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Skeletal muscle atrophy occurs as a result of long periods of disuse, as seen with bedrest, 

limb immobilization, and space flight; and disease, as seen with cancer, sepsis, and metabolic 

dysfunction.  Atrophy proceeds via different mechanistic pathways among these conditions, but 

in most cases, including disuse, levels of intracellular calcium increase in the muscle cells.  This 

rise in intracellular calcium stimulates calpain activation and subsequent protein degradation, or 

proteolysis.  Calpain cleaves the structural proteins that hold the sarcomere together, thereby 

releasing the contractile myofibrillar proteins for proteasome degradation; this is thought to be 

the rate-limiting step in skeletal muscle proteolysis because the proteasome cannot degrade intact 

sarcomeres.  Little is known about the regulation of calpain activity, however, nitric oxide has 

been proposed as a possible mediator.  This study used the calcium ionophore calcimycin to 

increase intracellular calcium and induce calpain activity in L6 myotubes.  It is the first to 

examine the effects of exogenous nitric oxide on calpain activity in mature myotubes and to 

demonstrate a dose-dependent protective role for nitric oxide on calpain targets and concurrent 

prevention of myotube atrophy.  Nitric oxide attenuated calpain cleavage of the structural protein 

talin and reduced visible myotube atrophy.  Therefore, moderate doses of nitric oxide can 

prevent protein degradation and atrophy following a calcium challenge in L6 myotubes.
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CHAPTER 1 
INTRODUCTION 

Background 

Skeletal muscle atrophy can result from a variety of conditions, such as prolonged bed rest, 

limb immobilization, denervation, cancer, sepsis, aging, malnutrition, metabolic dysfunction, and 

space flight.  Skeletal muscle atrophy is a clinically-significant problem not only because it is a 

common complication and/or outcome of these conditions but also because it can contribute to 

the onset or worsening of others.  Loss of muscle mass is a primary cause of decreased mobility 

and balance, which can lead to inactivity, injury, and inability to perform daily tasks, as well as 

contribute to metabolic syndrome (obesity, hyperlipidemia, hypertension, and insulin resistance) 

and increased risk for type II diabetes and cardiovascular disease.    

While there are several different molecular pathways through which skeletal muscle 

atrophy can occur depending upon the atrophy stimulus, elevated intracellular Ca2+ occurs in 

most atrophic conditions.  The role of Ca2+ is especially critical to understanding disuse atrophy 

because Ca2+ levels greatly increase with disuse (10).  The mechanism for this rise in Ca2+ is 

unknown, but increasing oxidative stress may play a major role (27).  Elevated intracellular Ca2+ 

is a powerful atrophy signal because Ca2+ stimulates calpain activity.  Calpains are Ca2+-

dependent cysteine proteases that cleave the intermediate filaments of the sarcomere to release 

actin and myosin for degradation by the proteasome (6).  Calpains cannot degrade contractile 

proteins, but, because myofibrillar release must precede proteasome proteolysis, calpain activity 

is often cited as the rate-limiting step in proteolysis (27).  In fact, evidence from rat diaphragm 

muscle shows that calpains may be necessary for protein degradation by the proteasome (31).  

Interestingly, the same study has presented evidence that calpain activity inhibits protein 

synthesis via the IGF-1/Akt pathway, suggesting a dual role for calpains in muscle atrophy (31). 
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Little is known about the regulation of calpain activity.  However, a small number of 

research studies have suggested NO as a possible mediator.  NO has been shown to inhibit 

calpain activity in human neutrophils (22) and rat cardiac myocytes (5).  Evidence in skeletal 

muscle is limited to date.  In C2C12 myotubes, mechanically-induced endogenous NO release 

has been associated with increased intact intermediate filaments known to be cleaved by calpains 

(42).  And in C2C12 myoblasts, induction of calpain activity with A23187 produced 

intermediate filament cleavage, and this activity was attenuated by exogenous NO (19).   This is 

the strongest evidence to date of a protective role for NO in calpain proteolysis in skeletal 

muscle.  However, this relationship has not yet been established in mature myotubes and has not 

been connected with other atrophy markers. 

Thus, several questions remain regarding the role of NO in regulating calpain activity in 

skeletal muscle.  First, it is unknown if exogenous NO will directly inhibit calpain action in 

mature myotubes.  Second, it is unknown whether or not the effects of NO are dose-dependent.  

Third, even if exogenous NO does decrease the cleavage of intermediate filaments by inhibiting 

calpains, it has not been clearly established that this prevents muscle atrophy (loss of myotube 

size and/or total protein).  None of the aforementioned studies has presented clear evidence of 

atrophy in connection with calpain induction or prevention of atrophy with an increase in NO.  

While this relationship between calpain proteolysis and muscle atrophy may seem obvious, it is 

possible that at least some of the calpain activity is devoted to cellular remodeling.  Thus, 

evidence of myotube atrophy and/or activity of other atrophy-associated proteins, such as the 

proteasome E3 ligases MAFbx and MuRF1, are needed in conjunction with evidence of calpain 

proteolysis and NO effects. 
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Specific Aims and Hypotheses 

Specific aim 1: To test that elevated intracellular Ca2+ levels induced by treatment with 

A23187 is a dose-dependent model of skeletal muscle atrophy stimulating calpain proteolysis of 

intermediate filaments and increasing molecular markers of proteasome activity and to determine 

whether or not exogenous NO can attenuate these effects. 

Hypothesis 1A: Elevation of intracellular Ca2+ by treatment with A23187 causes increased 

proteolysis of intermediate filaments (e.g. talin) by calpain and increased proteasome activity 

(e.g. FOXO3a, MAFbx). 

Hypothesis 1B: Exogenous NO administration attenuates calpain proteoloysis and 

proteasome activity after treatment with A23187. 

Specific aim 2: To test if elevated intracellular Ca2+ by treatment with A23187 induces 

myotube atrophy (loss of size and/or total protein) and whether or not exogenous NO 

administration results in decreased atrophy. 

Hypothesis 2A: Elevation of intracellular Ca2+ by treatment with A23187 causes myotube 

atrophy. 

Hypothesis 2B: Exogenous NO attenuates myotube atrophy after treatment with A23187. 

Clinical Significance 

Skeletal muscle accounts for approximately 40% of human body mass and is required for 

basic functions such as locomotion, respiration, metabolism, and thermoregulation. Skeletal 

muscle responds to the presence or absence of stimuli with changes in protein synthesis, protein 

degradation, or both.  When the rate of protein degradation surpasses the rate of protein 

synthesis, skeletal muscle atrophy occurs.  Atrophy is described as a loss in muscle fiber size, 

protein content, and strength.   An increase in protein degradation and subsequent muscle 

atrophy can occur due to periods of inactivity, lack of nutrition, aging, or disease and can 
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contribute to numerous disease states.  A loss of skeletal muscle leads to fatigability, decreased 

mobility and ability to execute daily activities, and insulin resistance, all of which are risk factors 

for type II diabetes and cardiovascular disease.  Skeletal muscle loss is also a complication in 

cancer and cancer therapies. 

Much work has been done in the field of skeletal muscle atrophy. Various models, 

including limb immobilization, limb unloading, denervation, and endotoxin administration, have 

been used to research the causes of muscle atrophy. These models are all performed in vivo; they 

can provide little insight on the intrinsic factors leading to muscle degradation and are heavily 

influenced by many neural and humoral factors. Therefore, it is necessary to study skeletal 

muscle atrophy in vitro to investigate the signaling pathways leading to loss of muscle mass and 

what might attenuate atrophy signaling.  Elucidating these signals and what mediates them may 

lead to therapeutic strategies, such as pharmaceutical interventions, to attenuate or eliminate 

skeletal muscle atrophy as a complication and cause of disease, which could dramatically 

improve both longevity and quality of life. 

Strengths and Limitations 

The primary strength of this in vitro study is the high level of experimental control 

exercised over the muscle cells.  Unlike in vivo studies, this study was not subject to influence by 

the many humoral and neural factors that would be confounding in a whole animal.  Although in 

vitro studies require confirmation in vivo, this study provides one piece of the cellular signaling 

puzzle that would be impossible to ascertain without in vitro experimentation that eliminates 

other physiological factors.  Furthermore, this is the first study of calpain proteolysis and NO 

mediation that examines not only molecular signals associated with proteolysis but also the 

degree of atrophy in the myotubes. 
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This study used A23187 to induce skeletal muscle atrophy because elevated intracellular 

Ca2+ is a common element in most, if not all, models of skeletal muscle atrophy and is 

particularly characteristic of disuse atrophy (10).  While this stimulus is a useful simulation of 

skeletal muscle atrophy in general, this model cannot be equated with a specific atrophy 

stimulus.  And although myotube atrophy was induced and a dose-response experiment revealed 

a trend of increasing atrophy signals with A23187, it is not certain exactly which atrophy 

pathways were activated.  This study examined talin cleavage as an indirect measure of calpain 

activity, MAFbx expression as an indicator of proteasome activity, FOXO3a as a stimulator of 

MAFbx transcription, and Akt phosphorylation as an inhibitor of FOXO3a activity.  However, 

elucidating all of the pathways involved was beyond the scope of this study. 

Additionally, it is possible that some of the atrophy signals were missed due to the time 

points selected for study.  Cellular protein was harvested after 60 minutes of incubation with 

A23187 based upon previous evidence that proteasome activity in L6 myotubes increases most 

rapidly during the first 40 minutes of incubation with A23187 and then continues to increase 

significantly for 120 minutes (21).  It was believed that 60 minutes would be sufficient time to 

see proteasome activity but still brief enough not to miss evidence of the calpain cleavage that 

should precede it.  Incubating for a longer period would have risked losing the cleaved talin 

protein to proteasome degradation, and since this study was primarily concerned with calpain 

activity in this study, the time was limited to 60 minutes.  However, experiments done to show 

myotube atrophy were conducted for both 24 and 48 hours, demonstrating that the effects of 

A23187 and NO were not transient.
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CHAPTER 2 
LITERATURE REVIEW 

Skeletal muscle atrophy is a clinically significant problem as it arises from a variety of 

factors, such as prolonged bed rest, limb immobilization, space flight, denervation, cancer, 

sepsis, and ageing. Loss of muscle mass has been shown to contribute to inactivity, obesity, 

insulin resistance, hypertension, and hyperlipidemia (altogether termed metabolic syndrome). 

Minimization of muscle atrophy and its side effects will prevent the progression to more serious 

pathological disorders such as metabolic disease and loss of functional independence and overall 

quality of life. 

Overview of Skeletal Muscle Atrophy 

During atrophy the rate of protein degradation exceeds the rate of protein synthesis.  Both 

degradation and synthesis are highly complex, intricately regulated cellular processes that can 

occur via many interdependent pathways.  However, it is generally accepted that in muscle 

atrophy, the increase in proteolysis has a greater impact than protein synthesis (27).  There are 

four major proteolytic systems in skeletal muscle: lysosomes, proteasomes, caspases, and 

calpains. 

Role of Lysosomes 

Lysosomes are highly-acidic, membrane-bound vesicles containing proteases, lipases, 

phosphatases, and other catabolic molecules.  The dominant lysosomal proteases are cathepsins 

L, B, D, and H (2).  Although these cathepsins are found in all tissues, the relative degree of their 

expression is highly correlated with the tissue’s inherent rate of protein turnover (2).  Because 

skeletal muscle has a relatively low rate of protein turnover, cathepsin concentrations are 

relatively low in skeletal muscle (2).  This may explain, at least in part, why cathepsins seem to 

have a small role in skeletal muscle atrophy.  Inhibition of lysosome and/or cathepsin activity 
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does not significantly attenuate either proteolysis or atrophy (9, 34, 37).  Similar evidence 

suggests that the cathepsins do not degrade myofibrils but rather are responsible for degrading 

membrane proteins (18).  While the import of membrane proteolysis cannot be dismissed, this 

action is not sufficient to produce atrophy.   

However, several experiments have shown that cathepsin mRNA expression and/or 

cathepsin activity increase(s) during disuse atrophy (reviewed in ref. 18).  This may be evidence 

of cell maintenance and healthy protein turnover.  Lysosomes are important mediators of 

autophagy, which is a mechanism for removal of old or damaged cellular proteins or organelles. 

In this process, proteins or cellular components targeted for removal are imported into, or 

engulfed by lysosomes. Although autophagy is important in striated muscle, recent evidence 

shows that increased autophagy is associated with improved cellular function and protection 

against age-associated atrophy (3, 18). 

Thus, we can conclude that the lysosomal proteases are significant yet minor players in 

skeletal muscle atrophy and may even protect against age-associated atrophy.  Since they do not 

appear to degrade the myofibrils, a more dominant system must be involved in atrophic 

proteolysis. 

Role of Proteasomes 

Proteasomes are generally accepted to be responsible for the bulk of skeletal muscle 

proteolysis because they degrade the contractile myofibrillar proteins (i.e. actin and myosin) (18, 

27).  Protein degradation by the proteasomes can occur in two ways. First, the 26S proteasome 

can degrade ubiquitinated proteins in an energy-dependent process.  The 20S proteasome, 

however, can degrade proteins in an energy-and ubiquitin-independent process. 
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Ubiquitin-dependent proteolysis 

Ubiquitin-dependent proteolysis requires ATP and the synergistic action of the two 

components of the 26S proteasome: the 20S proteolytic core and the 19S regulatory subunits.  

The 26S proteasome is made up of a 20S proteasome and 19S regulatory subunits with the high 

ATPase activity necessary for energy-dependent proteasome action (26, 27, 35).  These 19S 

complexes are responsible for recognizing and binding ubiquitinated proteins, removing the 

ubiquitin chain through ATP hydrolysis, and transferring the protein into the 20S proteasome 

core for passive degradation (27, 35). 

Ubiquitin is a protein that covalently bonds to targeted proteins through an ubiquitin-

protein ligating system (35).  This system consists of an ubiquitin-activating enzyme (E1), 

several ubiquitin-conjugating enzymes (E2), and substrate-specific ubiquitin-ligating enzymes 

(E3) (17).  All three enzymes are required for ubiquitin-proteasome action.  At least one 

ubiquitin-conjugating enzyme, E214k, is significant in regulating skeletal muscle proteolysis (20).  

However, because the E3 enzymes are responsible for selective protein recognition and are 

substrate-specific, they appear to be especially important in the regulation of tissue-specific 

atrophy (13, 35). 

Atrophy-associated E3 ligases and relationship with the IGF-1/Akt pathway via FOXO  

While many E3 ubiquitin-ligating enzymes have been identified, the gene expressions of 

two specific E3s have been identified as being up-regulated during skeletal muscle atrophy:  

MuRF1 and MAFbx, also known as atrogin-1 (12).  These genes are particularly significant 

because they are up-regulated in nearly all models of atrophy, including unweighting, 

immobilization, denervation, cachexia (4), starvation (15), and sepsis (41).  Both MAFbx and 

MURF-1 have been implicated in at least 13 atrophy models, including models of disuse (4, 13), 

but their upregulation can be antagonized by simultaneous treatment with IGF-1 (28) acting 
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through the PI3K/Akt pathway (29, 33). This suggests a novel role for Akt inhibition of atrophy 

signaling. The mechanism by which Akt inhibits MAFbx and MuRF1 upregulation involves the 

FOXO family of transcription factors (29, 33). FOXO transcription factors are excluded from the 

nucleus when phosphorylated by Akt and translocate upon dephosphorylation. The translocation 

of FOXO is required for upregulation of MuRF1 and MAFbx and is sufficient to induce atrophy 

(30). 

Ubiquitin-independent proteolysis 

Recent evidence supports the existence of an ubiquitin-independent proteolytic process as 

well.  The 20S proteasome can recognize and degrade oxidized proteins without the 19S subunits 

and ubiquitin-ligase chain (16).  Furthermore, this pathway obviates the need for ATPases 

because 20S proteosome degradation is a passive process (16, 27).  These findings suggest that 

oxidative stress is a mediator of skeletal muscle atrophy driven by the proteasome system (27). 

Limitations of the proteasome system 

Because of their collective ability to degrade the contractile proteins, the proteasomes are 

responsible for the bulk of skeletal muscle proteolysis.  However, proteasomes cannot degrade 

intact sarcomeres (14).  Since the majority of muscle proteins are contained within these acto-

myosin complexes, there must be additional pathways by which the myofibrils are released prior 

to proteasome degradation (36).  This “myofibrillar release” is performed by two interrelated but 

distinct Ca2+-dependent proteolytic systems: caspases and calpains. 

Role of Caspases 

Caspases are Ca2+-dependent cysteine proteases capable of cleaving the intermediate 

filaments of the sarcomeres and releasing myofibrils for degradation by the proteasomes (8, 14, 

36).  Furthermore, inhibition of caspase-3 prevents actin accumulation in the cytosol, indicating 

that caspase-3 is a necessary first step for skeletal muscle proteolysis (8). 
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However, caspases are best known for their role in triggering apoptosis (6).  Apoptosis 

results in a loss of myonuclei (and likely myofiber size as a result) and occurs through at least 

three known pathways: sarcoplasmic reticulum, receptor-mediated, and mitochondrial (reviewed 

in ref. 27).  

Caspase Regulation and Calpains 

 In the sarcoplasmic reticulum pathway, another proteolytic system, the calpains, partially 

mediates caspase activity.  When the sarcoplasmic reticulum is injured, the regulation of Ca2+ 

release and sequestration is impaired, and Ca2+ accumulates in the cytosol (27).  The high level 

of Ca2+ activates both caspase-7 and calpain, either of which can begin a caspase cascade leading 

to nuclear damage and subsequent apoptosis (27).  So, calpain activation appears to promote 

caspase apoptotic activity.  Also, caspase expression appears to enhance calpain activity by 

serving as a substrate for calpastatin, the only endogenous inhibitor of the calpains (reviewed in a 

subsequent section).  Thus, when caspases are highly expressed, calpastatin activity will decrease 

as it binds to caspase substrates, and calpain activity will then increase in the absence of its 

inhibitor.  Calpains, the fourth proteolytic system in skeletal muscle, are fully dicussed in the 

following section. 

Overview of Calpains 

Calpains, like caspases, are Ca2+-dependent cysteine proteases that cleave the intermediate 

filaments of the sarcomere to release actin and myosin for proteasome degradation (6).  They are 

ubiquitously expressed in all mammalian cells, but some isoforms are tissue-specific (6).  

Calpains cannot degrade contractile proteins but, because this myofibrillar release must precede 

proteasome proteolysis, calpain activity is often cited as the rate-limiting step in proteolysis (27).  

(Recent literature has also proffered non-proteolytic roles of the calpains as well, including 
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involvement in proliferation, differentiation, migration, and gene expression, but these are 

beyond the scope of this review.) 

Calpains appear to be necessary for proteasome protein degradation.  Recent ex vivo 

experiments in the rat diaphragm showed that calpain activation increased total proteolysis by 

65% and proteasome-dependent proteolysis by an impressive 144% (31).  In the same 

experiments, inhibiting the proteasome during calpain activation prevented this increase in 

proteolysis (31).  Taken together, this data supports the theory of sequential proteolysis just 

described and illustrates the necessity of both calpains and proteasomes in skeletal muscle 

atrophy.  Interestingly, calpain activity concurrently inhibited protein synthesis via the IGF-

1/Akt pathway, suggesting a dual role for calpains in muscle atrophy (31). 

At least 15 distinct calpain isoforms have been identified (6).  Skeletal muscle expresses 

three dominant isoforms: calpain 1 (µ-calpain), calpain 2 (m-calpain), and calpain 3 (p94) (1, 6, 

38).  Calpains 1 and 2 are implicated in skeletal muscle atrophy (1, 6, 27, 32) and exist as 

heterodimers (6).  

Regulation of Calpains 

Although the regulation of calpains has yet to be fully elucidated, intracellular Ca2+ and 

calpastatin have been shown to exert great influence over calpain activity. 

Intracellular Ca2+ 

 Intracellular Ca2+ is a powerful stimulator of calpain activity.  As intracellular Ca2+ 

concentrations rise, calpain moves to the plasma membrane for activation.  There, Ca2+ and 

membrane phospholipids activate the calpain heterodimer, which than dissociates into active 

calpain 1 and calpain 2 (6). 

The role of Ca2+ is critical to understanding disuse atrophy because Ca2+ levels increase 

with disuse (10).  The mechanism for this rise in Ca2+ is unknown, but increasing oxidative stress 
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may play a major role (27).  Reactive oxygen species can damage cellular membranes and the 

sarcoplasmic reticulum, increasing permeability and Ca2+ leakage (10, 27).  Ca2+ may also leak 

from the mitochondria, worsening the problem (10).  So, the high levels of intracellular Ca2+ 

seen during disuse atrophy support the idea that calpains are crucial contributors in these atrophy 

models. 

However, the levels of Ca2+ needed to achieve half-maximal proteolysis by calpain 1 and 

calpain 2 are much higher than physiological Ca2+ levels (38).  During normal function, the 

sarcoplasmic reticulum maintains Ca2+ concentrations at approximately 10-7 M (11).  And even 

during atrophy, Ca2+ concentrations are unlikely to reach the 0.2-1 mM needed to activate 

calpain 2 or even the 2-75 µM needed for calpain 1 activation (6, 38).  But Ca2+ somehow still 

activates calpains as evidenced by the strong body of literature supporting calpain proteolysis.  

Several hypotheses have been offered to explain physiological Ca2+ activation of calpain, 

including increased Ca2+ affinity in vivo due to interaction with calpain activator proteins (6).  

The exact mechanism for calpain activation in relatively low Ca2+ concentrations, however, 

remains unknown. 

Calpastatin 

Calpastatin is the only known endogenous inhibitor of calpain (36).  Calpastatin binds to 

calpain and thereby prevents it from cleaving the intermediate filaments (26).  So, calpain 

activity appears to be mediated by a balance between intracellular Ca2+ concentrations and 

calpastatin expression. 

Calpastatin has been used to study calpain activity in many atrophy models.  Transgenic 

mice that overexpress human calpastatin significantly increased soleus and extensor digitorum 

longus muscle mass in ex vivo experiments (24).  During hindlimb unloading, overexpression of 
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calpastatin reduced muscle atrophy by a significant 30% (36).  This evidence points to not only 

the power of calpastatin as an inhibitor but also the requisite role of calpain activity in muscle 

atrophy. 

Overview of NO Production in Skeletal Muscle 

 NO is a gaseous free radical with many biological effects. Due to its high chemical 

reactivity, NO can be a powerful signaling molecule and antioxidant or can be harmful through 

the nitrosylation of many proteins.  NO is produced physiologically by the transformation of L-

arginine by three NOS isoforms; all three isoforms catalyze the formation of NO from L-

arginine, oxygen, and NADPH. In skeletal muscle, two isoforms are constituitive: eNOS and 

nNOS (23).  The third isoform, iNOS, is induced by cytokines and is only transiently active in 

skeletal muscle (23, 39). 

 eNOS and nNOS are activated to produce NO during both mechanical loading and 

activity (32, 39, 42).  To acquire the active state, eNOS and nNOS also require calmodulin 

(CaM) and Ca2+, indicating that NO synthesis is triggered by an elevation of intracellular Ca2+ 

and that activity-induced NO production, in particular, is stimulated by Ca2+.  It is important to 

note that although Ca2+ also stimulates calpain activity, the intracellular Ca2+ accumulation 

during normal activity and/or exercise is transient and therefore insufficient to promote Ca2+-

dependent proteolysis (reviewed in ref. 11).  Therefore, it is still possible that muscle activity/ 

Ca2+-dependent nitric oxide release could attenuate calpain activity. 

Evidence for NO as a Potential Regulator of Calpains 

 A limited number of studies have proposed NO as a potential regulator of calpain 

activity.  It is difficult to draw conclusions based on the results of these studies because they vary 

with respect to the source of NO, the in vitro techniques used, the species used (human, rat, 

mouse), and the tissue types studied. 
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Tissues Other than Skeletal Muscle  

 A decade ago Michetti et al. were the first to establish a direct connection between 

calpain and nitric oxide with work in human neutrophils, demonstrating that NO donor sodium 

nitro-prusside blocked nearly all calpain 2 activity but had little effect on calpain 1 (22).  

Although this work was not done in skeletal muscle, it is possible that the similar effects could 

be seen across tissue types.   

 More recently other evidence of nitric oxide inhibition of calpain activity has been shown 

in cardiac myocytes.  Chohan et al. discovered that exogenous L-arginine administration restored 

SR function in intact, isolated ischemia-reperfused rat hearts by preventing calpain activation (5).  

Although claiming calpain inhibition as the cause of the SR restoration is tenuous due to 

measurement from muscle homogenate, this study provides at least a promising indication of 

nitric oxide’s ability to inhibit calpains. 

Skeletal Muscle 

Research of NO inhibition of calpains in skeletal muscle is so far very limited.  In 2004, 

Zhang et al. showed that stretch-induced increases in nNOS expression and endogenous NO 

release were associated with increased intact talin and vinculin, two intermediate filaments 

known to be cleaved by calpains, and decreased cleaved/total talin ratio (42).  This study 

suggested that NO both up-regulated talin expression in response to mechanical loading and 

down-regulated cleavage of talin by inhibiting calpain activity (42).  However, it is important to 

note that calpain inhibitors were not used in the protein expression analysis (although calpain 

inhibition appeared to have an impact on elastic modulus), so it is possible that NO-induced up-

regulation of intermediate filament expression, and not inhibition of degradation by calpains, was 

responsible for the changes. 
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Also recently, Koh and Tidball administered the Ca2+ ionophore A23187 to C2C12 

myoblasts to induce calpain activity and showed that the NO-donor SNP prevented proteolysis of 

talin (19).  The inhibition of calpain action by NO approximated the inhibition caused by a 

known calpain inhibitor (19). This is the strongest evidence to date of a protective role for NO in 

calpain proteolysis in skeletal muscle.  However, this relationship has not yet been established in 

mature myotubes and has not been connected with other atrophy markers. 

Several questions then remain regarding the role of NO in regulating calpain activity in 

skeletal muscle.  First, it is unknown if exogenous NO will directly inhibit calpain action in 

mature myotubes.  Second, it is unknown whether or not this protective effect is dose-dependent.  

Third, even if exogenous NO does decrease the cleavage of intermediate filaments by inhibiting 

calpains, it has not been clearly established that this prevents muscle atrophy (loss of myotube 

size and/or total protein).  None of the aforementioned studies has presented clear evidence of 

atrophy in connection with calpain induction or prevention of atrophy with an increase in NO.  

While this relationship between calpain proteolysis and muscle atrophy may seem obvious, it is 

possible that at least some of the calpain activity is devoted to cellular remodeling.  Thus, 

evidence of visible myotube atrophy and/or activity of downstream atrophy-associated proteins, 

such as the proteasome E3 ligases MAFbx and MURF1 are needed. 

Summary 

Skeletal muscle atrophy occurs as a result of many conditions and involves many 

molecular signaling pathways.  Elevated intracellular Ca2+ is present in most of these atrophy 

states and is definitely implicated in disuse atrophy.  Ca2+ is a potent stimulator of calpains, 

which exert considerable control over skeletal muscle atrophy by cleaving the intermediate 

filaments in the sarcomere to release the contractile proteins for degradation by the proteasome.  

Little is known about the regulation of calpains, but NO has been suggested as a calpain 
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inhibitor.  If this is true in skeletal muscle, and NO does in fact inhibit calpain cleavage of 

intermediate filaments and subsequent proteasome action, then it could play a significant role in 

the prevention of muscle atrophy when Ca2+ is elevated. 
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CHAPTER 3 
MATERIALS AND METHODS 

Experimental Designs 

An immortal cell line of rat skeletal muscle cells called L6 (ATCC, Manassas, VA) was 

used for all experiments.   The L6 myogenic cell line was isolated originally by Yaffe from 

primary cultures of rat thigh muscle. These cells fuse in culture to differentiate into 

multinucleated myotubes and are a widely used model to study differentiated skeletal muscle 

cells.  The L6 myogenic cell line was chosen in lieu of the C2C12 myogenic cell line produced 

in mouse muscle because, unlike C2C12 myotubes, L6 myotubes will not contract when exposed 

to a Ca2+ challenge. 

Three experiments were performed in order to establish elevated intracellular Ca2+ levels 

induced by treatment with A23187 (Sigma, St. Louis, MO) as a dose-dependent model of 

skeletal muscle atrophy that stimulates calpain proteolysis of intermediate filaments and 

increases molecular markers of proteasome activity and to determine whether or not exogenous 

NO can attenuate these effects.  Initial experiments exposed these cells to 30-60 minutes of 

A23187, while cells in subsequent experiments were pre-conditioned for 60 minutes (two hours 

total incubation) with PAPA-NO (Cayman Chemical, Ann Arbor, MI), an NO donor with a half-

life of 15 minutes before treatment with A23187.  Some cells were pre-conditioned with L-

NMMA (Cayman Chemical), a blocker of endogenous NO release. Calpeptin (Calbiochem/EMD 

Chemicals, Gibbstown, NJ), a known inhibitor of calpain I and II, was administered to some 

groups in order to compare the effects of NO with the potent but specific effects of the inhibitor.  

In all of these experiements, whole cell lysate was harvested from all groups and used for 

Western blot analysis. 
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Two additional experiments were performed in order to test whether or not the model 

induced visible myotube atrophy, not simply cellular re-modeling, and also to test the effects of 

NO on potential myotube atrophy.  In these experiments cells were exposed to different doses of 

A23187 for a longer time period (24-28 hours) in order to allow atrophy to occur.  Some cells 

were also treated with DETA-NO (Cayman Chemical), an NO donor with a half-life of 20 hours.  

Visual images were taken for image analysis to determine changes in myotube size.  Cells treated 

for 24 hours were also harvested and measured for total protein. 

Experiment 1 Design - Aim 1, Hypothesis 1A (Figure 3-1) 

 Experiment 1 was used to test elevated intracellular Ca2+ induced by treatment with 

A23187 as a dose-dependent model of skeletal muscle atrophy stimulating calpain proteolysis of 

intermediate filaments and increasing proteasome activity.  It was also used to determine the 

dose(s) of A23187 that would induce atrophy signals and that would be used in subsequent 

experiments.  Previous studies administered doses ranging from 1 µM to 100 µM (19, 21).  L6 

myoblasts were cultured and differentiated into myotubes for four days before undergoing either 

30- or 60-minute treatments with A23187.  Groups 1-4 were treated for 30 minutes with the 

following doses of A23187 dissolved in DMSO: 0 µM (DMSO vehicle only), 1 µM, 10 µM,    

20 µM.  Groups 5-8 were incubated for 60 minutes with the same doses of A23187.  For all 

groups n = 3.  After the treatment period, cells were immediately lysed and harvested, and the 

whole cell lysate was prepared for Western blotting.  Western blots were performed to measure 

cleaved and total talin, MAFbx, phospho-FOXO3a, and phopho- and total Akt. 

Experiment 2 Design - Aim 1, Hypothesis 1B (Figure 3-2) 

 Experiment 2 was used to determine the effect of exogenous administration of NO on 

calpain proteoloysis and proteasome activity after 60 minutes of treatment with A23187.  L6 
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myoblasts were cultured and differentiated into myotubes for four days before undergoing 60-

minute treatments with A32187.  Some groups were also pre-conditioned for 60 minutes prior to 

the treatment period with either PAPA-NO or L-NMMA dissolved in NaOH.  For pre-

conditioned groups, media was not changed between pre-conditioning and treatment, resulting in 

two hours of total incubation time.  Groups 1-3 received no A23187.  Group 1 was incubated 

with only the DMSO vehicle, while groups 2 and 3 were pre-conditioned with PAPA-NO as 

follows:  1 µM (group 2), 10 µM PAPA-NO (group 3).  Groups 4-7 were treated with 10 µM 

A23187.  Group 4 received no pre-conditioning, while groups 5, 6, and 7 were pre-conditioned 

as follows: 1 µM PAPA-NO (group 5), 10 µM PAPA-NO (group 6), 5 mM L-NMMA (group 7).  

Groups 8-11 were treated with 20 µM A23187.  Group 8 received no pre-conditioning, while 

groups 9, 10, and 11 were pre-conditioned as follows: 1 µM PAPA-NO (group 9), 10 µM PAPA-

NO (group 10), 5 mM L-NMMA (group 11).  For all groups n = 6.  After the treatment period, 

cells were immediately lysed and harvested, and the whole cell lysate was prepared for Western 

blotting.  Total protein was measured, and Western blots were performed to probe for cleaved 

and total talin, MAFbx, phospho-FOXO3a, and phopho- and total Akt.   

Experiment 3 Design – Aim 1, Hypothesis 1B (Figure 3-3) 

 Experiment 3 was used to compare the effects of NO on calpain proteoloysis and 

proteasome activity with those of calpeptin, a known calpain inhibitor, after 60 minutes of 

treatment with A23187.  L6 myoblasts were cultured and differentiated into myotubes for four 

days before undergoing 60-minute treatments with A32187.  Some groups were also pre-

conditioned for 60 minutes prior to the treatment period with either PAPA-NO dissolved in 

NaOH and/or calpeptin dissolved in DMSO as described above.  Group 1 received no treatments 

(DMSO vehicle only).  Groups 2-7 were treated with 20 µM A23187.  Group 2 received no    
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pre-conditioning, while groups 3-7 were pre-conditioned as follows: 1 µM NO (group 3), 10 µM 

NO (group 4), 100 µM calpeptin (group 5), 1 µM NO + 100 µM calpeptin (group 6), 10 µM NO 

+ 100 µM calpeptin (group 7).  For all groups n=6.  After the treatment period, cells were 

immediately lysed and harvested, and the whole cell lysate was prepared for Western blotting.  

Western blots were performed to probe for cleaved and total talin, MAFbx, phospho-FOXO3a, 

and phopho- and total Akt. 

Experiment 4 Design – Aim 2, Hypothesis 2A (Figure 3-4)  

 Experiment 4 was used to test if elevated intracellular Ca2+ by treatment with A23187 

induces visible myotube atrophy (loss of size and/or total protein) after 24-48 hours.  L6 

myoblasts were cultured and differentiated into myotubes for four days before being treated for 

either 24 or 48 hours with A23187.  Groups 1-6 were treated for 24 hours with the following 

doses: 0 µM (DMSO only), 0.4 µM, 1 µM, 5 µM, 10 µM, 20 µM.  Groups 7-12 were treated for 

48 hours with the same doses.  For all groups n = 3.  For cells undergoing the 24-hour treatment, 

visual images were captured with a light microscope and analyzed immediately following 

treatment.  These cells were then harvested and measured for total protein.  Cells undergoing the 

48-hour treatment were washed with PBS immediately following treatment and fixed with 

paraformaldehyde solution for visual analysis with a light microscope. 

Experiment 5 Design – Aim 2, Hypothesis 2B (Figure 3-5) 

 Experiment 5 was used to test the effects of NO myotube atrophy following 24-48 hours 

of treatment with A23187.  L6 myoblasts were cultured and differentiated into myotubes for four 

days before being treated for either 24 or 48 hours with A23187.  Some groups were also treated 

with DETA-NO dissolved in NaOH.   All of the following groups were tested at both 24 hours 

and 48 hours.  Groups 1-3 received no A23187.  Group 1 received no treatments (DMSO vehicle 
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only), while groups 2 and 3 were treated with either 1 µM DETA-NO (group 2) or 10 µM 

DETA-NO (group 3).  Groups 4-6 were treated with 10 µM A23187.  Group 4 received no 

DETA-NO, while groups 5 and 6 were pre-conditioned with either 1 µM DETA-NO (group 5) or 

10 µM DETA-NO (group 6).  Groups 7-9 were treated with 20 µM A23187.  Group 7 received 

no DETA-NO, while groups 8 and 9 were pre-conditioned with either 1 µM DETA-NO (group 

8) or 10 µM DETA-NO (group 9).  For all groups n = 3.  For cells undergoing the 24-hour 

treatment, visual images were captured with a light microscope and analyzed immediately 

following treatment.  These cells were then harvested and measured for total protein.  Cells 

undergoing the 48-hour treatment were washed with PBS immediately following treatment and 

fixed with paraformaldehyde solution for visual analysis with a light microscope. 

General Methods 

Myogenic Culture 

Myoblasts derived from L6 cells (ATCC, Manassas, VA) were cultured on 100 mm dishes 

in Dulbecoo’s Modified Eagle’s Medium (DMEM) (Mediatech, Herndon, VA) supplemented 

with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin, and 0.1% funzigone at 37˚C in 

the presence of 5% CO2 until 60-70% confluence was reached as visualized by light microscopy. 

The cultures were then trypsinized and re-plated at equal density to 6-well plates for 

differentiation and treatment. Once the plate cultures reached 70-80% confluency, myotube 

differentiation was initiated by switching to DMEM supplemented with 2% horse serum, 1% 

penicillin/streptomycin, and 0.1% fungizone. 

Image Analysis 

Three to six digital images per culture were captured using a Zeiss microscope. The images 

were analyzed for myotube length, diameter and area using ImageJ imaging software (NIH). 



 

32 

Whole Cell Lysate 

Cells were harvested in ice-cold non-denaturing lysis (NDL) buffer containing 30 mM 

Tris-HCL (pH 7.5), 0.7% Triton-X, 150 mM NaCl, 3.5 mM EDTA, 10 mg/ml NaN3, 1 μM 

Na3VO4, 0.05% vol/vol protease inhibitors and 0.5% vol/vol phosphatase inhibitors (Sigma, St. 

Louis, MO). Lysates were then centrifuged at 4°C for 10 minutes at 1000 x g. 

Western Blot Analysis 

Protein concentrations were measured using the DC Protein Assay Kit (Bio-Rad 

Laboratories, Richmond, CA). Aliquots of whole cell lysate were run on SDS-PAGE gels, and 

proteins were transferred to either PVDF membranes (for phospho-FOXO3a) or nitrocellulose 

(NC) membranes (all others).  Protein transfer was confirmed by Ponceau staining.  Membranes 

were then blocked with either 5% milk + 0.1% Tween-20 in TBS (PVDF) or Odyssey blocking 

buffer (NC) (LI-COR Biosciences, Lincoln, NE) for one hour.  The membranes were then 

washed three times with 0.1% Tween-20 in TBS and incubated at 4°C overnight in primary 

antibodies diluted with either 5% BSA + 0.1% Tween-20 in TBS (PVDF) or Odyssey blocking 

buffer (NC).  Primary antibodies were applied for: talin (Sigma, St. Louis, MO), MAFbx (Santa 

Cruz, Santa Cruz, CA), phospho-FOXO3a (Cell Signaling, Danvers, MA), phospho-Akt (Santa 

Cruz, Santa Cruz, CA), total Akt (Santa Cruz, Santa Cruz, CA).   Beta-actin (Abcam; 

Cambridge, MA) was used as a loading control.  After overnight incubation, membranes were 

washed again with 0.1% Tween-20 in TBS three times and then incubated for 35 minutes in 

secondary antibody diluted with either 0.1% Tween-20 in TBS (PVDF) or Odyssey blocking 

buffer (NC). The secondary antibodies were IR Dye conjugated secondaries detectable at 

wavelengths of 680 or 800 nm (LI-COR) and non-fluorescent anti-rabbit IgG. Membranes were 

washed three times with 0.1% Tween-20 in TBS and then once with either EDL-plus (PVDF) or 
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TBS (NC) before being scanned and detected using either Kodak film processing (PVDF) or the 

Odyssey infrared imaging system (NC) (LI-COR). 

Statistical Analysis 

Group sample size was determined with power analysis of our preliminary data. 

Comparisons between groups were made by a 2-way or 3-way full-factorial ANOVA, and when 

appropriate, Tukey’s HSD test was performed post-hoc. Significance was established at p < 0.05.
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Figure 3-1.  Experiment 1 design – Aim 1, Hypothesis 1A. The purpose was to test elevated 
intracellular Ca2+ induced by treatment with A23187 as a dose-dependent model of 
skeletal muscle atrophy stimulating calpain proteolysis of intermediate filaments and 
increasing proteasome activity. 
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Figure 3-2.  Experiment 2 design – Aim 1, Hypothesis 1B. Purpose was to determine the effect 
of exogenous administration of NO on calpain proteoloysis and proteasome activity 
after 60 minutes of treatment with A23187. 
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Figure 3-3.  Experiment 3 design – Aim 1, Hypothesis 1B. Purpose was to compare the effects of 
NO on calpain proteoloysis and proteasome activity with those of calpeptin, a known 
calpain inhibitor, after 60 minutes of treatment with A23187. 
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Figure 3-4.  Experiment 4 design – Aim 2, Hypothesis 2A. Purpose was to test if elevated 

intracellular Ca2+ by treatment with A23187 induces visible myotube atrophy after 
24-28 hours.   
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Figure 3-5.  Experiment 5 design - Aim 2, Hypothesis 2B. Purpose was test the effects of NO 

myotube atrophy following 24-48 hours of treatment with A23187.
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CHAPTER 4 
RESULTS 

Effects of Treatment with A23187 and NO on Molecular Markers 

Specific aim 1 was to test that elevated intracellular Ca2+ levels induced by treatment with 

A23187 is a dose-dependent model of skeletal muscle atrophy stimulating calpain proteolysis of 

intermediate filaments and increasing molecular markers of proteasome activity and to determine 

whether or not exogenous NO can attenuate these effects.   

Talin 

In experiment 1, the ratio of cleaved to total talin increased significantly after 60 minutes 

of treatment with 20 µM A23187 (Figures 4-1).  And, although increased talin cleavage at other 

doses did not meet statistical significance with n=3 and p < 0.05, there was an apparent trend 

toward progressively more talin cleavage with increasing dose of A23187 (Figure 4-1).  No 

significant changes were seen in talin cleavage after 30 minutes of treatment.  In experiment 2, 

talin cleavage significantly increased after 60 minutes of treatment with 10 µM A23187 and with 

10 µM A23187 + L-NMMA, a blocker of endogenous NO release (Figure 4-2).  Pre-

conditioning with both 1 µM PAPA-NO and 10 µM PAPA-NO appeared to attenuate the 

increase in talin cleavage after treatment with 10 µM A23187, as cleavage levels were reduced to 

near control (not statistically different from control at p < 0.05) (Figure 4-2).  Talin cleavage also 

significantly increased after treatment with 20 µM A23187 + 1 µM PAPA-NO and with 20 µM 

A23187 + L-NMMA (Figure 4-2).  However, pre-conditioning with 10 µM PAPA-NO appeared 

to attenuate the increase in talin cleavage after treatment with 20 µM A23187, as the cleavage 

level was similar to control and significantly lower than with 20 µM A23187 + 1 µM PAPA-NO 

and with 20 µM A23187 + L-NMMA (Figure 4-2).  Talin cleavage was significantly reduced by 
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treatment with calpeptin, a specific calpain inhibitor, but concurrent treatment with PAPA-NO 

did not provide additional protection (Figure 4-3). 

Akt 

In experiment 1, the ratio of phosphorylated (active) Akt to total Akt protein appeared to 

increase after 60 minutes of treatment with 10 µM and 20 µM doses of A23187, but the increases 

did not meet statistical significance with n=3 and p < 0.05 (Figure 4-4).  No changes were seen 

after 30 minutes of treatment with A23187 at any dose (Figure 4-4).  In experiment 2, the ratio of 

phosphorylated (active) Akt to total Akt protein significantly increased after 60 minutes of 

treatment with 10 µM A23187 + 1 µM PAPA-NO, 10 µM A23187 + 10 µM PAPA-NO, and 10 

µM A23187 + L-NMMA, but there were no differences among these groups (Figure 4-5).  

Groups treated with 20 µM A23187 showed no significant differences in Akt ratio (Figure 4-5).  

The ratio of phosphorylated Akt to total Akt was not altered with calpeptin treatment for any 

treatment group (Figure 4-6). 

FOXO3a 

In experiment 1, phosphorylated (inactive, cytosolic) FOXO3a protein expression did not 

significantly change after either 30 or 60 minutes of treatment with various doses of A23187 

(Figure 4-7).  However, treatment with 20 µM A23187 for 60 minutes did appear to slightly 

decrease the expression of phospho-FOXO3a (Figure 4-7).  In experiment 2, treatment with 10 

µM A23187 alone and with 10 µM A23187 + 1 µM PAPA-NO significantly increased phospho-

FOXO3a expression, but no other treatment groups showed significant differences (Figure 4-8).  

Treatment with calpeptin did not affect phospho-FOXO3a expression except when combined 

with 10 µM PAPA-NO; calpeptin + 10 µM PAPA-NO resulted in significantly lower expression 

of phospho-FOXO3a after 60 minutes of treatment with 20 µM A23187 (Figure 4-9). 
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MAFbx 

In experiment 1, MAFbx protein expression did not significantly change after either 30 or 

60 minutes of treatment with various doses of A23187 (Figure 4-10).  In experiment 2, MAFbx 

protein expression did not significantly change with any combination of 10 µM A23187 and 

PAPA-NO (Figure 4-11).  Treatment with 20 µM A23187, 20 µM A23187 + 1 µM PAPA-NO, 

and 20 µM A23187 + 10 µM PAPA-NO significantly decreased MAFbx expression as compared 

to control groups, but there were no differences among these groups (Figure 4-11).  Treatment 

with either dose of A23187 + L-NMMA appeared to possibly increase MAFbx expression as 

compared to A23187 alone, but these differences did not reach statistical significance at p < 0.05 

(Figure 4-11).  MAFbx protein expression was not altered with calpeptin treatment for any 

treatment group (Figure 4-12). 

Effects of A23187 Treatment and NO on Myotube Atrophy 

Specific aim 2 was to test if elevated intracellular Ca2+ by treatment with A23187 induces 

myotube atrophy (loss of size and/or total protein) and whether or not exogenous NO 

administration results in decreased atrophy. 

Protein Degradation 

Muscle protein degradation increased in L6 myotubes undergoing 24 hours of treatment 

with A23187 (Figure 4-13).  Cells exposed to 5, 10, and 20 µM A23187 exhibited significantly 

more protein degradation than control.  Although the differences among these three groups did 

not meet statistical significance with n=3 and p < 0.05, there was an apparent trend toward 

progressively greater protein degradation with increasing doses of A23187.  Doses of 50 µM and 

100 µM were also tested in preliminary experiments, but cell viability was much poorer at these 

high levels, so the doses were discontinued and protein was not measured.  
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When cells were treated with A23187 with and without DETA-NO for 24 hours, there 

were no significant differences in protein degradation between groups treated with NO and those 

treated without NO (Figure 4-14).  Cells treated with A23187 had significantly less protein than 

cells without A23187, as was observed in the previous experiment.  A23187 had a significant 

main effect at p < 0.0001, but there was no significant effect of NO on protein degradation.   

Myotube Image Analysis 

 Visual images were captured after 24 and 48 hours of treatment with A23187 (Figure 4-

15), and myotube diameter, length, and area were measured.  Preliminary data images from 

groups treated with 50 µM A23187 were analyzed for additional comparison.  After 24 hours, 

myotube diameter was significantly decreased with 10 µM A23187 treatment (Figure 4-16A), 

myotube length was significantly decreased with 50 µM A23187 treatment (Figure 4-16B), and 

myotube area was significantly decreased with 50 µM A23187 treatment (Figure 4-16C).  No 

other significant differences in myotube size were observed after 24 hours.  After 48 hours, no 

differences in myotube diameter were observed (Figure 4-16A), but myotube length significantly 

decreased with both 10 µM and 50 µM A23187 as compared to both untreated control and with 

24 hours with 1 µM A23187 (Figure 4-16B).  Also after 48 hours, myotube area was 

significantly decreased with 10 µM, 20 µM, and 50 µM A23187 as compared to both untreated 

control and with 24 hours with 1 µM A23187 (Figure 4-16C). 

 Visual images were again captured after 24 hours of treatment with A23187 with and 

without DETA-NO (Figure 4-17).  Image capture was stopped and analysis was omitted for cells 

treated for 48 hours due to myotube deterioration.  Images of cells treated for 24 hours were 

analyzed; myotube diameter, length, and area were measured (Figures 4-18, 4-19, 4-20).  

Myotubes treated with 1 µM DETA-NO alone had siginificantly increased diameter, length, and 

area when compared to untreated cells (Figures 4-18, 4-19, 4-20).   
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Treatment with either 10 µM A23187 or 20 µM A23187 alone significantly decreased 

myotube diameter, while concurrent NO treatment significantly attenuated the decreases (Figure 

4-18).  For cells treated with 10 µM A23187, those without DETA-NO had significantly 

decreased diameter as compared to untreated controls.  However, concurrent treatment with 

either 1 µM DETA-NO or 10 µM DETA-NO resulted in myotube diameter similar to that of 

untreated control cells.  Additionally, concurrent treatment with 10 µM DETA-NO significantly 

increased myotube diameter as compared to 10 µM A23187 alone.   For cells treated with 20 µM 

A23187, those without DETA-NO had significantly decreased diameter as compared to untreated 

controls.  However, concurrent treatment with either 1 µM DETA-NO or 10 µM DETA-NO 

resulted in significantly greater myotube diameter than the lower dose 10 µM A23187 alone, 

indicating partial protection of myotube diameter.  Concurrent treatment with 1 µM DETA-NO 

also significantly increased myotube diameter as compared to 20 µM A23187 alone.   

Treatment with either 10 µM or 20 µM A23187 alone significantly decreased myotube 

length, but NO had no effect on the decreases in length for any dose combination (Figure 4-19).  

There was a significant main effect for DETA-NO treatment, but increased length was only 

observed for 1 μM DETA-NO alone.  DETA-NO failed to attenuate the decreased length seen in 

groups treated with A23187.  

Treatment with either 10 µM or 20 µM A23187 alone also significantly decreased 

myotube area, but concurrent NO treatment did attenuate the loss of myotube area for cells 

treated at the lower dose of 10 µM A23187 (Figure 4-20).  For cells treated with 10 µM A23187, 

those without DETA-NO and those with 1 μM DETA-NO had significantly decreased myotube 

area as compared to untreated controls.  However, cells concurrently treated with 10 µM   

DETA-NO had myotube area similar to untreated controls and significantly greater than those 
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with 10 µM A23187 alone.  For cells treated with 20 μM A23187, neither dose of DETA-NO 

significantly changed the myotube area.  
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Figure 4-1.  Talin cleavage in L6 myotubes after 60 minutes of treatment with A23187.  Values 
represent the mean ± SEM (n=3).  *Significantly different from control (p < 0.05). 
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Figure 4-2.  Talin cleavage in L6 myotubes after 60 minutes of treatment with A23187 and/or 
PAPA-NO or L-NMMA pre-conditioning.  Values represent the mean ± SEM (n=3). 
*Significantly different from control (p < 0.05).  #Significantly different from 20 µM 
A23187 + 1 µM NO and 20 µM A23187 + L-NMMA (p < 0.05). 
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Figure 4-3.  Talin cleavage in L6 myotubes after 60 minutes of treatment with 20 µM A23187 
and/or PAPA-NO pre-conditioning with and without calpeptin.  Values represent the 
mean ± SEM (n=4). *Significantly different from 20 µM A23187 control (p < 0.05).  
#Significantly different from same treatment without calpeptin (p < 0.05). 
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Figure 4-4.  Phopho/Total Akt protein expression in L6 myotubes after 30 or 60 minutes of 

treatment with A23187.  Values represent the mean ± SEM (n=3). 
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Figure 4-5.  Phospho/Total Akt protein expression in L6 myotubes after 60 minutes of treatment 
with A23187 and/or PAPA-NO or L-NMMA pre-conditioning.  Values represent the 
mean ± SEM (n=3). *Significantly from control groups (p < 0.05). 
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Figure 4-6.  Phospho/Total Akt protein expression in L6 myotubes after 60 minutes of treatment 
with 20 µM A23187 and/or PAPA-NO pre-conditioning with and without calpeptin.  
Values represent the mean ± SEM (n=4). 
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Figure 4-7.  Phospho-FOXO3a protein expression in L6 myotubes after 30 or 60 minutes of 
treatment with A23187.  Values represent the mean ± SEM (n=3). 
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Figure 4-8.  Phospho-FOXO3a protein expression in L6 myotubes after 60 minutes of treatment 
with A23187 and/or PAPA-NO or L-NMMA pre-conditioning.  Values represent the 
mean ± SEM (n=3). *Significantly different from control groups (p < 0.05). 
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Figure 4-9.  Phospho-FOXO3a protein expression in L6 myotubes after 60 minutes of treatment 
with 20 µM A23187 and/or PAPA-NO pre-conditioning with and without calpeptin.  
Values represent the mean ± SEM (n=4).  *Significantly different from control (p < 
0.05). 

 

 

 

 

 

 

 

 

 

 



 

54 

 

 

Figure 4-10.  MAFbx protein expression in L6 myotubes after 30 or 60 minutes of treatment with 
A23187.  Values represent the mean ± SEM (n=3). 
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Figure 4-11.  MAFbx protein expression in L6 myotubes after 60 minutes of treatment with 
A23187 and/or PAPA-NO or L-NMMA pre-conditioning.  Values represent the mean 
± SEM (n=3). *Significantly different from control groups (p < 0.05). 

 

 

 

 

 

 

 

 

 



 

56 

 

Figure 4-12.  MAFbx protein expression in L6 myotubes after 60 minutes of treatment with      
20 µM A23187 and/or PAPA-NO pre-conditioning with and without calpeptin.  
Values represent the mean ± SEM (n=4). 
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Figure 4-13.  Total protein concentrations for L6 myotubes after 24 hours treatment with 
A23187. Values represent the mean ± SEM (n=3). *Significantly different from 
control (p < 0.05). 
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Figure 4-14.  Total protein concentrations for L6 myotubes after 24 hours treatment with A23187 
and/or DETA-NO. Values represent the mean ± SEM (n=3). *Significantly different 
from all control groups (p < 0.05).  Significant main effect of A23187 treatment (p < 
0.0001). 
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Figure 4-15.  Representative images of L6 myotubes after 24 and 48 hours treatment with 
A23187.  Left column represents 24 hours treatment.  Right column represents 48 
hours treatment.  Top row represents control groups (DMSO only).  Second row 
represents groups treated with 1 µM A23187.  Third row represents groups treated 
with 10 µM A23187.  Fourth row represents groups treated with 20 µM A23187. 
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Figure 4-16.  Image analysis of L6 myotubes after 24 and 48 hours treatment with A23187. A) 
Average myotube diameter. B) Average myotube length. C) Average myotube area. 
Values represent the mean ± SEM (n=7-10).  *Significantly different from untreated 
control.  #Significantly different from 24 hours of 1 µM A23187. 
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Figure 4-17.  Representative images of L6 myotubes after 24 hours treatment with A23187 
and/or DETA-NO.  Left column represents control cells – no A23187.  Middle 
column represents cells treated with 10 μM A23187.  Right column represents cells 
treated with 20 μM A23187.  Top row represents cells without NO treatment.  Middle 
row represents cells concurrently treated with 1 μM NO.  Bottom row represents cells 
concurrently treated with 10 μM NO. 
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Figure 4-18.  Image analysis of L6 myotube diameter after 24 hours treatment with A23187 
and/or DETA-NO.  Values represent the mean ± SEM (n=28-42). *Significantly 
different from control at 0 µM NO (p < 0.05).  #Significantly different from control at 
1 µM NO (p < 0.05).  δSignificantly different from control at 10 µM NO (p < 0.05).  
φSignificantly different from 10 µM A23187 + 0 µM NO (p < 0.05).  λSignificantly 
different from 20 μM A23187 + 0 μM NO (p < 0.05).  Significant main effect of 
A23187 treatment (p < 0.0001).  Significant main effect of NO treatment (p < 
0.0001). 
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Figure 4-19.  Image analysis of L6 myotube length after 24 hours treatment with A23187 and/or 
DETA-NO.  Values represent the mean ± SEM (n=28-42). *Significantly different 
from all controls (p < 0.05). #Significantly different from control at 0 µM NO (p < 
0.05). Significant main effect of A23187 treatment (p < 0.0001).  Significant main 
effect of NO treatment (p=0.0008).  Significant interaction between A23187 and NO 
(p=0.02). 
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Figure 4-20.  Image analysis of L6 myotube area after 24 hours treatment with A23187 and/or 
DETA-NO.  Values represent the mean ± SEM (n=28-42). *Significantly different 
from control at 0 µM NO (p < 0.05).  #Significantly different from control at 1 µM 
NO (p < 0.05).  δSignificantly different from control at 10 µM NO (p < 0.05).  
φSignificantly different from 10 µM A23187 + 0 µM NO (p < 0.05).  λSignificantly 
different from   10 μM A23187 + 10 μM NO (p < 0.05).  Significant main effect of 
A23187 treatment (p < 0.0001).  Significant main effect of NO treatment (p < 
0.0001).  Significant interaction between A23187 and NO (p=0.0009). 

 

 

 

 

 

 

 

 

 

 



 

65 

CHAPTER 5 
DISCUSSION 

Main Findings 

This study demonstrated the dose-dependent effects of NO on calpain proteolysis of 

intermediate filaments in skeletal muscle myotubes during a Ca2+ challenge connected the 

changes in molecular markers of calpain proteolysis and proteasome activity with myotube 

atrophy (loss of size and/or total protein) during a Ca2+ challenge and exogenous NO 

administration.   

Treatment with A23187 significantly increased the cleavage of talin, a protein known to be 

degraded by calpains, while treatment with PAPA-NO had a significant protective effect that 

varied with the doses of A23187 and PAPA-NO administered.  The effects of A23187 on talin 

cleavage and the protective effects of PAPA-NO were independent of other molecular markers 

of proteolysis.  Also, treatment with A23187 caused significant loss of cellular protein and 

myotube size, while DETA-NO prevented loss of myotube size during treatment with A23187 at 

certain dose combinations.  These data demonstrate that NO can protect against calpain 

proteolysis and calpain-induced myotube atrophy during a Ca2+ challenge in L6 myotubes. 

A23187 Causes Degradation of Intermediate Filaments by Calpains Independent of 
Proteasome Activity 

We hypothesized that elevation of intracellular Ca2+ by treatment with A23187 would 

cause increased proteolysis of intermediate filaments (e.g. talin) by calpain and increased 

markers of proteasome activation (e.g. FOXO3a, MAFbx).  We found that treatment with 

A23187 does cause increased proteolysis of the intermediate filaments by calpains, but this effect 

appears to be independent of proteasome activation. 

Calpains are known to cleave the intermediate filament talin, leaving a 190-kDa fragment 

that is distinguishable by Western blotting from the 235-kDa intact protein (19).  Treatment with 
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A23187 significantly increased calpain proteolysis of intermediate filaments, as measured by 

ratio of cleaved/intact talin protein (Figure 4-1).  This effect was dose-dependent, as 

incrementally increasing A23187 was associated with an apparent, yet not always statistically 

significant, incremental increase in talin cleavage (Figure 4-1).  Treatment with 10 µM and 20 

µM A23187 caused statistically significant increases in cleavage (Figure 4-1, 4-2).  Our results 

are consistent with evidence from C2C12 myoblasts that A23187 increases talin proteolysis (19).  

Although in our first experiment the increase in cleavage was not statistically significant with 10 

µM A23187 (Figure 4-1), we expected that with a higher number of samples it would be.  

Therefore we continued experiments with both 10 µM A23187 and 20 µM A23187, and in our 

second experiment cells treated with 10 µM A23187 did show more cleavage than controls 

(Figure 4-2). Talin cleavage is an indirect measure of calpain activity that has been accepted in 

the literature as a measure of calpain proteoloysis (19, 42).  However, in order to test that the 

talin cleavage was caused by calpains, we administered calpastatin, a known specific inhibitor of 

calpains I and II,  to cells treated with 20 µM A23187 (with and without NO).   With calpastatin 

blocking calpain activity, talin cleavage dropped dramatically for all groups (Figure 4-3), which 

suggests that the talin cleavage seen in response to A23187 treatment is in fact the result of 

calpain proteolysis. 

Although we saw significant increases in calpain proteolysis, we did not observe 

concurrent changes in markers of proteasome activity in response to A23187 treatment.  We 

chose to measure markers of proteasome activity in an attempt to connect calpain proteolysis of 

intermediate filaments with overall proteasome degradation.  Previous research has demonstrated 

that cleavage of intermediate filaments and myofibrillar release by calpains precedes degradation 

by the proteasome (14, 27, 36).  Recent research has also suggested that calpain activity is 
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necessary for proteasome action in the rat diaphragm (31).  We measured phospho-Akt/total Akt, 

phospho-FOXO3a, and MAFbx protein expression for the three experiments designed to test 

specific aim 1.  Increased Akt activation via phosphorylation by PI3K has been shown to be 

sufficient alone to downregulate the acitivty of proteasome E3 ligases MAFbx and MuRF1 (4, 

29).  However, phospho-Akt suppression of MAFbx and MuRF1 expression is dependent upon 

FOXO transcription factors (4, 29, 33).  Unphosphorylated FOXO proteins are active and locate 

to the nucleus where they can stimulate E3 ligase transcription (40).  Phospho-Akt inactivates 

FOXO proteins (including FOXO3a) by phosphorylation, which causes them to be translocated 

away from the nucleus and into the cytosol, where phospho-FOXO proteins are targeted by the 

proteasome for degradation (25, 40).  Thus, if A23187 were causing proteasome activity, we 

would expect to see decreases in both phospho-Akt and phospho-FOXO3a expression and an 

increase in MAFbx expression.  However, we did not see any significant changes in these 

proteins with A23187 treatment alone and treatment with calpeptin (blocking calpains) had no 

significant effects (Figures 4-4, 4-6, 4-7, 4-9, 4-10, 4-12).   

While the lack of significant increase in any of these proteins following A23187 treatment 

was surprising, there are a few possible explanations.  First, it is possible that proteasome activity 

and changes in these proteins were missed at 60 minutes.  We chose to harvest cellular protein 

after 60 minutes of incubation with A23187 based upon previous evidence that proteasome 

activity in L6 myotubes increases most rapidly during the first 40 minutes of incubation with 

A23187 and then continues to increase significantly for 120 minutes (21).  Importantly, however, 

this study did not measure proteins involved in cellular signaling but rather overall proteasome 

activity by measuring degradation of a fluorescent substrate (21).  Based on the little previous 

data that we had, we believed that 60 minutes would be sufficient time to see proteasome activity 
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but still brief enough not to miss evidence of the calpain cleavage that should precede it.  

Incubating for a longer period would have risked losing the cleaved talin protein to proteasome 

degradation, and since we were primarily concerned with calpain activity in this study, we chose 

to limit the time to 60 minutes.  It is possible, then that proteasome activity was occurring but 

that the the molecular markers that we measured were not captured at 60 minutes.   

Second, it is possible that proteasome activity was occurring but not via the inactive-

Akt/FOXO/E3 ligase pathway.  These proteins, while associated with skeletal muscle atrophy, 

are only a few of the myriad of indirect measurements of proteolytic activity.  We chose to study 

this pathway based on previous work that has shown calpain activity inhibiting Akt signaling in 

skeletal muscle (31) and previous data from our laboratory that has shown a significant 

relationship between Akt signaling and NO in skeletal muscle (7).  We chose to measure MAFbx 

as a representative of E3 ligases because of its predominance in the literature and availability of a 

reliable antibody.  However, it is possible that other E3 ligases, such as MuRF1, would have 

yielded a different result. 

Third, it is possible that in L6 myotubes, proteolysis by calpains and protesomes have a 

different relationship than in other skeletal muscle cell lines.  L6 myotubes differentiate into 

mature myotubes with striations, but they do not have functional sarcomeres and do not contract.  

We chose this cell line because other cell lines, such as C2C12s, would not withstand the Ca2+  

challenge as mature myotubes because they would contract, dislodge from the plate, and die.  We 

attempted to use both cell lines in initial experiments to confirm that C2C12 myotubes were not a 

viable choice for this study, and this is likely why the only previous study of the effects of 

A23187 and NO on skeletal muscle cells in culture was done in myoblasts (19).  While L6 

myotubes do not have functional sarcomeres, they do express all proteins that we studied, as 
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evidenced by our data.  It is still possible, however, that the sequence of proteolytic events 

(requisite calpain cleavage followed by proteasome action) is different for this cell line.  The one 

study previously mentioned that measured proteasome activity in response to A23187 did not 

measure any markers of calpain activity (21).  Therefore, it is possible that calpain and 

proteasome activity do not occur in the same sequence or with the same timing in L6 myotubes 

as in other cell lines.  Considerably more research would need to be done on this subject before 

assessing how likely this possibility is, however, it would explain the consistency of our results 

showing calpain activity changes without concomitant changes in the other atrophy markers. 

Exogenous NO Prevents Degradation of Intermediate Filaments by Calpains Independent 
of Proteasome Activity 

We hypothesized that exogenous NO administration would attenuate calpain proteoloysis 

and proteasome activity after treatment with A23187.  We found that NO does protect against 

proteolysis of the intermediate filaments by calpains, but this effect appears to be independent of 

proteasome activity and is dose-dependent.   

NO has been proposed as a potential regulator of calpain activity in various tissues by a 

small number of previous studies (5, 19, 22, 42).  We used two doses of PAPA-NO (1 µM and 

10 µM) crossed with the two doses of A23187 that appeared to induce cleavage of the 

intermediate filaments by calpains (10 µM and 20 µM) to test the ability of NO to protect against 

calpains during a Ca2+ challenge.  We also used L-NMMA, an inhibitor of endogenous NO 

release, to further assess the role of NO.  Both 1 µM and 10 µM PAPA-NO were able to 

significantly attenuate talin cleavage by calpains after treatment with 10 µM A23187 (Figure 4-

2).  However, only 10 µM PAPA-NO was able to attenuate talin cleavage after treatment with 20 

µM A23187 (Figure 4-2).  Treatment with L-NMMA resulted in increased talin cleavage as 

compared to untreated controls but did not have a significantly different effect than treatment 
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with A23187 alone (Figure 4-2).  These results suggest that NO does mediate calpain activity 

during a Ca2+ challenge, but that the dose of NO required to protect intermediate filament 

proteins from degradation is dependent upon the level of Ca2+.  Since NO can have either 

positive or negative effects throughout the cell depending on the dose, it is important to note that 

a dose as low as 1 µM PAPA-NO had a significant protective effect and that 10 µM PAPA-NO 

protected at both doses of A23187 but was not required for protection at the relatively lower dose 

of A23187.  And while treatment with L-NMMA did not produce an increase in talin cleavage at 

a level that reached statistical significance at n=6 and p < 0.05, it appears that blocking 

endogenous NO with L-NMMA could cause a slight increase (Figure 4-2).  Because this study 

was primarily concerned with exogenous NO as a potential mediator, we did not study L-

NMMA or other NO blockers alone.  However, future experiments exploring the the effect of 

endogenous NO on calpain proteolysis of intermediate filaments would be useful in determining 

if endogenous NO could protect skeletal muscle from calpain proteolysis or if exogenous NO is 

required in therapeutic doses as studied here.  One previous study has examined endogenous NO 

release on calpain activity in a mechanical strain model with positive results (42).  Finally, we 

showed that NO did not attenuate calpain activity as significantly and universally as calpeptin 

and that NO + calpeptin treatment was not different from treatment with calpeptin alone (Figure 

4-3).  This is likely due to the potency of the calpeptin and its efficacy as a blocker of both 

calpain I and calpain II. 

Although NO had protective effects on the intermediate filaments by inhibiting proteolysis 

by calpains, treatment with NO had few significant effects on markers of proteasome activation.  

If NO was protecting against proteasome activity, we would expect to see increased Akt 
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phosphorylation and phospho-FOXO3a expression and decreased MAFbx expression.  However, 

our data did not support this.   

Akt phosphorylation increased with treatment with 10 µM A23187 + all doses of NO or L-

NMMA, but there were no differences among these groups (Figure 4-5). Thus, NO did not affect 

Akt phosphorylation in our study.  This somewhat conflicts with evidence published by our lab 

that shows eNOS knockout mice treated with 0.4 µM A23187 have dramatically reduced Akt 

phosphorylation, which is restored by PAPA-NO administration (7).  However, this study used 

very low levels of A23187 and was conducted in a different model, so comparison is difficult.  

Since Akt phosphorylation did increase with 10 µM A23187 but not with any of the treatment 

groups at the higher dose of A23187, it may be that the effect of A23187 on Akt phosphorylation 

is dose and/or time-dependent.  Dose-dependence is seen in many different physiological 

molecules, including NO, so it is not unrealistic to consider that Akt phosphorylation could be 

triggered by certain levels of intracellular Ca2+ but could be unchanged (as in our study) or even 

reversed by other levels. 

 Phospo-FOXO3a expression paradoxically increased with 10 µM A23187 alone and with 

1 µM PAPA-NO but did not change in any other group (Figure 4-8).  This result is difficult to 

explain, and in light of the lack of significant changes in phospho-FOXO3a throughout our study 

(Figures 4-7, 4-8, 4-9) it may be that this protein is not affected by A23187, calpain activity, or 

NO in L6 myotubes.  And, as previously stated, it is possible that calpain and proteasome 

activity do not occur in the same sequence or with the same timing in L6 myotubes as they do in 

other cell lines. 

MAFbx expression paradoxically decreased with 20 µM A23187 alone and with 20 µM 

A23187 + either dose of PAPA-NO (Figure 4-11).  No other significant changes in MAFbx were 
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seen throughout our study (Figures 4-10, 4-11, 4-12).  Again, this result is difficult to explain, 

and it may be that this protein is not affected by A23187, calpain activity, or NO in L6 

myotubes.  And, as previously stated, it is possible that calpain and proteasome activity do not 

occur in the same sequence or with the same timing in L6 myotubes as they do in other cell lines. 

Although there were few significant differences in Akt phosphorylation, phospho-

FOXO3a, or MAFbx expression with A23187 and NO treatments, it should be noted that the 

lack of changes is remarkably consistent, and that we would expect this to be the case if this 

pathway was either not captured at the 60 minute treatment end or not active in our L6 myotubes 

in this atrophy model.  Since we expected these proteins to be expressed together and to work in 

concert, relative consistency in their lack of change among treatment conditions is not especially 

surprising and further supports the idea that proteasome activity was either missed by our 60 

minute treatment or that the coupling of calpain and proteasome activity is not the same in L6 

myotubes as it is in other cells.  

High Doses of A23187 Cause L6 Myotube Atrophy  

We hypothesized that elevation of intracellular Ca2+ by treatment with A23187 causes 

myotube atrophy.  This is the first study to our knowledge to attempt to connect the markers of 

calpain proteolysis with myotube atrophy, and we found that the same doses of A23187 that 

increase calpain activity also cause cause myotube atrophy over 24-48 hours.  After 24 hours of 

treatment, 5 µM, 10 µM, and 20 µM doses of A23187 caused loss of total protein (Figure 4-13).  

This is particularly important in light of our data showing that proteolysis by calpains is 

increased with 60 minutes treatment with 10 µM and 20 µM A23187 (Figures 4-1, 4-2).  After 

24 hours of treatment, there was little change in myotube diameter, length, or area with any dose 

of A23187 below 50 µM (Figure 4-15).  However, after 48 hours, cells treated with 10 µM and 

20 µM A23187 (as well as 50 µM) showed decreased myotube area (Figure 4-15).  The loss of 
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protein by 24 hours and loss of myotube area by 48 hours are evidence of A23187-induced 

myotube atrophy.   Furthermore, we can connect the increase in calpain proteolysis of the 

intermediate filaments seen in the first 60 minutes of treatment (Figure 4-1) with this evidence of 

atrophy at the same doses (Figures 4-13 and 4-15) over 24 and 48 hours and conclude that the 

calpain proteolysis induced by A23187 is a sign of atrophy, not simply cellular remodeling. 

Exogenous NO Protects L6 Myotubes from A23187-Induced Atrophy 

We hypothesized that exogenous NO would attenutate myotube atrophy after treatment 

with A23187, and we found that, while it did not attenuate the loss of total protein associated 

with A23187 treatment, exogenous NO did attenuate loss of myotube size at certain dose 

combinations.  When cells were treated with DETA-NO along with A23187, protein degradation 

decreased with A23187 treatment but was not affected by NO after 24 hours (Figure 4-14).  The 

lack of protection by NO was not expected, especially in light of the preservation of myotube 

size discussed below.  It is possible that NO does not protect against total protein loss during a 

Ca2+ challenge.  However, a significant number of cells were lost during the process of stopping 

treatment, washing with PBS, image capturing, and harvesting.  This likely affected the results of 

this experiment and may have contributed to the lack of significant results. 

Although it did not preserve total cellular protein, concurrent treatment with NO did 

preserve myotube size.  For cells treated with 10 µM A23187, both 1 µM and 10 µM DETA-NO 

preserved myotube diameter to the level of untreated controls; 10 µM DETA-NO also 

significantly increased myotube diameter as compared to cells treated with 10 µM A23187 

alone.  Additionally, 10 µM DETA-NO preserved myotube area to a level similar to untreated 

controls; myotube area for these cells was significantly greater than for those treated with 10 µM 

A23187 alone.  For cells treated with 20 µM A23187, 1 µM DETA-NO significantly increased 

myotube diameter as compared to 20 µM A23187 alone, and both 1 µM DETA-NO or 10 µM 
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DETA-NO resulted in significantly greater myotube diameter than the lower dose 10 µM 

A23187 alone, indicating partial protection of myotube diameter.  However, NO had no 

protective effects on myotube area during the higher dose A23187 treatment.  These effects on 

myotube size indicate that NO can protect myotubes from loss of size but that the effects are 

dependent upon the severity of the Ca2+ challenge. 

We conclude that NO protects L6 myotubes from A23187-induced atrophy, as measured 

by changes in myotube size, but that the dose of NO required to protect the myotubes is 

dependent upon the dose of A23187 and that the deleterious effects of higher levels of 

intracellular Ca2+ may be too much for NO to counteract.  These results agree with our molecular 

markers results, which showed that NO protects against calpain cleavage of intermediate 

filaments at the same doses of A23187 and NO.  Thus, we conclude that the attenuation of 

calpain cleavage of intermediate filaments is evidence of myotube atrophy, not simply cellular 

remodeling and that NO can protect L6 myotubes from calpain-induced atrophy. 

Limitations and Future Directions 

This study was limited by several factors, the first of which is the use of an ionophore.  

Using A23187 as our independent variable to raise intracellular Ca2+ is not a physiological 

stimulus of Ca2+ influx.  A23187 is an ionophore that allows divalent cations, such as Ca2+ to 

cross the cell membrane and raise intracellular concentrations.  Although this ionophore is 

widely used in cell culture as a method of increasing intracellular Ca2+, it does have other effects 

on the cell, such as inhibiting oxidative phosphorylation and acting as an antibiotic.  We do not 

believe that the secondary effects of the ionophore significantly compromise our study results 

because the effects should not impact atrophy or associated signaling in non-contracting cells. 

Second, this study was limited by the use of indirect measures of proteolysis.  Talin 

cleavage was used as an indirect marker of calpain activity.  However, this is not uncommon in 
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the literature, and our results showing calpeptin reversing the talin cleavage support the 

assumption that talin cleavage is representative of calpain activity.  Akt (de-)phosporylation is 

limited because alone it would be a very indirect indicator of proteolytic activity.  However, we 

also measured two of the proteins downstream of Akt: FOXO and MAFbx.  Using phospho-

FOXO3a was somewhat indirect as well because we assume that loss of phospho-FOXO3a 

represents de-phosphorylation and translocation to the nucleus.  However, we also measured 

MAFbx, the transcription of which is upregulated by FOXO3a.  The measurement of only 

MAFbx expression to represent E3 ligases is also limiting.  Future studies should isolate nuclear 

and cytosolic fractions to measure FOXO3a/FOXO3a~P and should also measure MuRF1 

expression. 

Third, this study was limited in that we could only examine certain timepoints as 

“snapshots” of what was occurring in the myotubes.  It is highly possible that some changes in 

proteins measured were missed because they were either degraded during the 60 minute 

treatment period or not yet activated or elevated.  A low number of samples also compromised 

our ability to elucidate the cell signaling occurring in our study.  Future studies should examine 

different time points and increase the number of samples taken. 

Finally, this study is limited as are all in vitro cell culture studies by our inability to apply 

these results directly to a whole organism.  However, in vitro studies such as this one are 

necessary to study the mechanisms behind clinical problems like skeletal muscle atrophy with 

maximal experimental control and minimal influence of other physiological factors. 

Conclusions 

We conclude that elevation of intracellular Ca2+ by treatment with A23187 causes 

increased proteolysis of intermediate filaments (e.g. talin) by calpain independent of proteasome 

activity and that exogenous NO administration attenuates calpain proteoloysis but not 
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proteasome activity after treatment with A23187.  We further conclude that the increases in 

calpain activity induced by treatment with A23187 causes myotube atrophy and that exogenous 

NO protects L6 myotubes from A23187-induced atrophy. 
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