalances in the 

intracellular concentration of calcium caused by disturbances in the calcium ion pumps or 

calcium channels may be responsible for different types of muscle disorders as myopathies. 

The pathogenesis of myopathy is unknown, but it has been hypothesized that hypoxia might 

be the trigger of a cascade leading to muscle weakness. Hypoxia is known to induce calcium 

handling alterations in many cell types, but effects of hypoxia on calcium handling in skeletal 

muscle is still uninvestigated.  

Aim: To investigate if acute hypoxia affects calcium release and re-uptake in dissociated 

muscle fibres after intermittent tetanic stimulation, with the purpose to increase the 

knowledge of the role of hypoxia in diseases causing muscle weakness.  

Method: Single fibres were dissociated from the flexor digitorum brevis taken from mice. 

These were cultured overnight and then exposed to hypoxia for 30 minutes. Alterations in the 

free cytoplasmic calcium ion concentration transients were measured before and after a series 

of 300 intermittent contractions at 70 Hz using fluo-3, which is a fluorescence indicator of 

intracellular calcium.   

Result: Acute hypoxia affected calcium handling in skeletal muscle fibres. Decay of the 

tetanic free cytoplasmic calcium ion concentration transient was significantly slower in 

hypoxic compared to control fibres. Resting free cytoplasmic calcium ion concentration and 

tetanic free cytoplasmic calcium ion concentration seemed to increase prior to fatigue and 

accelerate the development of fatigue.  

Conclusion: Calcium handling alterations induced by acute hypoxia in skeletal muscle 

fibres may have resulted from acidosis and metabolite alterations. Further studies need to be 

performed to draw firm conclusions due to limited samples in this study.  
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Abbreviations 
Ca2+: Calcium ion  
FDB: Flexor digitorum brevis 
SR: Sarcoplasmic reticulum 
RyR: Ryanodine receptor 
SERCA: Sarcoplasmic/endoplasmic Ca-ATPase  
[Ca2+]i: Free cytoplasmic calcium ion concentration 
N2: Nitrogen gas 
Pi: Inorganic phosphate  
HMGB1: High Mobility Group Protein-1  
ATP: Adenosine triphosphate  
TLR: Toll-like receptor  
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1. Introduction 
Calcium regulation in muscle   

Skeletal muscle is one of the most dynamic tissues of the body. It is made up of muscle fibres 

that are long, multinucleated cells. Muscle display a high plasticity and can change their 

characteristics in response to different stimuli like nerve signals, exercise or hormonal factors. 

Calcium (Ca2+) is the main regulatory molecule in all muscle fibres, and the trigger for muscle 

contraction. The contractile ability of muscle fibres is dependent on Ca2+ and the expression 

level of proteins involved in calcium handling [1].  

 
The free cytoplasmic concentration ([Ca2+]i) is very low (approximately -50 nM) in the 

resting non-contracted muscle. Muscle contracts when an action potential depolarizes the 

plasma membrane, spreading down the transverse (t-) tubule system towards the centre of the 

cell [1]. The action potential arrives where the t-tubuli are close to the sarcoplasmic reticulum 

(SR) that is responsible for Ca2+ storage [2]. The depolarization causes a voltage sensor 

subunit of the dihydropyrodine receptors (DPHRs) in the t-tubule membrane to change its 

conformation and triggers the ryanodine receptors (RyR) located in the SR membrane to 

open. The open RyR channel releases the Ca2+ stored inside the SR into the cytoplasm and 

elevates the levels of [Ca2+]i up to 100 fold [1]. Ca2+ diffuses through the cytosol and binds to 

troponin C on the thin filaments. Once Ca2+ is bound to troponin C, tropomyosin can move 

and open up an active site on the actin to which myosin can bind, and contraction occurs [3]. 

Once the action potential is finished and release of Ca2+ from the SR ends, Ca2+ is released 

from troponin C and pumped back into the SR by Ca-ATPase (SERCA), and the resting 

[Ca2+]i is restored and the muscle fibre relaxes [4]. Thus, strict control of intracellular Ca2+ 

handling is fundamental for muscle function.  

 
Ca2+ homeostasis is highly important, and imbalance in the intracellular concentration or Ca2+ 

related signalling pathways caused by disturbances in the Ca2+ ion pumps or Ca2+ channels 

may be responsible for different types of muscle disorders as heart failure, hypoxia and 

myopathies [5].  

 
Can hypoxia modulate intracellular calcium levels? 

Idiopathic inflammatory myopathies are a group of chronic disorders that mainly affects 

skeletal muscle. The disorders share symptoms of proximal muscle weakness, inflammatory 

infiltrates and extra muscular manifestations. The pathogenesis is still enigmatic, even though 
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inappropriate immune reactions are without doubt a part of the pathophysiology. Cellular and 

non-cellular components are regulators of the inflammation, and it is clearly an interplay 

between innate immunity, adaptive immunity, environmental factors and genetic predisposition 

[6]. Despite this, inflammation has not been proven to be the main cause in the pathogenesis, 

since immunosuppressive treatment have limited effects [7]. It has been suggested that hypoxia 

might be the primary trigger for inflammation and force impairment (Vascular Hypothesis). 

The hypothesis is based on the fact that blood vessels supplying muscle tissue in patients with 

myositis, are found to be phenotypically altered  and reduced in quantity [8]. This affects the 

microcirculation and delivery of nutrients and gases to the muscle fibres and may lead to the 

development of local hypoxia.  

Local hypoxia could affect energy stores and metabolism in cells, and thus cause a Ca2+ leak 

from the SR [8], which in turn affects the Ca2+ homeostasis.  Several mechanisms are 

suggested to contribute to the effects of hypoxia on muscle. Hypoxia is proposed to stimulate 

production of cytokines that induce reactive oxygen species (ROS) [9] and to cause acidosis 

that may have direct effect on contractile proteins [10].  

 

Published studies have shown that hypoxia affects intracellular Ca2+ levels in cardiomyocytes, 

epithelial cells, smooth muscle cells and neuronal cells [11]. A previous study has shown that 

hypoxia increased resting tension in ventricular muscle, but decreased the force when 

stimulated. This was reported to be due to increased cytosolic levels of Ca2+ in the resting 

state and a decline in the tetanic Ca2+ transient amplitude [10,11].  

However, the effect of acute hypoxia on Ca2+ handling in skeletal muscle is uninvestigated 

[11]. Given that Ca2+ handling differs considerably in skeletal muscle compared to heart 

muscle, most notably in that activation of skeletal muscle does not depend on extracellular 

influx of Ca2+ [12], it is interesting to examine the effects of hypoxia on Ca2+ handling in 

skeletal muscle.  

 

2. Aim 
The aim of this project was to investigate if 30 minutes exposure to a hypoxic milieu (100% 

N2) induced alterations in Ca2+ handling in dissociated skeletal muscle fibres.  
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The overall purpose of the study was to further the understanding of diseases characterized by 

alterations in muscle phenotype and the underlying pathophysiology in hypoxia associated 

muscle dysfunction. There are likely a number of involved factors in decreased muscle 

strength including hypoxia and Ca2+ handling. An understanding of the events initiated by 

hypoxia might contribute to the development of therapeutic interventions with beneficial 

effects in hypoxic diseases.  

Questions 

• Does acute hypoxia affect calcium handling in skeletal muscle?  
 

Hypothesis 

The hypothesis was that acute hypoxia initiates a leak of Ca2+ from the SR at rest and impairs 

SR Ca2+ release during contractions. Ca2+ is a known initiator of many signalling cascade 

pathways in cells. Acute hypoxia was thought to decrease the pumping of Ca2+ back into SR 

via SERCA. Thus, resting Ca2+ was hypothesised to be increased and mean or peak tetanic 

Ca2+ during a 70 Hz tetanus was hypothesised to be decreased during hypoxia compared to 

normoxia which would in turn lead to decreased muscle force.  

 

3. Materials and methods 
Animals and ethical consideration: 

All animal experimental procedures were approved by the Stockholm North Ethical 

Committee on Animal Experiments (no. N120/13). Female C57BL/6J mice were used. 

Animals were conducted in accordance to the ”3R’s” principles (Replace, Reduce, Refine): 

Adult fibres had to be used, since myoblasts do not behave like adult fibres. Mice were kept at 

room temperature with a 12-24 hour light-dark cycle. Food and water were provided ad 

libitum. Mice were sacrificed by rapid neck disarticulation, and the flexor digitorum brevis 

(FDB) muscle was isolated. Soleus and extensor digitorum muscle from the mice used in this 

study were used for other experiments, and FDB muscles in the hind paws were left over and 

used in these experiments. Muscles were dissociated into single fibres which maximised the 

number of observations using a minimum number of animals.  
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Dissociation of FDB muscles: 

Each experiment utilised the FDB muscles which were cleaned of tendons, connective tissue 

and blood vessels under a microscope. Cleaned muscle was placed on a plastic dish and 

incubated for 2-3 h at 37 oC  in Collagenase type 1 in minimal essential medium (DMEM-

HEPES buffered, supplemented with 10% fetal bovine serum (FBS)). Then, muscle was 

transferred to fresh DMEM and mechanically dissociated into single fibres by sucking the 

muscle and solution up and down gently about 20 times through a 1 ml pipette tip. Ten Petri 

dishes were coated with laminin and were left in room temperature for 2 hours and then 

washed by adding and removing 1 ml DMEM. 300 µl DMEM containing dissociated fibres 

were then added to the laminin-coated petri dishes to attach for 8 minutes. Finally, 3 ml of 

supplemented DMEM (DMEM+20% heat inactivated FBS) was added and the dishes were 

incubated in 37oC in a water-saturated incubator for approximately 16 hours prior to 

measurement of tetanic [Ca2+]i. All experiments were performed three times (n=3) on cells 

from three mice.  

 

Stimulation protocol and [Ca2+]i measurements: 

Half of the dishes were exposed to hypoxic conditions (100% N2) for 30 minutes and were 

allowed to recover for approximately 30 minutes in normoxic milieu afterwards. Parallel 

experiments were done where dishes were exposed only to normoxic conditions.   

To measure resting and tetanic [Ca2+]i , myoplasmic free [Ca2+] in dissociated FDB fibres 

were loaded with fluorescent [Ca2+]i indicator fluo-3 (4 µM, 20 min at room temperature) 

followed by 20 minutes of washing. Only muscle cells that showed a brisk twitch response 

when electrically stimulated were used. Next, BTS, a specific inhibitor of muscle myosin-II 

ATPase, was then added to the perfusing solution to inhibit contractions without affecting 

amplitude of myoplasmic Ca2+ transients. Single fibres [Ca2+]i transients were examined 

during two tetani at 30 Hz respectively 70 Hz, and subsequently during a series of 300 

intermittent repeated tetani contractions (70 Hz for 600 s duration given at 2 s interval). 

Changes in fluo-3-signal was measured in a BioRad MRC 1024 confocal unit equipped with a 

Calypso laser (Cobolt, Solna, Sweden) attached to a Nikon Diaphot 200 inverted microscope 

with a Nikon Plan Apo 20x objective lens to obtain line scan images (6 ms per line). The fiber 

was placed to ensure that the line scan was performed across the diameter of the fiber. Fluo-3 

was excited at 491 nm, and the emitted light was collected through a 515 long-pass filter.  
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Images were analysed using ImageJ software (National Institutes of Health, Bethesda; 

https://imagej.nih.gov). Fluorescence during electrically induced contractions was expressed 

relative to that measured before electrical stimulation (F/F0). Background fluorescence was 

subtracted. 

 

Statistics  

Data are expressed as mean ± SD. A two tailed paired T-test was used to establish significant 

differences in tetanic [Ca2+]i, before and after fatiguing stimulation in hypoxic fibres. A two 

tailed unpaired T-test was used to establish significant differences in resting [Ca2+]i and 

differences in the decay of  [Ca2+]i between hypoxic and normoxic fibres, prior to and after 

fatiguing stimulation. Significance level was set at P<0.05. Sigmaplot V.12 was used for data 

analysis and graphs.  

 

4. Results  
Calcium measurements before and after fatigue  

Our data suggests that acute hypoxia affects Ca2+ handling. Representative images of a rested 

fiber and a stimulated fiber with the recorded Ca2+ transients induced by 70 Hz are shown in 

(Fig. 1).  

 

 
Figure 1.  Typical examples of recordings from one muscle fiber in resting state (left), or stimulated 

with three 70 Hz tetani (middle) and the plotted Ca2+ transients from two of these tetani (right).  

Both control and FDB fibres subjected to the 30 min hypoxic exposure were fatigued by a 

series of 300 repeated tetani stimulation (70 Hz). [Ca2+]i was measured before and after the 
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stimulation. The hypoxic fibres showed a slightly higher [Ca2+]i ratio at the start and slightly 

lower in the end of repeated stimulation (Fig. 2).  

 

 

Figure 2. Mean data (±SD) of the relative change in tetanic [Ca2+]i  (F/F0) at 70 Hz at start and end of 

300 tetani for control (n=5) and hypoxic fibres (n=6) obtained from three mice. Relative changes were 

calculated as ratio before and after fatiguing stimulation. [Ca2+]i was slightly higher in hypoxic fibres 

at the start of 300 tetani, and slightly lower at the end than in control fibres. There were no significant 

differences. 

There was no significant difference in the fold change of the resting [Ca2+]i between hypoxia-

exposed fibres and control fibres prior to induction of fatigue, but it seems to be a numerical 

difference. As seen in (Fig. 3), the resting [Ca2+]i was higher in the hypoxic fibres than in the 

control fibres. After the fatiguing 300 tetani the resting [Ca2+]i increased significantly in both 

hypoxic and normoxic fibres, but the fold change was greater in the normoxic fibres, simply 

because the resting value was lower at the beginning (Fig. 4). The typical image of a peak in 

[Ca2+]i in the tetanic state was, unexpectedly, higher in the hypoxic fibres than in control 

fibres prior to fatigue, shown in (Fig.3). 
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Figure 3. Typical [Ca2+]i records at 70 Hz obtained from a control fiber (black) or a hypoxia-exposed 

fiber (dashed red) prior to fatigue. The hypoxic fibres showed an increased [Ca2+]i both in resting and 

contracting state.  

 
Figure 4.  Fold change in resting [Ca2+]i before and after 300 tetani. Data are mean (±SD) obtained 

from controls (n=6) and hypoxic fibres (n=5). The resting [Ca2+]i increased significantly in both the 

hypoxic and normoxic fibres after 300 tetani. The fold change in resting [Ca2+]i was greater in control 

fibres than in hypoxic fibres, but there was no significant difference between the two conditions 

(P<0.05).  

Observations of the decay in [Ca2+]i after contractions were made, before and after fatiguing 

300 tetani stimulation. The decay in Ca2+ was observed to be significantly (P<0.05) slower in 

all hypoxic fibres at both start and end of the series of 300 tetani (Fig. 5 and Fig. 6). 
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Figure 5. At the start of a series of 300 repeated tetani, decay of Ca2+ transient was significantly 

(P<0.05) slower in FDB muscle fibres exposed to 30 min hypoxia (dashed red) compared to the 

control fibres (black). Traces were calculated at 200 ms and represent the mean value of all fibres 

examined in the two conditions.  

 
Figure 6. At the end of a series of 300 repeated tetani, decay of Ca2+ transient was significantly 

(P<0.05) slower in FDB muscle fibres exposed to 30 min hypoxia (dashed red) compared to the 

control fibres (black). Data were calculated at 200 ms and are the mean values obtained from control 

fibres n=6 and hypoxic fibres n=5. 

 

5. Discussion  
Previous studies have shown that hypoxia affects the Ca2+ handling in different cell types 

[11]. We studied whether stimulation of hypoxic muscle fibres affects the Ca2+ handling as 

well. We hypothesized that hypoxia impairs tetanic Ca2+ release but increases Ca2+ 

concentration in the resting state. To investigate if hypoxia affects Ca2+ handling in skeletal 



 
 

 
 

13 

muscle fibres, we studied [Ca2+]i transients in hypoxic fibres before and after repeated tetanic 

stimulation. Our results showed that hypoxia had a significant effect on the rate of  [Ca2+]i 

decline after tetani, which was markedly reduced in the hypoxic fibres both before and after 

fatigue compared to controls. This finding is similar to the results of an earlier study on 

cardiomyocytes, where the rate of fall of fluorescence transients were slowed in ventricular 

muscle during hypoxia [10]. There were no significant differences in either resting or tetanic 

[Ca2+]i, which contradicted our hypothesis, but showed numerical differences; (1) 

measurements showed an increase of the resting [Ca2+]i in the hypoxic fibres both prior to, 

and after, fatigue. (2) Prior to the start of the fatiguing stimulation protocol, the hypoxic fibres 

also showed an increased tetanic [Ca2+]i compared to normoxic fibres. This contradicted our 

hypothesis. (3) After fatiguing stimulation there was a marked decrease of tetanic [Ca2+]i in 

the hypoxic fibres that did not occur under control conditions. These four alterations in the 

Ca2+ handling will be discussed in turn.  

 

Slowed [Ca2+]i decline after tetani and increased resting [Ca2+]i 

The slowed rate of [Ca2+]i decline after tetani could be explained by impaired SERCA Ca2+ 

re-uptake in hypoxic fibres. The resting [Ca2+]i of muscles is set by the leak of Ca2+ from the 

SR via RyR, and the SR uptake of Ca2+ via SERCA [13]. Hypoxia is therefore a factor that 

could induce changes in either, or both, of these that result in resting [Ca2+]i alterations. It 

could be explained by the metabolic changes in hypoxia, where the muscle will depend on 

anaerobic metabolism, and lactic acid may accumulate as a consequence and result in 

intracellular acidosis. Acidosis may affect both RyR and the Ca2+ re-uptake by SERCA. Ca2+ 

binds to SERCA in a pH-dependent way [14] and if pH falls, as seen in hypoxic conditions, 

the affinity of Ca2+ to SERCA decreases. This means that Ca2+ is pumped back into the SR at 

a slower rate, and the resting  [Ca2+]i rises. The anaerobic metabolism causes increasing 

intracellular concentration of inorganic phosphate ions (Pi), as a result of net breakdown of 

ATP and decreased levels of creatine phosphate. Elevated Pi has been reported to increase the 

probability to open RyR, and initiate a more ”leaky” SR [13]. The decreased ATP levels due 

to anaerobic metabolism also limits the action of the ATP-driven SERCA, which in turn 

decreases the rate of Ca2+ pumping back to the SR. These mechanisms could together 

contribute to the slower Ca2+ decay after tetanic stimulation, and are also suggested to be 

reasons to the altered basal level of the resting [Ca2+]i . In this study, it is impossible to 
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distinguish whether the increased resting [Ca2+]i was due to an effect on RyR Ca2+ leak or 

impaired SERCA function or both.  
 

The resting [Ca2+]i seems to be increased in the hypoxic fibres throughout all experiments 

compared to controls, both prior to and after fatigue. Although, the fold change in [Ca2+]i 

increase during fatigue was smaller in the hypoxic fibres than in controls and could be 

explained by that the Ca2+ re-uptake was already much more affected in the hypoxic fibres 

prior to fatiguing stimulation.  

 

Decreased tetanic [Ca2+]i   

A faster development of decreased tetanic [Ca2+]i  after fatiguing stimulation has been 

observed in previous studies in single muscle fibres of FDB, but where mitochondrial 

respiration was blocked by cyanide instead of exposure to hypoxic milieu as in present 

experiments [15,16]. In line with this, the present results point to a pronounced decrease in 

tetanic [Ca2+]i during fatigue compared to controls. One reason for this might be impaired 

Ca2+ release. As mentioned earlier, acidosis has been shown to affect RyR such that it has a 

reduced probability to open which leads to reduced amounts of released calcium [17], but this 

idea has been eliminated to be the cause of the [Ca2+]i decline during stimulation according to 

studies that have examined effect of myoplasmic pH in skeletal muscle [18,19]. Instead, the 

metabolic change in increasing intracellular concentrations of Pi has been proposed to be the 

main cause. Elevated levels of Pi can accumulate in the SR and bind to Ca2+, which in turn 

reduces the amount of  free releasable Ca2+ from the SR [20]. Several experiments support 

that this Ca2+-Pi precipitation can occur in the SR [16] and Pi also slows the function of 

SERCA. The declining levels of ATP is likewise associated with decreased SR Ca2+ release, 

since RyR is strongly stimulated by ATP [21]. These mechanisms are suggested to cause the 

reduced tetanic [Ca2+]i in hypoxia but needs to be further investigated.   

 

Increased tetanic [Ca2+]i  prior to fatigue 

The results seem to point to a numerical increase in tetanic [Ca2+]i following the 30 minutes 

period of hypoxia.  This contradicted our hypothesis, that hypothesized tetanic [Ca2+]i would 

be impaired at all times. As mentioned above, Pi has been proposed to be a factor in muscle 

fatigue. Interestingly, increasing intracellular Pi may have multiple effects. Besides Ca2+-Pi 

precipitation and impaired pumping of SERCA, it has been proposed to also enhance the 



 
 

 
 

15 

activity of RyR Ca2+ release, and studies have shown that Pi have direct effect on RyR that 

increases their probability to open [19]. It has been suggested that Pi rises very rapidly and 

result in greater Ca2+ release at first, before Pi enter the SR and decrease the amount of free 

releasable Ca2+ [22]. This would mean that there is a ”time window” where Pi at first increases 

[Ca2+]i, and then after repeated tetani impair Ca2+ release through mechanisms in the SR and 

on SERCA. Although, it should be observed that there probably was no difference between 

fibres in hypoxic and normoxic conditions, but because the number of fibres were few and 

spread of data was large, more experiments are needed to be sure of the statistics. 

Additionally, other factors could be involved in the decreased Ca2+ release in hypoxia, such as 

production of ROS and/or pro-inflammatory proteins or cytokines [9]. 

 

The current study has several limitations. The results are based on a very limited number of 

animals and fibres, thus definitive conclusions about mechanisms are hard to make but the 

results do point the way forward and indicate the need of more experiments. There were some 

technical problems that had to be solved during the course of this project. First, during some 

stimulation experiments, fibres did not remain attached to the Petri dishes as they contracted 

and detached from the bottom of the dish. This reduced the number of usable fibres. Thus, in 

some experiments the values of [Ca2+]i had to be measured in different fibres on the same 

plate during stimulation, because fibres detached. To be able to draw firm conclusions about 

the effects of hypoxia in Ca2+ alterations, experiments need to be performed on a larger 

numbers of muscle fibres. In the present study, we have used single muscle fiber preparation, 

where problems with O2 diffusion does not occur. The delivery of O2 in whole muscles 

depends on diffusion from the surface of the muscle. Therefore, muscle fibres in the deeper 

parts of whole muscles, may be in hypoxic milieu during fatiguing stimulation. Another 

advantage with single fibres is that recordings of [Ca2+]i can be directly compared with other 

cell properties, such as tension. It must also be remembered that the experimental conditions 

differ from the in vivo situation, and results may not be transferable to the in vivo situation. 

The choice of fluo-3 as the Ca2+-indicator could be a limitation in this study as well, since it is 

a non-ratiometric dye. This could mean it is not certain that resting [Ca2+]i was increased in 

the hypoxic fibres. In the case of fluo-3, measurements are made with a single emission 

wavelength. To allow accurate measurements of the [Ca2+]i a ratiometric and sensitive 

indicator dye such as indo-1 would be needed, which has the ability to make ratio 

measurements between two emission wavelengths. This would greatly reduce any potential 
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confounding such as the leakage of dye, uneven loading, movement of the fibres and 

measuring of Ca2+ in cells of unequal thickness. 

 

6. Conclusion 
The present data suggest that acute hypoxia affects the Ca2+ handling in mouse skeletal 

muscle in multiple ways. Significant alteration in the rate of SR Ca2+ re-uptake was seen 

during both the resting and contracting state, and hypoxia also seemed to accelerate fatigue 

development and decrease the rate of SR Ca2+ release. These changes could be caused by 

acidosis and metabolite alterations due to anaerobic metabolism which have effects on SR 

Ca2+ release channels and SR Ca2+ pumps. This might lead to muscle impairment and result in 

weakness. Nevertheless, further studies need to be performed since the results in this study 

cannot draw any firm conclusions due to too few muscle fibres. Preferably, other factors like 

the expression of key inflammatory mediators, such as High mobility group box 1 protein 

(HMGB1), in acute hypoxia could be considered in the future. By understanding events 

initiated by hypoxia, therapeutic targets could be evaluated in the development of therapeutic 

interventions with beneficial effects in hypoxic diseases.   

 

7. References  
1.  Berchtold MW, Brinkmeier H, Müntener M. Calcium ion in skeletal muscle: its crucial role 

for muscle function, plasticity, and disease. Physiol Rev. juli 2000;80(3):1215–65.  

2.  Frontera WR, Ochala J. Skeletal muscle: a brief review of structure and function. Calcif 

Tissue Int. mars 2015;96(3):183–95.  

3.  Baylor SM, Hollingworth S. Calcium indicators and calcium signalling in skeletal muscle 

fibres during excitation-contraction coupling. Prog Biophys Mol Biol. maj 2011;105(3):162–79.  

4.  Szent-Györgyi AG. Calcium regulation of muscle contraction. Biophys J. juli 

1975;15(7):707–23.  

5.  Agrawal A, Suryakumar G, Rathor R. Role of defective Ca2+ signaling in skeletal muscle 

weakness: Pharmacological implications. J Cell Commun Signal. december 2018;12(4):645–59.  

6.  Ceribelli A, De Santis M, Isailovic N, Gershwin ME, Selmi C. The Immune Response and the 

Pathogenesis of Idiopathic Inflammatory Myositis: a Critical Review. Clin Rev Allergy 

Immunol. februari 2017;52(1):58–70.  

7.  Korotkova M, Helmers SB, Loell I, Alexanderson H, Grundtman C, Dorph C, m.fl. Effects of 



 
 

 
 

17 

immunosuppressive treatment on microsomal prostaglandin E synthase 1 and cyclooxygenases 

expression in muscle tissue of patients with polymyositis or dermatomyositis. Ann Rheum Dis. 

01 november 2008;67(11):1596.  

8.  Zong M, Lundberg IE. Pathogenesis, classification and treatment of inflammatory 

myopathies. Nat Rev Rheumatol. maj 2011;7(5):297–306.  

9.  Agrawal A, Rathor R, Suryakumar G. Oxidative protein modification alters proteostasis under 

acute hypobaric hypoxia in skeletal muscles: a comprehensive in vivo study. Cell Stress 

Chaperones. 2017;22(3):429–43.  

10. Allen DG, Orchard CH. Intracellular calcium concentration during hypoxia and metabolic 

inhibition in mammalian ventricular muscle. J Physiol (Lond). juni 1983;339:107–22.  

11. Kanatous SB, Mammen PPA, Rosenberg PB, Martin CM, White MD, Dimaio JM, m.fl. 

Hypoxia reprograms calcium signaling and regulates myoglobin expression. Am J Physiol, Cell 

Physiol. mars 2009;296(3):C393-402.  

12. L.Rich T, A.Langer G. A comparison of excitation-contraction coupling in heart and skeletal 

muscle: An examination of “calcium-induced calcium release”. Journal of Molecular and 

Cellular Cardiology. oktober 1975;(Volume 7, Issue 10):747–54.  

13. Westerblad H, Allen DG. Mechanisms underlying changes of tetanic [Ca2+]i and force in 

skeletal muscle. Acta Physiol Scand. mars 1996;156(3):407–16.  

14. de Meis L, Wolosker H, Engelender S. Regulation of the channel function of Ca2+-ATPase. 

Biochimica et Biophysica Acta (BBA) - Bioenergetics. juli 1996;1275(1–2):105–10.  

15. Zhang S-J, Bruton JD, Katz A, Westerblad H. Limited oxygen diffusion accelerates fatigue 

development in mouse skeletal muscle. J Physiol (Lond). 15 april 2006;572(Pt 2):551–9.  

16. Westerblad H, Allen DG. Changes of myoplasmic calcium concentration during fatigue in 

single mouse muscle fibers. J Gen Physiol. september 1991;98(3):615–35.  

17.Ma J, Fill M, Knudson CM, Campbell KP, Coronado R. Ryanodine receptor of skeletal 

muscle is a gap junction-type channel. Science. 07 oktober 1988;242(4875):99–102.  

18. Lamb GD, Recupero E, Stephenson DG. Effect of myoplasmic pH on excitation-contraction 

coupling in skeletal muscle fibres of the toad. J Physiol (Lond). mars 1992;448:211–24.  

19. Westerblad H, Allen DG, Lännergren J. Muscle fatigue: lactic acid or inorganic phosphate 

the major cause? News Physiol Sci. februari 2002;17:17–21.  

20. Fryer MW, Owen VJ, Lamb GD, Stephenson DG. Effects of creatine phosphate and P(i) on 

Ca2+ movements and tension development in rat skinned skeletal muscle fibres. J Physiol 

(Lond). 01 januari 1995;482 ( Pt 1):123–40.  

21. Cheng AJ, Place N, Westerblad H. Molecular Basis for Exercise-Induced Fatigue: The 



 
 

 
 

18 

Importance of Strictly Controlled Cellular Ca2+ Handling. Cold Spring Harb Perspect Med. 01 

2018;8(2).  

22. Balog EM, Fruen BR, Kane PK, Louis CF. Mechanisms of P(i) regulation of the skeletal 

muscle SR Ca(2+) release channel. Am J Physiol, Cell Physiol. mars 2000;278(3):C601-611.  

23. Andersson U, Yang H, Harris H. High-mobility group box 1 protein (HMGB1) operates as 

an alarmin outside as well as inside cells. Semin Immunol. 09 mars 2018;  

24. Zong M, Bruton JD, Grundtman C, Yang H, Li JH, Alexanderson H, m.fl. TLR4 as receptor 

for HMGB1 induced muscle dysfunction in myositis. Ann Rheum Dis. augusti 2013;72(8):1390–

9.  

25. Ulfgren A-K, Grundtman C, Borg K, Alexanderson H, Andersson U, Harris HE, m.fl. Down-

regulation of the aberrant expression of the inflammation mediator high mobility group box 

chromosomal protein 1 in muscle tissue of patients with polymyositis and dermatomyositis 

treated with corticosteroids. Arthritis & Rheumatism. maj 2004;50(5):1586–94.  

 


