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2 SELECTED ABBREVIATIONS 
AP action potential 

ATP adenosine triphosphate 

CrP creatine phosphate 

ECC excitation contraction coupling  

EDL extensor digitorum longus muscle 

fMLC2 fast isoform of myosin light chain 2 

FT fast twitch 

GFAT glutamine-fructose-6-phosphate amidotransferase 

GlcNAc N-acetylglucosamine 

HBP hexosamine-biosynthetic pathway 

HF heart failure 

MLC1 myosin light chain 1 (essential myosin light chain) 

MLC2 myosin light chain 2 (regulatory myosin light chain) 

MLCK2 myosin light chain kinase 2 (skeletal muscle MLCK) 

MLCP myosin light chain phosphatase 

MS mass spectometry 

MYPT2 myosin light chain phosphatase targeting protein 2 

OGA O-GlcNAcase 

OGT O-GlcNAc transferase 

Pi inorganic phosphate 

PTM post-translational modification 

RyR ryanodine receptor 

Ser serine 

SERCA sarcoplasmic reticulum Ca2+ ATPase 

sMLC2 slow isoform of myosin light chain 2 

SOL soleus muscle 

SR sarcoplasmic reticulum 

ST slow twitch 

Thr threonine 

VO2max maximal oxygen uptake 
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3 INTRODUCTION 

General introduction 
Shortening contractions of skeletal muscles enable your body to move, allowing a myriad of 

actions from the gentle cuddling of a baby to vigorous uphill running. The uphill running can 

however not continue infinitely. This is because you will experience skeletal muscle fatigue, 

which can be defined as a decline in muscle performance associated with muscle activity (8). 

If you perform systematic exercise training, before you repeat the same uphill run, fatigue will 

probably develop at a later stage. On the contrary, a person that suffers from heart failure (HF) 

might not be capable to join the uphill run at all, because he experiences fatigue just by 

climbing the stairs in his hallway.  

Although numerous studies have investigated skeletal muscle fatigue, the intricate interplay 

that mediates fatigue is yet to be established (5, 8, 36, 89). Especially the regulation of 

shortening contractions, as opposed to isometric contractions where the muscle does not 

shorten, is poorly understood. Identifying basic fatigue mechanisms during shortening 

contractions could help to improve skeletal muscle performance in sports and exercise.  

At least as important, improved understanding of these fatigue mechanisms could be essential 

to alleviate the increased fatigability in HF and several other chronic diseases (97, 111, 113, 

143, 195).  

In this thesis, we have explored the fatigue development of shortening skeletal muscle using 

experimental animal models. We have investigated potential molecular fatigue mechanisms 

with emphasis on two essential post-translational modifications (PTMs) of skeletal muscle 

proteins, i.e. phosphorylation and O-GlcNAcylation. PTMs of a small protein called 

regulatory myosin light chain (MLC2) could be essential in the regulation of shortening 

contractions, and were investigated specifically. The primary muscle examined was the 

durable soleus muscle. This muscle is located on the back part of the calf, and is active during 

standing, walking and running (28). 
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Skeletal muscle 

Structure 

Most of the approximately 640 skeletal muscles in the human body are attached to the 

skeleton by tendons, producing movement of the body under voluntary control (196). Skeletal 

muscles have a complex structure (Fig. 1), and several of the components in the substructure 

of skeletal muscle are involved in the fatigue studies of this thesis. In brief, the structure of 

each muscle comprise bundles (fascicles) of long, cylindrical muscle cells (myofibers), 

surrounded by connective tissue, capillaries and a motor-neuron. Inside the muscle cells, the 

largest component is contractile proteins in parallel rods called myofibrils, attached to the cell 

membrane at each end.  

 

 

Around each of these myofibrils, a network is formed by the sarcoplasmic reticulum (SR). 

(26). The SR is the intracellular calcium (Ca2+) store, and has terminal cisternae adjacent to 

deep invaginations of the cell membrane called transverse tubules (t-tubules). The t-tubules 

Fig. 1. Skeletal muscle structure. From Tajbakhsh, S. (2009) Journal of Internal Medicine, 

266: 372–389. Reprinted with permission from John Wiley and Sons. 

  

 

 
Satellite cell 
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enable the action potential (AP) to propagate into the interior of the muscle cells. In between 

the myofibrils are the mitochondria, responsible for respiration and energy production. 

Skeletal muscle cells are multinucleated, resulting from merging of several primitive 

myoblasts in prenatal development. Just outside the muscle fibers there are quiescent 

multipotent satellite cells that that can be activated in growth and repair (43, 64). 

The sarcomere 

In further detail, the myofibrils are composed of the thick myosin filaments and the thin actin 

filaments, collectively named myofilaments. They are arranged in repeated functional units 

called sarcomeres, shown in Fig. 1 (as part of the overall skeletal muscle structure), and in Fig. 

2 (at higher magnification). In this thesis we have specifically investigated a small contractile 

protein called regulatory myosin light chain (= myosin light chain 2, MLC2, 18 kDa). This 

protein is part of the complex substructure of myosin filaments that regulates sarcomere 

structure and function (163). The MLC2 wraps around the neck of myosin heavy chain (MHC, 

220 kDa) (Fig. 2, right insert), together with the essential MLC (= myosin light chain 1, 

MLC1, 23 kDa), providing mechanical support (96). The MHC constitutes the head 

(subfragment 1, S1) of myosin that is responsible for the interaction with actin, possessing the 

ATP binding site (the nucleotide binding pocket) and the myosin ATPase. Cyclic interactions 

between myosin and actin mediate the muscle contraction, as described later. The giant 

protein titin (3-4 MDa) (92) and the myosin binding protein-C (140 kDa) (178) are other 

important components associated with the thick myosin filament. 

Each myosin filament is surrounded by six actin filaments arranged in a hexagonal array (Fig. 

2, cross-sectional view), corresponding to the myosin heads sticking out from the myosin 

filament. This maximizes the opportunities for myosin-actin interactions (196). The actin 

filaments are primarily composed of actin (43 kDa) (Fig. 2, left insert), helically coiled with 

nebulin (6-900 kDa). Further, tropomyosin (TM, 66 kDa) in complex with troponin T (TnT, 

33 kDa), I (TnI, 21 kDa) and C (TnC, 18 kDa) are bound to actin via TnI. At rest, the TM /Tn 

complex covers the myosin binding site on actin. However, when Ca2+ binds to TnC, the other 

subunits bind tighter to TnC and the TnI-actin interaction is weakened (74), and TM moves 

away from the myosin binding site. 
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Fig. 2. Selected proteins of the sarcomere.  The myosin filament (right insert) and the actin 

filament (left insert) both have a complex substructure of regulatory proteins.  The myosin and actin 

filaments are arranged in a hexagonal array (cross-sectional view) that maximizes the opportunities 

for interaction. Modified with permission from M. Munkvik and F. Swift. 
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Skeletal muscle fiber types  

The myofibers that comprise the skeletal muscles are heterogeneous with respect to size, 

metabolism and contractile function. More than a decade ago, Ranvier (140) reported that the 

red parts of a rabbit skeletal muscle showed slower contraction rate, but was more endurable, 

than the white parts. The redness of the muscle was later shown to correlate with the level of 

the oxygen transporter myoglobin (42), closely related to the oxidative capacity of the muscle. 

 

Table I. Properties of different fiber types 

MHC I IIa IIx/b 
Contraction speed Slow Moderately fast Fast 
Force production Low Medium High 
Metabolic activity Oxidative Oxidative-Glycolytic Glycolytic 
Mitochondrial density High High Medium/low 
Capillary density High Intermediate Low 
Major storage fuel Triglycerides CrP, glycogen CrP, glycogen 
Fatigue resistance High Intermediate Low/very low 
SR pump activity Low High High 
Type of activity Aerobic Long-term anaerobic Short-term anaerobic 
 

Today, muscle fibers are characterized as slow oxidative (type I) (slow twitch, ST), fast 

oxidative-glycolytic (type IIa) or fast glycolytic (type IIb/x) (156) (IIb not expressed in human 

muscle) (fast twitch, FT), with typical properties as outlined in Table I. MHC I has low 

myosin ATPase activity and slow contraction speed, while MHC II has high myosin ATPase 

activity and fast contraction speed (15, 146). The fast contraction speed in MCH II fibers is 

also influenced by a high content of Ca2+ in SR and high SR pump activity compared to 

MCHI fibers (52, 100). Importantly, the neural stimulation pattern of the muscle is considered 

the primary modulator of its contractile properties, with almost complete reversal of 

contractile properties in cross-innervated or cross-stimulated slow and fast skeletal muscles 

(34, 47, 95). In rats, the ST muscle soleus contains > 90 % type I fibers, while the FT muscle 

extensor digitorum longus (EDL) contains > 90 % type II fibers (162). 

In the present thesis, the analyses were performed on soleus and EDL muscles, representing 

the extremes of muscle phenotypes.  
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Skeletal muscle fatigue 

Shortening skeletal muscle 

Prolonged use of skeletal muscles leads to a deterioration of muscle function known as fatigue 

(8, 36, 50, 89). Although numerous studies have investigated skeletal muscle fatigue, the 

intricate interplay that mediates fatigue is yet to be established. Especially the regulation of 

shortening contractions, as opposed to isometric contractions, is poorly understood. 

The majority of experimental studies on skeletal muscle fatigue have investigated isometric 

contractions, and fatigue has traditionally been defined as the failure to maintain force output, 

leading to reduced performance (45). In isometric (static) contractions, the muscle generates 

force without changing length (Fig. 3A). Although there is energy expenditure, no work is 

done because there is no change in length (work = force x shortening). On the contrary, 

shortening (dynamic, concentric) contractions (Fig. 3B) produce force that overcomes the 

external load, resulting in muscle shortening, work and power.      

 

         

           

 

Fig. 3. Different types of muscle contractions. A, In isometric contractions, the muscle generates 

force but does not shorten. B, In shortening (concentric) contractions, the force produced by the 

muscle overcomes the external load, resulting in muscle shortening. Download for free at 

http://cnx.org/contents/e4f804ec-103f-4157-92e1-71eed7aa8584@1, modified with permission. 

Isometric  

No movement 

Movement 

A 

B 
Shortening 

(concentric)  
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Fig. 4. Contraction-relaxation cycle  

of shortening muscle 

Isometric (blue) and isotonic (green) parts. 

1, isometric force development;  

2, isotonic shortening;  

3, isotonic relenghtening;  

4, isometric relaxation. 

 

L0, resting length. Tbl, baseline tension. 

Fatigue in vivo typically develops during shortening contractions of locomotive skeletal 

muscles. Hence, the investigation of muscle function only in the isometric setting may not be 

sufficient to understand in vivo muscle function (5, 119, 148). Studies that have included 

shortening contractions have reported larger fatigue development during shortening vs. 

isometric contractions (10, 11, 108, 148, 159). Further, measuring fatigue only by the loss of 

force development underestimates the fatigue during shortening contractions (119, 181). 

Including muscle shortening (Smax) and velocity in the test parameters could provide a more 

comprehensive fatigue analysis.  

L0

Tbl

2 3

41

 

The contraction-relaxation cycle of a shortening muscle can be divided into four sequential 

events, here exemplified by a cycle from the in situ model used in this thesis (Fig.4). 

Stimulation of the muscle initially evokes a rapid rise in force (isometric force development, 

Fig. 4, part 1) until the force produced exceeds the external load (afterload). Subsequently, 

the muscle starts to shorten (isotonic shortening, Fig. 4, part 2) and produce work. When the 

stimulation ceases, the muscle is lengthened (isotonic relenghtening, Fig. 4, part 3) to resting 

length (L0), followed by a decline in force (isometric relaxation, Fig. 4, part 4) towards 

resting tension (baseline tension, Tbl).  

Because the fatigue development during shortening contractions is incompletely understood, 

we performed a detailed analysis of the fatigue development in the four different parts of the 

contraction-relaxation cycle during in situ shortening contractions. Further, we investigated 

potential causes of the observed fatigue development (next section).  
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Potential sites of fatigue 

Fatigue can result from failure at different levels, and a model of eight potential sites of 

fatigue were put forward by Bigland-Ritchie (18) (Fig.5). The four central sites represent 

nervous components (Fig. 5, site 1-4), while the four peripheral sites represent processes in 

the muscle cell (Fig. 5, site 5-8). This thesis investigates some of the peripheral sites of 

fatigue in the context of shortening contractions, i.e. excitation-contraction coupling (ECC), 

contractile mechanisms (cross-bridge cycling) and metabolic energy supply and metabolite 

accumulation.  

         
    

 

Excitation-contraction coupling (ECC) 

The term excitation–contraction coupling (ECC) was introduced in 1952 to describe the 

process of converting an electrical stimulus to a mechanical response (155), i.e. an AP to 

muscle contraction. Today, the ECC is known to involve several cellular components (Fig. 6) 

that tightly regulate the transient rise and fall of cytoplasmic Ca2+.  

Fig. 5. Potential sites of central (1-4) and peripheral (5-8) fatigue.  

1: Excitatory input to higher motor centers 2: Excitatory drive to lower motor neurons  

3: Motor neuron excitability 4: Neuromuscular transmission 5: Sarcolemmal excitability  

6: Excitation-contraction coupling 7: Contractile mechanisms (cross-bridge cycling)  

8: Metabolic energy supply and metabolite accumulation. Courtesy of M. Munkvik and F. Swift. 
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Fig. 6. Selected structural 

components involved in Ca2+ 

handling in skeletal muscle. 

DHPR, dihydropyridine receptor; 

RyR, ryanodine receptor; PMCA, 

plasmalemmal Ca2+ pump; NCX, 

Na+/Ca2+ exchanger; SERCA, SR 

ATP-dependent Ca2+ pump. 

Modified with permission from  

M. Munkvik and F. Swift. 

In brief (26), following excitation in motor cortex, an AP in a motor neuron leads to 

depolarization of the muscle cell membrane and the t-tubuli. The depolarization causes a 

conformational change in L-type Ca2+ channels in the t-tubules, the dihydropyridine receptors 

(DHPR). This conformational change mechanically induces opening of the adjacent ryanodine 

receptors (RyR) in the SR membrane. The open RyRs release Ca2+ into cytoplasm: Ca2+ binds 

to TnC on the actin filaments and, by this activation, cross-bridge cycling and force 

production/shortening can occur (described in next section). High stimulation frequencies 

allow more Ca2+ to be released from SR into cytoplasm, resulting in more activation of the 

myofilaments than at lower frequencies. Ca2+ is removed from the cytoplasm by the SR Ca2+ 

ATPase (SERCA), pumping two Ca2+ into the SR for each ATP hydrolyzed. When the motor 

neuron activity ceases, the DHPR returns to resting configuration, RyR closes, Ca2+ is 

removed by SERCA, Ca2+ dissociates from TnC, and cross-bridge cycling stops.  

 

 

An impaired Ca2+ handling would affect the transient rise and fall of cytoplasmic Ca2+, which 

again could affect both the contraction and relaxation parts (Fig. 4) of dynamic muscle 

activity (8).  At low frequencies, a small reduction in cytoplasmic Ca2+ can reduce the force 

output greatly, because the force/Ca2+ curve is steep  (184). Impaired Ca2+ release from the SR 

has been recognized as an important cause of fatigue during isometric contractions in isolated 

muscles, but the exact mechanism is not established (7, 127, 184). Further, reduced Ca2+ 

uptake by SERCA is considered another cause of fatigue, also in dynamic exercise (81).  

In the present thesis, we investigated if altered Ca2+ handling contributed to the initial phase 

of fatigue during in situ shortening contractions. 
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Contractile mechanisms (cross-bridge cycling) 

The sliding filament theory was developed in 1954 by two independent research groups (79, 

80), and describes how muscle contraction results from relative sliding between actin and 

myosin filaments coupled with ATP hydrolysis. The theory has been modified several times, 

and is today widely accepted as the model for skeletal muscle contraction (35, 40, 50). 

However, several molecular mechanisms of the myofilament sliding are not fully understood 

(40, 56, 78).  

 

 

In a simplified view of the cross-bridge cycle (Fig. 7) based on Cook (36), cross-bridge 

cycling starts when Ca2+ binds to TnC and TM uncovers the binding site on actin. As soon as 

the binding site is exposed, the myosin head (with ATP in the nucleo tide binding pocket) 

binds weakly to actin in a pre-power stroke configuration (Fig. 7, state 1). ATP hydrolysis 

rotates the myosin neck, which places the myosin head in position for the power stroke (Fig. 7, 

state 2). Subsequently, the release of inorganic phosphate (Pi) creates a high-force generating 

Fig. 7. The cross-bridge cycle. M – Myosin, A- Actin. Pi – inorganic phosphate. Blue and red shaded 

areas of the circle indicate weakly and strongly bound states of the cross-bridge, respectively, and the 

white numbers mark the different states as referred to in the text. Courtesy of M. Munkvik and F. Swift. 
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state (Fig. 7, state 3) and initiates the power stroke that pulls the actin filament towards the M-

line of the sarcomere. Towards the end of the power stroke the ADP is released from the 

myosin head, leaving myosin tightly bound to actin, known as the rigor state (Fig. 7, state 4). 

On binding of a new ATP, the rigor state dissociates (Fig. 7, state 1) and ATP hydrolysis 

rotates the myosin neck in position for the next power stroke. The cycle repeats as long as 

Ca2+ and ATP are present.  

The power stroke is believed to involve conformational changes in the region between the 

head and neck of the myosin molecule, also known as the lever arm (82, 141). Since the 

myosin backbone is fastened only to the midline (M-line) of the sarcomere, while the actin 

filaments are anchored to the opposing Z-disks, the result of force-producing interactions 

between the filaments is a longitudinal contraction of the system. The number of cross-

bridges acting in parallel determines the maximal force generating capacity of the muscle (51).  

The actomyosin interaction can be directly modulated during fatigue by the changing 

metabolites, altered pH, free radicals and PTMs of contractile proteins (36, 40, 50). The 

relative importance of the different modulators, and whether additional factors contribute, is 

not fully understood. In isometric contractions, the high-force generating state (after the 

release of Pi) (Fig. 4, state 3) is considered the dominant configuration of the cross-bridge 

(170), and the release of Pi is thought to be the rate-limiting step of the ATPase cycle (94). 

During shortening contractions, the reaction velocity of the cross-bridge cycling (attachment, 

force development, detachment) is higher compared to during isometric contractions (36), 

with only 5 % of cycle time is spent in the high-force generating state (170). Hence, the 

relative importance of the factors affecting cross-bridge function could be different. The 

higher reaction velocity during shortening contractions demands more ATP for hydrolysis by 

the myosin ATPase, i.e. a muscle that shortens utilizes more energy than a muscle that 

performs isometric contractions (49).   

In this work, we investigated the potential roles of Ca2+ handling, metabolites and PTMs in 

the modulation of contractile function during fatiguing shortening contractions. 
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Metabolic energy supply and metabolite accumulation  

With the transition from rest to strenuous exercise, the energy demand (ATP) of the muscle 

can increase more than 100-fold (151). The myosin ATPase in cross-bridge cycling is one of 

the most energy demanding cellular processes, in addition to the SERCA pumping Ca2+ into 

the SR and the Na+/K+ ATPase maintaining sarcolemmal excitability (196).  

The energy supply varies depending on the duration (Fig. 8) and intensity of exercise. Only a 

small amount of ATP and CrP is stored close to the contractile proteins and is readily 

available at onset of muscle activity, approximately enough to perform a 10-20 s sprint (151). 

To continue exercise, the muscle cell must resynthesize ATP through glycolytic (anaerobic) 

or oxidative (aerobic) pathways. Breakdown of stored glycogen-glucose via the glycolytic 

pathway is performed without oxygen and can provide energy to perform a 400-800 m sprint, 

and results in accumulation of lactate/H+. 

 

 

Activities lasting longer than 2-3 min depend primarily on oxidative metabolism, or a 

combination of glycolytic and oxidative metabolism, and require steady supply of oxygen. In 

oxidative metabolism, complete oxidation of glucose provides about 30 molecules of APT, in 

contrast to only 2 ATP in anaerobic glycolysis (166). Fat and amino acids can also enter 

oxidative metabolism, and fat is the dominant energy source during long-lasting exercise. In 

Fig. 8. Energy supply of working skeletal muscle.  Koeppen & Stanton; Berne and Levy 

Physiology, 6th Edition. Reprinted with permission from Elsevier. 
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addition to the intracellular energy stores, the exercising muscle utilizes glucose and fatty 

acids transported with the blood. 

There is a lag in oxidative metabolism during the initial phase of muscle activity (Fig. 8), 

resulting in parallel activation of non-oxidative ATP delivery. The lag in oxidative 

metabolism could reside at the level of oxygen delivery or mitochondrial enzymes, or 

possibly both (61). However, warm-up exercise has been reported to overcome this lag in 

oxidative metabolism (27, 62, 65), and could possibly improve contractile function in 

subsequent exercise.  

In the present thesis, we investigated the dynamic changes in muscle metabolites during 

fatigue from in situ shortening contractions. Further, we investigated whether a preceding (1st) 

bout of exercise (warm-up) attenuated the metabolic changes and the fatigue development in 

a subsequent (2nd) exercise bout. 

Adaptions to exercise 

Skeletal muscle has a remarkable ability to respond to environmental stimuli. In the 

contracting muscle, biochemical, electrical and mechanical stimuli (e.g. depletion of high-

energy metabolites, mechanical stress, increased Ca2+ and accumulation of reactive oxygen 

species (ROS)) trigger activation of several signaling pathways that mediate the training 

responses (46). Eventually, repeated exercise training results in improved contractile function, 

substrate delivery and mitochondrial respiration (19, 46, 76, 126, 153), collectively enhancing 

the ability to resist fatigue.  

However, the mechanisms that cause improved contractile function after exercise training 

remain unclear (51, 53, 54, 72, 144). A fiber-type shift from slow to fast or from fast to slow 

seems difficult to obtain with regular exercise training (51), suggesting that fiber type shift 

cannot explain the improved contractile function. PTMs of skeletal muscle proteins have been 

suggested as important modulators in the training response (121, 144), but the extent and 

impact of PTMs in exercise remains to map. 

Therefore, we studied endurance training in addition to acute fatiguing exercise, to 

investigate the potential role of skeletal muscle PTMs in the adaptions to exercise training. 
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Post-translational modifications of skeletal muscle proteins 
Post-translational modifications (PTMs) of proteins are essential in skeletal muscle, serving to 

control and dynamically modulate a myriad of complex cellular processes. By covalent, 

enzymatic modifications, the PTMs can inhibit or activate specific functions of proteins 

involved in ECC, cross-bridge cycling and metabolic energy supply (8, 30, 36, 40, 50, 72). 

Hence, unraveling the function of specific PTMs could be essential for the understanding of 

fatigue development during shortening contractions.   

In this thesis, we explored the two important PTMs phosphorylation and O-GlcNAcylation in 

skeletal muscle. We specifically investigated the phosphorylation dynamics of the small 

regulatory protein MLC2 during shortening contractions, both in acute fatiguing exercise and 

after long-term endurance training. 

Phosphorylation of regulatory myosin light chain (MLC2)  

The observation that MLC2 could be phosphorylated in striated muscle (132) suggested direct 

modulation of myofilament function at the cross-bridge level, in addition to the ECC 

mechanism. In resting skeletal muscle, the myosin heads are highly ordered with close 

proximity to the thick filament (Fig.9A, indistinct part), and may minimize myosin head 

interaction with inactivated actin filaments (83). Phosphorylation of MLC2 is thought to 

disrupt this ordered orientation, resulting in movement of the myosin heads towards the actin 

filament (Fig.9A, distinct part) (4, 93, 169, 174, 189).  

 

 

Fig. 9. Structural consequences of MLC2 phosphorylation at the cross-bridge level. 

Schematic illustration. Phosphorylation of MLC2 moves the myosin heads from the 

configuration close to the myosin filament (indistinct part) towards the actin filament (distinct 

part). Pi, inorganic phosphate. Modified with permission from M. Munkvik and F. Swift 

actin filament 

MLC2 

myosin filament 
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It is suggested that MLC2 phosphorylation increases the transition of the cross bridges from 

non-force to force-generating states (172) and increases the Ca2+ sensitivity of the contractile 

apparatus at submaximal Ca2+ (112, 133, 167, 171-173, 179). Further, the rate of force 

development is increased at all stimulation frequencies (180), consistent with increased Ca2+ 

sensitivity in proportion to the myosin ATPase activity (172). Thus, a greater fraction of 

cross-bridges can contribute to force generation and filament sliding. In smooth muscle, 

phosphorylation of MLC2 is an obligatory event that initiates contraction (84, 85). This is 

different from in striated muscle, where contraction is initiated by binding of Ca2+ to TnC. 

Phosphorylation of MLC2 in striated muscle is hence not an obligatory mechanism for 

contraction, but a modulatory mechanism at the cross-bridge.  

Persechini (133) showed that addition of skeletal muscle myosin light chain kinase (MLCK2, 

~90 kDa) to permeabilized FT fibers resulted in phosphorylation of MLC2 and increased Ca2+ 

sensitivity of the contractile apparatus. Later, models of MLCK knockout and - 

overexpression elegantly confirmed this causative relationship in FT fibers (58, 150, 194). 

MLCK2 is substrate specific for MLC2 (136, 167, 168), recognizing the sequence NVF after 

the phosphorylatable Ser14/15 in  ST/FT MLC2 (167), respectively. The opposing 

dephosphorylation of MLC2 is performed by myosin light chain phosphatase (MLCP). The 

MLCP enzyme complex consists the catalytic subunit of protein phosphatase 1 beta (PP1c β, 

sometimes referred to as PP1cδ, ~36 kDa), the myosin phosphatase targeting protein (MYPT2, 

~110 kDa) and the small unit M20 of unknown function (116).   

Most results about MLC2 phosphorylation arise from studies in FT skeletal muscle. In FT 

muscle, MLC2 phosphorylation is associated with post-tetanic force potentiation, i.e. a tetanic 

isometric contraction enhances force production in subsequent submaximal isometric 

contractions (167, 179). In contrast, tetanic stimulation of ST muscle does not produce force 

potentiation in vitro or in situ, and there is no change or only a small increase in MLC2 

phosphorylation (38, 114, 115). This fiber-type difference between FT and ST seems in part 

to be explained by differences in activitity and expression of MLCK and MLCP/MYPT. The 

ratio of MLCK to MLCP is highest for FT fibers and markedly lower in ST fibers (115, 150). 

Further, there is different expression of MLC2 isoforms, with predominantly fast MLC2 

(fMLC2) expressed in FT and slow MLC2 (sMLC2) in ST (22). Lastly, chronic low-

frequency stimulation, typically of ST soleus, induced fast-to-slow transition of MLC2 

isoforms and reduced MLC2 phosphorylation and the level of MLCK in EDL (22). Hence, 



24 

force potentiation by MLC2 phosphorylation has been shown to be part of the FT, but not the 

ST muscle phenotype.  

The different regulation of MLC2 in FT and ST muscle could possibly be important to 

understand the fatigue development during dynamic activity. In FT muscle, MLC2 

phosphorylation has been reported to enhance not only isometric force, but also the rate and 

extent of muscle shortening (2, 60, 106, 179). MLC2 phosphorylation in ST muscle during 

dynamic activity has, to the best of our knowledge, only been investigated by our group (119). 

Further, the role of MLC2 phosphorylation in the adaptions to endurance training has not been 

investigated in either ST or FT skeletal muscle. Since the regulation of MLC2 

phosphorylation is fundamentally different in ST compared to FT muscle during isometric 

contractions, we hypothesized that the regulation during shortening contractions would also 

be divergent between these muscle types.   

Hence, we investigated the dynamics of MLC2 phosphorylation during in situ shortening 

contractions of ST soleus. Subsequently, we analyzed MLC2 phosphorylation after in vivo 

acute exercise and long-term endurance training on the treadmill, both in soleus and EDL. 

Further, we investigated whether there was interplay with MLC2 O-GlcNAcylation. 

Protein O-GlcNAcylation 

Intracellular protein O-GlcNAcylation has emerged as an important intracellular signaling 

system analogous to protein phosphorylation, first discovered in 1984 (176). O-

GlcNAcylation is the cycling of a monosaccharide, O-GlcNAc, on serine or threonine groups 

of nuclear and cytoplasmic proteins, serving to regulate signaling, transcription and processes 

in cytoplasm (20, 31, 69, 71, 121). Different from phosphorylation, which is regulated by 

hundreds of kinases and phosphatases, O-GlcNAcylation is controlled exclusively by two 

reciprocal enzymes that are highly conserved among species (70). O-GlcNAc transferase 

(OGT) catalyzes the addition of the O-GlcNAc to Ser/Thr residues of proteins (Fig. 10), and 

O-GlcNAcase (OGA) hydrolyzes the removal of the moiety. However, the mechanisms by 

which OGT and OGA modify specific proteins at certain times remain elusive. Different 

splice variants, PTMs, protein interactions and subcellular localization are among the 

mechanisms at play (122).  

A small fraction of glucose entering the cell is diverted into the hexosamine-biosynthetic 

pathway (HBP) (Fig. 10) as an alternative route to glycolysis (110). The end product of the 
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HBP is uridine diphosphate-N-acetylglucosamine (UDP-GlcNAc), which is the substrate for 

O-GlcNAcylation. The first step is controlled by the rate-limiting enzyme glutamine-fructose-

6-phosphate amidotransferase (GFAT). Intriguingly, the synthesis of UDP-GlcNAc via the 

HBP is also regulated by several other metabolic pathways, i.e. glucose, amino acid, fatty acid 

and nucleotide metabolism (68, 110). 

 

 
 

Functionally, the role of O-GlcNAc as a metabolic sensor has been highlighted, linking 

metabolic status to various signaling pathways in the cell (20, 68, 70, 121). O-GlcNAcylation 

regulates several cellular processes and nearly every step in protein synthesis and stability, 

with aberrant regulation linking O-GlcNAc to the etiology of metabolic and 

neurodegenerative diseases and cancer (20, 68, 69, 103, 160, 193). In addition to the effect on 

transcriptional and epigenetic regulators, O-GlcNAcylation can directly modify enzymatic 

function and interact with phosphorylation and other PTMs (20, 25, 68, 71). 

Fig. 10. Schematic illustration of the HBP and protein O-GlcNAcylation. 

HBP, hexosamine-biosynthetic pathway; GFAT, glutamine-fructose-6-phosphate amidotransferase; 

OGT, O-GlcNAc transferase ; OGA, O-GlcNAcase. 
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In skeletal muscle, the role of O-GlcNAc modifications is poorly mapped. However, several 

contractile proteins in skeletal muscle have been identified as O-GlcNAcylated (29, 32, 73), 

suggesting that O-GlcNAcylation could be involved in important regulatory processes in 

skeletal muscle contraction. Especially MLC2 has been suggested to be regulated by O-

GlcNAcylation in cross-talk with phosphorylation (30, 32, 165), but the extent and the 

functional consequences of this regulation is not established. Further, several skeletal muscle 

metabolic enzymes have been identified as O-GlcNAc modified (29). Exercise increases 

muscle glucose uptake (147), and acute exercise has been shown to increase UDP-GlcNAc 

(124), the substrate for O-GlcNAcylation. Given its role as a sensor of metabolic status, O-

GlcNAc signaling could be central in the response to exercise training (121). 

Lastly, several chronic diseases are linked to aberrant O-GlcNAc signaling, including 

cardiovascular disease (109, 193). A recent study from our research group reported increased 

O-GlcNAc signaling in cardiac pressure overload and HF (98). Several other studies support 

that a sustained increase in protein O-GlcNAcylation is detrimental to the heart (48, 109, 139, 

193). HF patients typically experience reduced exercise tolerance that in part is attributed to 

skeletal muscle dysfunction (195). Previous work from our group reported skeletal muscle 

dysfunction in HF both in rats (99, 100, 102) and humans (120). Whether altered protein O-

GlcNAcylation contributes to the skeletal muscle dysfunction in HF, parallel to the aberrant 

O-GlcNAcylation in the heart, is not known. 

In this thesis, we investigated the potential regulatory role of skeletal muscle protein O-

GlcNAcylation in acute exercise, in long-term endurance training and in post-infarction HF. 
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4 AIMS 
The general aim of this thesis was to study fatigue during shortening contractions in skeletal 

muscle, to expand the knowledge of regulatory mechanisms at play. 

The specific research aims were as follows: 

1. To study the fatigue development in the different parts of the contraction-relaxation 

cycle, during in situ shortening contraction of ST skeletal muscle (paper I) 

 

2. To investigate the effect of prior exercise (warm-up) on the fatigue development in a 

subsequent bout of in situ shortening contractions (paper I) 

 
3. To elucidate the dynamics of sMLC2 phosphorylation, metabolite alterations and Ca2+ 

handling in the regulation of in situ shortening contractions of ST skeletal muscle 

(paper I) 

 
4. To investigate if in vivo treadmill running induces dephosphorylation of sMLC2 in ST 

skeletal muscle, and if there is interplay with sMLC2 O-GlcNAcylation (paper II) 

 

5. To study the enzymatic regulation of  MLC2 phosphorylation and O-GlcNAcylation 

during shortening contractions (paper II) 

 
6. To explore the effects of acute and long-term treadmill running on protein O-

GlcNAcylation in ST- and FT skeletal muscle (paper III) 

 

7. To investigate if skeletal muscle protein O-GlcNAcylation is altered in  post-infarction 

HF (paper III) 
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5 METHODOLOGICAL CONSIDERATIONS 
This section discusses key aspects of the methods used in the thesis. For the detailed 

description of each method, please see the individual papers. 

Experimental animal models 

We used Wistar rats in most experiments, and this animal model was chosen for several 

reasons. One important factor is that the fiber type distribution of soleus and EDL in Wistar 

rats is well defined (reviewed by Soukup et al. (162)), confirmed by in house analysis (102). 

The soleus consists of > 90 % type I fibers (slow, oxidative) and < 10 % type IIa fibers (fast, 

oxidative-glycolytic), while the EDL consists of ~5 % type I, ~20-40 % type IIa and ~55-80 % 

type IIb fibers (fast, glycolytic). This high percentage of slow and fast fibers in soleus and 

EDL, respectively, allows investigation of the prototypical ST- and FT properties of skeletal 

muscle. Further, our research group has many years of experience with rats in experimental 

animal models, and the in situ model was custom made for rat experiments. Compared to 

larger animals, rats can be reared in short time at a low expense and they are easily handled 

(91). Mice are even faster to breed, but their relatively smaller physical proportions can be a 

disadvantage in regard to experimental equipment and tissue harvesting. Considering the 

evolving possibilities in genetic engineering (3),  rats will probably remain one of the most 

important animals in laboratory research. 

In some of the experiments in paper II and III we used Sprague Dawley (S.D.) rats, and the 

above factors are equally valid for S.D. rats. Importantly, the fiber type distribution in soleus 

and EDL from S.D. rats is by large similar to in Wistar rats, albeit the percentage of type I in 

soleus is slightly lower (80-90%) (162). We acknowledge that including two strains could be 

a limitation when interpreting the results. However, a comparison of control muscles from 

Wistar and S.D. rats showed that the patterns of protein O-GlcNAcylation were similar (paper 

III). Further, all experiments had same-strain control groups for all analyses. Lastly, the use of 

S.D. rats in these experiments allowed a parallel study of cardiac tissue (unpublished results) 

in which S.D. rats were required. Hence, by using S.D. rats we reduced the total number of 

animals used, as we continuously strive to in the animal experiments. 

It was essential to use a general anesthetic with low cardio-depressive effect, to ensure that 

cardiac output was not compromised during the in situ exercise and the echocardiographic 

examinations. Further, the concentration and the duration of anesthesia should be easy to 



29 

Fig. 11. Soleus muscle in situ. 

Note the intact blood supply. 

Photo: Morten Munkvik. 

adjust. The gas anesthetic Isoflurane seemed to meet these requirements (57). To prevent 

hypothermia, the animals were kept on a heated (37° C) surface while anesthetized.  

In situ shortening contractions 

The reductionist approach of dissecting biological systems has provided valuable knowledge 

of many biochemical processes. However, the integrative biology of exercise and fatigue is 

complex, and cannot be explained or predicted by solely studying individual components. To 

allow controlled investigation of loaded muscle shortening in close to physiological 

conditions, we utilized the in situ model (paper I and II) established at our institute (119). 

This model has several advantages in the study of skeletal muscle fatigue. 

Firstly, the model enables investigation of fatigue development in an intact, blood perfused 

muscle (Fig. 11), without contributions from central components of fatigue. In the in situ 

model, membrane depolarization is achieved by replacing endogenous neural stimulation with 

direct electrical stimulation. Hence, mechanisms of peripheral fatigue can be isolated in a 

physiological setting. Importantly, the blood supply needs to be sufficiently maintained during 

exercise, to deliver oxygen and to remove waste products. Earlier experiments involving near-

infrared spectroscopy (119) reported preserved muscle O2 saturation in soleus throughout the 

protocol of in situ shortening contractions. Further, in contrast to in vitro studies, the in situ 

model preserves the structure of the muscle from the level of the whole muscle to the level of 

the individual sarcomere. The recovery of contractile parameters after rest underscores that 

the in situ protocol did not damage the muscle. 

 

   

m. soleus 

m. gastrocnemius 

blood supply 
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Secondly, skeletal muscles in vivo normally shorten on stimulation, and the present in situ 

model enables the extension of experimental fatigue studies to involve shortening contractions. 

Great effort was made to obtain relevant and reproducible in situ experiments, both in terms 

of the experimental design and the surgical training. The muscle was stimulated intermittently 

towards a preset load of 1/3 of maximal isometric force (Fmax). At this load the muscle 

produce maximum power and fatigue most rapidly (159, 181). The stimulation pulse duration 

was set to 1 ms to mimic single APs, and the stimulation frequency was set to 30 Hz, i.e. in 

the upper physiological range of rat soleus muscle (75). The muscle was stimulated 

intermittently 1 s on/off to resemble dynamic activities with repeated contraction/relaxation 

cycles. The surgery to prepare the soleus muscle in situ was performed by one dedicated 

operator (K. H. Hortemo) in all experiments. 

Finally, the in situ protocol allows investigation of fatigue at physiological temperature 

(37 °C). The choice of temperature is crucial when interpreting results from experimental 

studies, as many factors involved in skeletal muscle fatigue are temperature dependent (131, 

142, 148, 183). As an example, harmful effects of high H+ and Pi on force production 

diminishes when the temperature rise (183). Also the effects of MLC2 phosphorylation in FT 

fibers have been shown to change with temperature (reviewed by Vandenboom et al. (179)). 

Treadmill running 

High intensity interval training has been shown to improve skeletal muscle function and 

maximal oxygen consumption (VO2max) more efficiently than moderate exercise training (67, 

182). The six weeks of interval training on the treadmill (paper II and III) was modified from 

Wisløff et al (186). In accordance with this previous study we found a robust training effect 

after six weeks, evident by increased running speed and distance, increased skeletal muscle 

citrate synthase and cardiac hypertrophy. We did not measure VO2max in this study, but 

similar exercise protocols demonstrated a solid (~70 %) increase in VO2max compared to 

sedentary controls (88, 182, 186). The treadmill running was performed at 25° inclination, and 

a grid at the end of the lane supplied an electrical stimulus (0.25 mA, 1 stimulus of 200 ms 

every second) to keep the rats running on the lane. An inclined treadmill recruits a larger 

muscle mass than a level treadmill (196), and when comparing different inclinations of the 

treadmill, VO2max in rats was reached at 25° inclination (186).  

Wild rats typically perform several shorter runs over a long time period (149) rather than 

running continuously for 2 h, however, the rats managed to fulfil the exercise training every 
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day. In the six weeks of interval training, the distance run gradually increased from ~1.6 

km/day in the first week to ~2.5 km/day in the last week. It has been estimated from voluntary 

wheel running that wild rats can run ~8 km/day (149), indicating that the running distance 

was within the physiological range.   

Treadmill running is the preferred option for controlled studies of the effects of exercise 

training (182). In contrast to voluntary treadmill running, it allows precise control of exercise 

duration, speed, inclination and distance. A potential limitation of treadmill running is 

however that the animals could experience a stress response from imposed running (23, 117). 

Because also voluntary exercise training activates the stress response (41), the contribution of 

treadmill running to overall stress in unclear. During the six weeks of training in the present 

study, the rats were well acclimatized to treadmill running, and we consider that any effects 

due to “treadmill stress” would be minor.  

Coronary artery ligation as a model of HF 

Coronary artery ligation in rats was used as a model of human myocardial infarction (MI), to 

induce post-infarction HF in rats (paper III). Sham operated rats (sham) underwent the same 

procedure except the ligation of the coronary artery, and served as controls. The coronary 

artery ligation model to induce HF is clinically relevant, considering that coronary artery 

disease is the most frequent cause of HF in humans (13). However, a known limitation of this 

experimental HF model is that MI is induced acutely, in young animals. This is different from 

in humans where MI often is preceded by a gradual cardiac dysfunction, in the elderly. Hence, 

the compensatory mechanisms related to HF could be different (143). On the other hand, the 

animal model has the advantage that neither coexisting diseases nor drugs confound the 

pathophysiology, while elderly humans often are multimorbid and use several drugs. 

The echocardiographic criteria for inclusion of rats in the HF group was the presence of a 

large anterolateral myocardial infarction and increased left atrial diameter (LAD) >5.0 mm 

(161). Because inter-observer variability can be considerable in echocardiographic 

examinations, all the echocardiographic examinations on rats were performed by the same 

two operators and with standardized recording modes. In addition to the echocardiographic 

examination, congestive HF was confirmed post-mortem by increased lung and heart weight.  
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Human skeletal muscle biopsies 

The muscle biopsies from human vastus lateralis were obtained from post-infarction HF 

patients and healthy controls subjects (HS). The included participants represent a subset from 

a previous study from our laboratory, and details about the methodology, testing regime and 

inclusion/exclusion criteria have been described (120). In the present study, the biopsies were 

analyzed for protein O-GlcNAcylation in HF patients compared to HS. Cardiac and skeletal 

muscle dysfunction in HF patients was evident by reduced cardiac ejection fraction, lower 

maximal oxygen uptake and lower skeletal muscle peak power compared to HS. 

As discussed in the above section, there are apparent differences between HF rats and HF 

patients. However, in the present thesis, both the rat model of HF and the human patients 

represent the same type of HF, i.e. post-infarction HF with reduced ejection fraction (HFrEF). 

If a common O-GlcNAcylation pattern could be detected in skeletal muscles from both HF 

rats and HF patients, this could indicate robust mechanisms inherent to the pathophysiology 

of post-infarction HFrEF. 

Methods of studying proteins 

The analyses on frozen muscle samples were conducted with the assumption that the 

procedures involved in freezing, storage, homogenization and analysis of muscle tissue reflect 

the true conditions at the time of freezing. We managed to rapidly snap-freeze the muscle 

samples at the end of the experiment, as this is of great importance especially when studying 

protein phosphorylation and O-GlcNAcylation (192).  

Western blotting and gel staining 

Western blotting (immunoblotting) is an invaluable and widely used technique to identify and 

quantify proteins (107). The procedure involves many steps that must be performed with great 

accuracy to obtain reliable and high quality blots. In brief, gel electrophoresis separates 

proteins according to molecular weight, followed by transfer to a membrane (blotting). Target 

proteins are identified by incubating the membrane with specific primary antibodies and 

subsequent appropriate secondary antibodies. The secondary antibodies often bear an enzyme 

(e.g. horseradish peroxidase (HRP)) that modifies an appropriate substrate (e.g. luminol) so 

that it emits light. This allows visualization of the identified protein bands by 

chemiluminescence imaging. The intensity of the band corresponds to the amount of protein, 

and the amount of protein can be quantified relative to the other samples on the same blot. 
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Optimization of protein input, acrylamide concentration of the gel, electrophoresis and 

blotting times are critical to obtain high quality immunoblots. Furthermore, the sensitivity and 

specificity of primary- and secondary antibodies are important, and must be considered when 

interpreting the results. 

In this thesis, western blotting allowed mapping of numerous skeletal muscle proteins and 

their phosphorylation and O-GlcNAcylation modifications (paper I, II, III). Importantly, data 

obtained by western blotting are semi-quantitative: it provides a relative comparison of 

protein levels, but not an absolute measure of quantity. Reasons for this include variations in 

loading, differences in transfer from gel to membrane between individual blots, and non-

linear signal strength across the concentration range of samples (107). However, there can 

also be variations in loading and transfer across an individual blot, and one should therefore 

strive to apply the different samples alternately, and not grouped. 

The analysis of MLC2 phosphorylation was central in the present work, and in paper I we 

verified the MLC2 phosphorylation pattern by two different methods. Firstly, MLC2 

phosphorylation was analyzed by sequential ProQ Diamond (phosphorylated proteins) and 

Sypro Ruby (total proteins) fluorescent gel staining. In gel staining, different from in western 

blotting, the proteins are not transferred to a membrane after gel electrophoresis. Instead, the 

gel is further processed and stained, allowing direct in-gel detection of protein bands, 

visualized by e.g. a laser scanner. ProQ Diamond and Sypro Ruby gel staining are sensitive 

methods (188) to measure protein phosphorylation and total protein expression, respectively. 

It is also advantageous that Sypro Ruby staining can be performed subsequently to ProQ 

Diamond staining, i.e. MLC2 phosphorylation (ProQ) could be calculated relative to the 

MLC2 protein level (Sypro Ruby) in the exact same samples. 

Subsequently, the results obtained by ProQ Diamond were verified by western blotting using 

the phospho-specific MLC2 antibody, and reprobing with total MLC2 antibody. These MLC2 

antibodies showed high specificity, with no additional bands appearing when visualizing the 

entire blot (paper I and II). In paper II, we decided to use the western blotting method to 

analyze MLC2 phosphorylation. This allowed analyzing MLC2 O-GlcNAcylation (see below) 

in the exact same samples after stripping of membranes. Further, the enzymes modulating 

MLC2 phosphorylation and O-GlcNAcylation could also be analyzed by western blotting.  

For analysis of protein O-GlcNAcylation level, we used the O-GlcNAc antibody CDT 110.6 

that is thought to recognize the widest range of O-GlcNAc-modified proteins and is the most 
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thoroughly characterized (192). It is however known that different O-GlcNAc antibodies do 

not recognize entirely the same O-GlcNAc modifications, and in a test run we compared CDT 

110.6 with another O-GlcNAc antibody named RL2 (MA1-072) (paper III). As expected, this 

comparison showed that many protein bands were detected by both antibodies, while there 

were also some differences in the O-GlcNAcylation patterns. A recent publication from our 

research group (98) successfully used the CTD 110.6 antibody to obtain high quality O-

GlcNAcylation blots, and we decided to use this antibody for all analyses. 

In addition to phosphatase and protease inhibitors, 40 mM glucosamine was added to the lysis 

buffers to preserve the O-GlcNAcylation level present at muscle harvest (paper II and III). 

Glucosamine is structurally similar to GlcNAc, with high concentration of glucosamine 

providing excess substrate for OGA, and we chose this method of OGA inhibition based on a 

recent publication with high-quality O-GlcNAc blots (98). We also performed a brief 

comparison of addition of glucosamine vs. the addition of the OGA inhibitor PUGNAc (paper 

III), showing similar O-GlcNAcylation levels by the two approaches. 

Mass spectrometry 

The mass spectrometry (MS) analyses were performed in collaboration with the Department 

of Biosciences, University of Oslo. We attempted to identify the proteins with strongly 

increased O-GlcNAcylation signal after the six weeks of exercise training (as assessed by 

western blotting with the CTD 110.6 antibody), and the protocol was described in detail in 

paper III. By the MS analyses, we identified the proteins present in the specific gel slice of 

interest, i.e. comprising the ~50 kDa protein band with increased O-GlcNAcylation signal. 

Unfortunately, we did not succeed to detect the O-GlcNAc moiety by the MS analyses. Hence, 

the identity of the O-GlcNAcylated proteins could not be confirmed.  

Indeed, the identification of O-GlcNAc modifications is a major challenge to proteomics (103, 

130). Firstly, when assessed by gel electrophoresis, the isoelectric point is not changed by O-

GlcNAc, and the molecular weight is rarely altered. Secondly, in most mass spectrometers, 

the O-GlcNAc modification is labile. Further, peptides modified by O-GlcNAc generate a 

relatively lower signal than unmodified peptides, and this likely complicated the detection of 

the O-GlcNAc moiety by MS in the present study. It could seem that specific methods to 

enrich O-GlcNAc modified proteins and peptides, and specially equipped mass spectrometers, 

are necessary to detect the O-GlcNAc moiety (103, 130). This technology is currently not 

widely available, but limited to a few dedicated laboratories. In the coming years, application 
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of novel technologies will likely improve the identification of O-GlcNAc modified proteins 

and sites.  

Metabolites 

Metabolite content in soleus muscles from rats was analyzed at different time points in the in 

situ exercise protocol and in resting control muscles (paper I), by established methods. High 

Performance Liquid Chromatography (HPLC) was used to quantify muscle ATP, ADP, AMP 

and CrP (158). In short, HPLC separates and quantifies substances by pumping the sample in 

a solvent (mobile phase) at high pressure through a column with chromatographic packing 

material (stationary phase). Substances bind to the stationary phase with different affinity and 

are eluted as the mobile phase flow through the column, and ultimately the different 

metabolites are represented by individual peaks on the chromatography. Lactate was 

determined using a fluorometric enzymatic coupled assay: By incubating the sample with 

excess amount of lactate dehydrogenase and NAD+, the increase in NADH fluorescence can 

be measured (lactate + NAD+  pyruvate + NADH + H+).  

The metabolite analyses provide valuable data in the analysis of fatigue in the in situ protocol, 

as discussed later. However, since the analyses provide the total amount of the various 

metabolites in the analyzed muscle tissue, potential effects of metabolite 

compartmentalization within the muscle cells (128) will not be detected. Further, several 

putative contributors to the fatigue development were not analyzed in the in situ model, e.g. 

oxidative stress (164) and glycogen depletion (128). Also, Pi was not directly measured. 

Tissue availability limited the number of analyses performed, but it future in situ studies, 

these putative contributors should indeed be considered. 

Ca2+transients 

Sarcoplasmic reticulum (SR) function was measured in SR vesicles from whole muscle 

homogenates (paper I), based on a method from O’Brien (125). SR function at different time 

points in the in situ exercise protocol was compared to the resting control muscle. In brief, 

experiments were performed at 37 °C, and a spectrophotometer allowed analysis of SR 

function by measuring the intensities of the calcium binding dye fura-2. MgATP was added to 

initiate SR Ca2+ uptake. When the uptake had leveled off, thapsigargin was added to block the 

uptake, and SR leak could be analyzed. Addition of 4-chloro-m-cresol initiated SR Ca2+ 

release through RyR. Lastly, EGTA and CaCl2 were sequentially added to measure minimal 
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and saturating signal, respectively. The method allows detailed in vitro investigation of 

changes in SR Ca2+ handling induced by in situ fatiguing shortening contractions. Importantly, 

since the in vitro set up provides controlled, optimized metabolic conditions, potential effects 

of metabolites and pH on SR Ca2+ handling during in situ contractions will not be detected by 

this method.  

Statistics 

Data are presented as mean ± standard error of the mean (SEM), and a significance level of 

0.05 was chosen for all statistical analyses. The statistical tests assumed independence of 

sampling and observation, homogeneity of variance between groups, and normal distribution 

of data. The assumptions were tested using procedures and corrections of the statistical 

software (SigmaPlot or Excel).  

When comparing two different groups, paired or unpaired t-test was used when the data were 

normally distributed and showed equal variance, and this applied to most analyses. In paper I, 

Welch’s correction, an adaptation of the t-test, was applied if there was unequal variance 

between two groups. If normal distribution was not confirmed, Mann-Whitney Rank Sum 

Test was performed instead of the t-test. One-way ANOVA was used to compare multiple 

groups to a control group. One-way repeated measures ANOVA was used to compare 

repeated measures of the same animals, i.e. the analysis of contractile parameters.  

Ethical considerations 

Importantly, with an animal model follows an ethical obligation to refine the methodology, 

reduce the number of animals used and replacing animals with other modeling systems when 

possible (RRR). Through years of experience at our institute, continuous refinements of 

surgical procedures and animal handling have resulted in high reproducibility and low 

mortality. Great effort was made to minimize suffering of animals. All experiments were 

reviewed and approved by the Norwegian Animal Research Authority and conformed to the 

NHI Guide for the Care and Use of Laboratory Animals. In the human study on HF patients 

and healthy controls, the study protocol was reviewed and approved by the Norwegian 

regional ethics committee and conformed to the Declaration of Helsinki. Written informed 

consent was obtained from all participants.  
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6 SUMMARY OF RESULTS 
 

Paper I 

Multiple Causes of Fatigue during Shortening Contractions in Rat Slow Twitch Skeletal 

Muscle 

In this study, we identified that fatigue developed in three distinct phases during in situ 

shortening contractions of ST skeletal muscle, and that the different rates and velocities of the 

contraction-relaxation cycle did not deteriorate in parallel. In the first phase, the regulatory 

protein sMCL2 was rapidly dephosphorylated in parallel with reduced muscle shortening. 

Secondly, there was degradation of high-energy phosphates and accumulation of lactate, and 

these changes were related to slowing of muscle relenghtening and relaxation, culminating at 

100 s. This slowing was also associated with increased leak of Ca2+ from the SR. In the third 

phase of exercise, there was restoration of high-energy phosphates and elimination of lactate, 

and the slowing of relaxation disappeared. On the contrary, dephosphorylation of sMLC2 and 

reduced muscle shortening prevailed. Preceding exercise (warm-up) improved relaxation 

parameters in a subsequent exercise bout. The improvement correlated with less accumulation 

of lactate, and we propose that this effect was due to a more rapid onset of oxidative 

metabolism after warm-up. The correlation between sMLC2 phosphorylation and muscle 

shortening was confirmed in various experimental settings, and the combination of load and 

shortening seemed necessary to trigger sMLC2 dephosphorylation in ST muscle.  

Paper II 

Exhausting treadmill running causes dephosphorylation of sMLC2 and reduced level of 

myofilament MLCK2 in ST rat soleus muscle 

A single bout of exhausting treadmill running induced dephosphorylation of sMLC2 in 

shortening ST muscle, extending our findings from the in situ protocol (paper I) to in vivo 

treadmill running. The dephosphorylation of sMLC2 was paralleled by reduced levels of the 

dedicated kinase MLCK2 associated to myofilaments. Dissociation of MLCK2 could cease 

the phosphorylation of sMLC2 so that dephosphorylation dominated, suggesting dissociation 

of MLCK2 from myofilaments as a novel mechanism to rapidly reduce the phosphorylation 

level of sMLC2. Both the sMLC2 phosphorylation and the level of MLCK associated to 

myofilaments were restored after 24 h rest. However, after six weeks of treadmill running, the 
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dephosphorylation of sMLC2 persisted in soleus along with reduction in MLCK2 both in 

myofilament and total protein fraction. In EDL, contrary to in soleus, phosphorylation of 

MLC2 was not altered after one exercise bout or after six weeks of treadmill running. O-

GlcNAcylation of MLC2 did not change significantly in soleus or EDL, indicating that this 

modification was of minor importance in the regulation of MLC2 phosphorylation during in 

vivo running. Thus, in contrast to FT muscle, MLC2 dephosphorylation occurred in ST 

muscle during in vivo treadmill running and may be linked to reduced myofilament associated 

MLCK2 and reduced muscle shortening capacity.   

Paper III 

Exercise training increases protein O-GlcNAcylation in rat skeletal muscle 

In this paper, we reported extensive protein O-GlcNAcylation in skeletal muscle, with higher 

levels of O-GlcNAcylation in ST soleus compared to FT EDL. The high level of protein O-

GlcNAcylation in soleus was associated with greater level of the enzymes regulating the O-

GlcNAc signaling, i.e. OGT, OGA, GFAT1 and GFAT2, compared to EDL. Six weeks of 

exercise training by treadmill running, but not an acute exercise bout, increased protein O-

GlcNAcylation in soleus and EDL. There was a striking increase in O-GlcNAcylation of 

cytoplasmic proteins ~50 kDa in size, that judged from MS analysis could represent O-

GlcNAcylation of one or more key metabolic enzymes. This suggests that O-GlcNAcylation 

of cytoplasmic proteins could be part of the training response. In contrast to exercise training, 

post-infarction HF in rats and humans did not affect skeletal muscle O-GlcNAcylation level. 

This indicates that aberrant O-GlcNAcylation cannot explain the skeletal muscle dysfunction 

in HF. Protein O-GlcNAcylation in human skeletal muscle was by large similar to the O-

GlcNAcylation pattern in rat soleus and EDL, suggesting important functional roles of this 

signaling system also in human muscle. 
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7 DISCUSSION 
The results from this thesis emphasize that fatigue development during shortening 

contractions is complexly regulated. As outlined by Allen (5), approaches that allow 

investigation of muscle function close to physiological conditions are necessary to define the 

mechanisms of fatigue. By employing the in situ model of shortening contractions in 

combination with in vivo treadmill running, we believe we have contributed a small step in 

this direction. In the following, some central topics from this thesis are discussed. 

Fatigue development in shortening ST muscle in situ  
A detailed analysis of contractile parameters per contraction-relaxation cycle, like we 

performed in the in situ protocol (paper I), allows characterizing of the temporal development 

of fatigue. The analysis of contractile parameters showed that the fatigue development is not 

linear. Obviously, these non-linear dynamics would not have been detected if only the initial 

and end values had been considered, as previously demonstrated in a model of human 

bicycling (87). Further, since we analyzed the fatigue development in the different parts of the 

contraction-relaxation cycle, we observed that the various rates and velocities of the 

contraction-relaxation cycle did not deteriorate or recover in parallel. For example, isometric 

contraction rate and isotonic shortening velocity fell rapidly during the first 100 s of exercise, 

and thereafter they stabilized and remained depressed throughout the exercise protocol. On 

the contrary, the slowing of isometric relaxation rate was only transient, culminating at 100 s 

of exercise, with subsequent restoration to initial values by the end of the exercise. This 

indicated that muscle shortening was regulated by other mechanisms than muscle relaxation.  

Ca2+ handling 

Slowing of muscle relaxation is a hallmark of fatigue, and may limit performance during 

dynamic exercise with alternating movements (9). We found that the slowing of isometric 

relaxation rate was strongly correlated to muscle lactate throughout the in situ exercise 

protocol, both in the 1st and 2nd bout. The role of intracellular lactic acidosis is controversial, 

and its effects on several fatigue parameters have been shown to decrease as the temperature 

increases towards the physiological range (8, 183). However, our in situ experiments 

performed at physiological temperature supports a slowing of relaxation with lactic acidosis 

(14, 24, 185). The mechanism could be that lactic acidosis reduces the affinity of Ca2+ binding 

to the SERCA pump (187), and this reduction in affinity is thought to be greater than the 

decreased Ca2+ affinity of the contractile apparatus at low pH (14). Following warm-up 
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exercise (1st bout), there was an attenuated slowing of relaxation in the subsequent exercise 

bout (2nd bout), which correlated with less accumulation of lactate. We suggest that an 

enhanced oxidative ATP-delivery following warm-up exercise (177) could explain this 

difference between the 1st and 2nd bout. By overcoming the lag in oxidative ATP-delivery by 

warm-up exercise, there could be less anaerobic ATP-delivery, and hence less accumulation 

of lactate as observed in the 2nd bout in paper I. 

Further, the increased SR Ca2+ leak observed at 100 s exercise in the in situ protocol could 

also contribute to the slowing of isometric relaxation. A continuous leak from SR would cause 

a futile cycling of Ca2+ and increased demand on SERCA, and the decay of the cytosolic Ca2+ 

transient could be slower. The cause of the increased leak was not directly accessed in this 

thesis, but we speculate that increased sympathetic signaling could result in increased RyR 

phosphorylation and hence increased SR Ca2+ leak (17, 145). Alternatively, a recent study 

reported that high-intensity interval training of short duration resulted in ROS-induced RyR 

fragmentation and SR Ca2+ leak (137) in mice and humans. In the latter study, the Ca2+ 

imbalance reduced skeletal muscle contractile function acutely, but seemed important to 

trigger beneficial training effects. It would be of great interest to analyze whether such ROS-

dependent RyR modifications play a role also in the slowing of isometric relaxation in the in 

situ protocol. 

Metabolic energy supply 

Shortening contractions utilize more energy compared to isometric contractions (49), 

explained in part by the higher rate of ATP consumption by the myosin ATPase. In the initial 

phase of the in situ exercise, the considerable breakdown of CrP and ATP would be expected 

to cause a proportional increase in Pi. Accumulation of Pi during muscle activity has been 

suggested as a major cause of fatigue (8, 26, 183), also during shortening contractions at 

physiological temperatures (148). A high level of Pi may decrease the Ca2+ sensitivity of the 

myofilaments and inhibit the transition from low-force to high-force generating states (36). 

Increased Pi could also affect the release of Ca2+ from SR (7), possibly due to calcium 

phosphate precipitation inside the SR (6, 44). Hence, accumulation of Pi seems important in 

the fatigue development. However, Pi and other metabolic changes could not fully explain the 

reduction in isometric force development in the in situ protocol. 

Also in regard to Smax, this parameter did not correlate with any metabolic change throughout 

the protocols, but remained attenuated despite normalization of lactate and recovery of high 
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energy phosphates. Further, reduced Ca2+ release from SR seemed not to be a major cause of 

the reduction in Smax, because the reduction of Smax after 15 min exercise was independent of 

the stimulation frequency (paper I). Smax
 was however strongly correlated with MCL2 

phosphorylation, at all measured time points during exercise and recovery in the in situ model. 

What are the dynamics of MLC2 phosphorylation in shortening ST muscle? 
One of the main objectives of this thesis was to investigate the dynamics of MLC2 

phosphorylation in ST muscles during shortening contractions, to elucidate its potential role in 

muscle shortening and fatigue. From our experiments (paper I and II) it is evident that MLC2 

is dephosphorylated in response to fatiguing shortening contractions in ST muscle, both in 

situ and in vivo. 

The in situ model of loaded shortening contractions (paper I) revealed a strong correlation 

between MLC2 phosphorylation level and muscle shortening (Smax) in ST soleus muscle, both 

during fatigue and during recovery from fatigue. The reduction in Smax was paralleled by a 

corresponding reduction in maximal isotonic shortening velocity. We could not directly assess 

the molecular basis for the effect of MLC2 dephosphorylation in our experiments. However, 

our results are well compatible with the theory that MLC2 phosphorylation moves the myosin 

heads towards the actin filament, increasing the number of force-producing cross-bridges 

(172). Dephosphorylation could cause less myosin heads to move towards the actin filament, 

thereby reducing the recruitment of active cross-bridges to produce force and filament sliding 

(172). Interestingly, in cardiac muscle, dephosphorylation of MLC2 demonstrated depression 

of load-dependent contractility and shortening velocity (154, 175). In FT muscle, MLC2 

phosphorylation not only improved isometric function, but also enhanced dynamic function (1, 

2, 60, 105, 106, 179). Hence, the MLC2 phosphorylation level seems to affect loaded 

shortening across different muscle types.  

The effect of MLC2 phosphorylation on unloaded shortening velocity (V0), an indicator of 

maximum cross-bridge turnover rate, is however not clarified. From studies performed in FT 

fibers and muscles, there are ambiguous result to whether MLC2 phosphorylation increases 

the duty cycle of the cross-bridges (by limiting the rate of cross-bridge detachment and V0) 

(55, 63, 86), or whether MLC2 phosphorylation does not influence these parameters (58, 112, 

133, 172). In ST muscle, one previous study from our laboratory (119) investigated V0 during 

fatigue from in situ shortening contractions in ST muscle, and did not find MLC2 
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phosphorylation to correlate with Vo. Differences in temperature and interactions with fatigue 

could possibly explain the discrepant results (86, 179).  

We found that the amount of myofilament associated MLCK2 was rapidly reduced in ST 

muscle in response to loaded muscle shortening, both in situ and in vivo (paper II). The level 

of myofilament associated MLCK2 correlated strongly with the MLC2 phosphorylation level, 

and we suggest dissociation of MLCK2 from myofilaments as a novel mechanism to reduce 

MLC2 phosphorylation in ST muscle. The dissociation of MLCK2 could rapidly cease the 

phosphorylation of MLC2, so that dephosphorylation would dominate.  

Interestingly, another recent study also identified MLCK2 at the sarcomere, in a 

multienzymatic complex located preferentially at the Z-disk (30). Possibly, mechanical stress 

could be sensed at the Z-disk during loaded shortening contractions, triggering MLCK2 

dissociation from myofilaments. However, the specific binding site for MLCK2 on 

myofilaments, and the upstream regulation of MLCK2 in ST muscle, remains to establish. 

Because there was only a small reduction in MLC2 phosphorylation and Smax when the work 

load was lowered towards zero, one might expect that maximal load (100 % of Fmax) would 

produce maximal MLC2 phosphorylation. However, at maximal load the muscle produced 

only isometric contractions, and MLC2 phosphorylation remained unchanged in line with 

previous literature (179). Hence it seems that the combination of load and shortening is 

necessary to trigger MLC2 dephosphorylation in ST skeletal muscle. 

MLC2 phosphorylation and energy expenditure 

Increased MLC2 phosphorylation in FT muscle has been shown to increase the amount of 

work performed in a given time period (60, 105, 106). Because MLC2 phosphorylation 

increases the number of active cross-bridges, with correspondingly increased myosin ATPase 

activity (169), energy consumption is also thought to be increased. Oppositely, as MLC2 is 

dephosphorylated, recruitment of fewer cross-bridges, less work performed and less energy 

consumption could be expected. In support of this theory, dephosphorylation of MLC2 in the 

in situ protocol (paper I) was associated with reduction in Smax and hence less performed 

work. Further, there was partial restoration of high energy phosphates in the muscle during 

ongoing work, possibly due to reduced total energy consumption. 

We suggest in paper II that the persistent dephosphorylation of MLC2 observed in the 

exercise trained soleus muscles could provide a beneficial restraint during long-lasting 
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exercise. By limiting the initial work performed and hence energy consumption, 

dephosphorylation of MLC2 could postpone the fatigue development. As recently highlighted 

(21), fatigue is the result of evolution through natural selection, and several of the restrictions 

in physical activity caused by fatigue could be protective mechanisms to avoid detrimental 

exhaustion. In FT muscle (2), MLC2 phosphorylation increased work performed compared to 

the non-phosphorylated muscle during in situ concentric contractions, but the increase in 

energy cost was relatively more enhanced than work output (i.e. the contraction economy was 

reduced). This suggests that during prolonged activity, MLC2 phosphorylation could possibly 

cause adverse metabolic changes that contribute to increased fatigue development. It has been 

suggested that as the number of active cross-bridges is increased, cross-bridge efficiency is 

reduced (39), which would lead to less power output from each ATP.  

Hence, it seems that the different regulation of MLC2 phosphorylation between FT and ST 

muscle could amplify the muscles´ fast and slow contractile properties, respectively: MLC2 

phosphorylation in FT muscle is associated with post-activation potentiation of force and 

shortening, at the cost of increased energy consumption. This could possibly enhance 

performance in high-intensity activities of short duration. On the contrary, the MLC2 

phosphorylation level in ST muscle is generally low, it is not increased with isometric 

contractions and it is reduced during loaded shortening contractions. This could limit the work 

performed and energy consumed in ST muscle, postponing fatigue during prolonged activity. 

However, the findings of Abbate et al (2) needs to be confirmed in different muscle types and 

contraction modes, as the energetic consequences of MLC2 phosphorylation have important 

ramifications for how we view its physiological role. The possibility remains that MLC2 

dephosphorylation in ST soleus after six weeks of exercise training (paper II) is a persistent 

sign of fatigue rather than a training effect. Considering previous reports of increased myosin 

ATPase activity and shortening velocity after endurance training, in rat ST muscles in situ (53) 

and in vitro (157), our finding of persistent MLC2 dephosphorylation after endurance training 

seems surprising. MLC2 phosphorylation and loaded muscle shortening (Smax) was however 

not analyzed in these previous studies, and it remains to analyze MLC2 phosphorylation and 

contractile performance in situ after endurance training.  

Is MLC2 phosphorylation relevant to human skeletal muscle? 

Ultimately, the most important objective might be to better understand how MLC2 

phosphorylation modulates human movement. Post-activation potentiation of isometric twitch 
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force has been reported in human skeletal muscle, first shown by Houston and co-workers 

(77). Like in animal models, the potentiation is observed primarily in FT muscle (66). This 

potentiation could possibly affect human performance during brief, explosive muscle 

activities, like jumping and sprinting that depends on fast fibers (16, 152).  

To the best of our knowledge, MLC2 phosphorylation during shortening contractions in 

human ST muscle has not been investigated. Like rat soleus, the human soleus muscle is 

predominantly ST with > 80% type I fibers (59). The human soleus is activated during 

standing, walking and running (28), and has the ability to contract economically over 

prolonged periods (37). Hence, it seems plausible that MLC2 dephosphorylation could 

contribute to the fatigue resistant phenotype of soleus also in humans. It would indeed be 

interesting to analyze MLC2 phosphorylation in human soleus in acute treadmill running as 

well as after long-term exercise training (i.e. equivalent to the animal experiments performed 

in this thesis). The majority of human skeletal muscles are, however, mixed with regard to 

fiber-type composition (156), and to understand the net outcome of dynamic MLC2 

phosphorylation in human muscles remains a challenge to the field. 

Is protein O-GlcNAcylation a novel system to regulate skeletal muscle 

function? 
O-GlcNAcylation has emerged as an important signaling system in several tissues (20, 68, 71), 

but the role of protein O-GlcNAcylation in regulation of skeletal muscle contractile function 

remains elusive (31, 121, 124, 134, 165). In this thesis (paper II, III) we show widespread 

protein O-GlcNAcylation in ST and FT rat skeletal muscle that was dynamically modulated 

by exercise training. Human skeletal muscle displayed protein O-GlcNAcylation that by large 

mirrored the O-GlcNAcylation pattern in rat, suggesting conserved functional roles. 

Phospho-GlcNAc interplay of MLC2? 

In paper II, we investigated the potential interplay between phosphorylation and O-

GlcNAcylation of MLC2 in rat skeletal muscle. We found that, contrary to MLC2 

phosphorylation, MLC2 O-GlcNAcylation level was unchanged after exercise both in soleus 

and EDL. This could indicate that MLC2 O-GlcNAcylation is of minor importance in the 

regulation of MLC2 during shortening contractions. However, there was a trend towards 

increased MLC2 O-GlcNAcylation in soleus after acute exercise, reciprocal to the decrease in 

MLC2 phosphorylation (paper II). A recent study reported a small decrease in MLC2 O-

GlcNAcylation after inactivity (hindlimb unloading) (30), reciprocal to a relatively larger 
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increase in MLC2 phosphorylation. Hence, the possibility remains that minor, but significant 

dynamics in O-GlcNAcylation of MLC2 are present also during exercise. More sensitive, site 

specific methods are warranted to reach a final conclusion about this potential interplay.  

Functionally, increased O-GlcNAcylation of MLC2 has been suggested to increase the Ca2+ 

sensitivity of skeletal muscle myofilaments (31, 32, 73). However, this seems to contradict the 

decreased Ca2+ sensitivity observed with increased O-GlcNAcylation of contractile proteins in 

cardiac muscle (138, 139). Further, removal of the increased O-GlcNAcylation in diabetic 

hearts restored the Ca2+ sensitivity, while removing the endogenous O-GlcNAcylation from 

non-diabetic hearts did not affect Ca2+ sensitivity (139). Hence, it seems that there is no linear 

relationship between O-GlcNAcylation and Ca2+ sensitivity, but rather a complex interplay 

between O-GlcNAc level and other factors that remains to be elucidated.  

Protein O-GlcNAcylation as a sensor of metabolic status in exercise and disease 

The striking increase in skeletal muscle O-GlcNAcylation after six weeks of endurance 

exercise on the treadmill (paper III), suggested that dynamic O-GlcNAc signaling is part of 

the training response. Interestingly, inactivity that cause muscle atrophy, as the counterpart to 

exercise, has been associated with decreased protein O-GlcNAcylation in rat soleus muscle 

(33). Similarly, the O-GlcNAcylation level in human vastus lateralis was reduced after 60 

days of bed rest (118), and the reduction was prevented by light exercise. Together with our 

findings of increased O-GlcNAcylation after exercise training, it seems that protein O-

GlcNAcylation could be dynamically modulated according to the activity level of the muscle.  

The increased O-GlcNAcylation seemed to be a result of repeated exercise, since an acute 

exercise bout was not found to alter the O-GlcNAcylation level. One other group recently 

investigated O-GlcNAc in skeletal muscle after one acute exercise bout (134), and in 

accordance with our results, they did not detect changes in protein O-GlcNAcylation in soleus. 

However, the authors reported a small increase in protein O-GlcNAcylation in white 

gastrocnemius muscle (mainly FT), in some contrast to our finding of unaltered O-

GlcNAcylation in EDL. They proposed that increased oxidative stress triggered this O-

GlcNAcylation in FT fibers (134). If this finding holds true, measures of oxidative stress 

should be included in future experiments concerning O-GlcNAcylation and exercise.  

In regard to muscle type, we found (paper III) that soleus muscle that consists > 90 % ST 

(type I) fibers showed a different pattern of O-GlcNAcylation in rats compared to EDL that 
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consists > 90 % FT (type II) fibers (162). Further, human vastus lateralis, which consists ~ 40% 

ST and ~60 % FT fibers (120), showed a pattern of O-GlcNAcylation that mirrored the O-

GlcNAcylation levels from both soleus and EDL in rats. Hence, our results suggest a fiber-

type dependent protein O-GlcNAcylation in skeletal muscle in rats and humans.  

Excessive protein O-GlcNAcylation in skeletal muscle has been linked to the development of 

insulin resistance and diabetes (12, 104, 190, 191). In this light, the increase in O-

GlcNAcylation after long-term exercise might be unexpected, because exercise training is an 

established tool to prevent insulin resistance and diabetes (121). However, in acute glucose 

flux, an increase in O-GlcNAcylation has been shown to protect against glucotoxity by 

regulating uptake and metabolism (193). Since the activity of OGT is enhanced with 

increased concentration of UDP-GlcNAc (90), protein O-GlcNAcylation is highly sensitive to 

the nutritional state. Possibly, balanced O-GlcNAcylation may provide optimal kinetics of 

metabolic pathways in exercise, while energy excess in the sedentary cause overshoot of O-

GlcNAc signaling which is detrimental. Further studies are warranted to elucidate the 

regulation of protein O-GlcNAcylation in exercise, and how exercise potentially interferes 

with aberrant skeletal muscle O-GlcNAcylation in metabolic disease.  

Further, there are several reports of abnormal skeletal muscle dysfunction in post-infarction 

HF, both in humans and in animal models (101, 135, 195). Therefore, we investigated 

whether aberrant skeletal muscle O-GlcNAcylation was part of this dysfunction. However, the 

protein O-GlcNAcylation level was not different in skeletal muscle from post-infarction HF 

compared to healthy controls, neither in rats nor humans (paper III). This indicates that 

modification of skeletal muscle protein O-GlcNAcylation cannot explain the reduced exercise 

tolerance in HF. There could however be subtle O-GlcNAc modifications of specific proteins, 

not detected by the analysis, but the global O-GlcNAcylation pattern seemed to be preserved. 

Candidate proteins of the strongly O-GlcNAc modified ~50 kDa band 

An interesting finding in the analysis of skeletal muscle protein O-GlcNAcylation was the 

protein band at ~50 kDa with markedly increased O-GlcNAcylation after six weeks of 

treadmill running (paper III). These modified proteins were located mainly in cytoplasm, and 

we hypothesized that they could represent one or more key metabolic enzymes that respond to 

changes in exercise status. In support of this hypothesis, MS analysis of the O-GlcNAc 

modified band at ~50 kDa identified several metabolic enzymes with known (29, 123, 129) or 

predicted (OGlcNAcScan, YinOYang) O-GlcNAc modifications. Some of these enzymes, i.e. 
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creatine kinase, PP2A and beta-enolase, were previously reported to be O-GlcNAc modified 

specifically in rat skeletal muscle (29). Current literature suggests that O-GlcNAc signaling 

can act as a direct regulator of enzyme activities in response to changing metabolic status (25, 

48, 69). We propose that the band with increased O-GlcNAcylation at ~50 kDa represents one 

or more of the identified key metabolic enzymes, functionally regulated by dynamically O-

GlcNAcylation after exercise training. Because the MS analysis did not succeed in detecting 

the O-GlcNAc moiety, the enzyme identities as well as the specific O-GlcNAc sites remain to 

be clarified. Hopefully, the mapping of skeletal muscle O-GlcNAcylation performed in this 

thesis can set the stage for future studies, to reveal the functional roles of O-GlcNAcylation in 

skeletal muscle.  

Lastly, the integrative nature of muscle fatigue represents a challenge to integrate new 

knowledge across different disciplines where fatigue is studied. Future research collaborations, 

combining various models and disciplines, could allow identification of the most robust 

fatigue mechanisms that are conserved across species and models.   
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8 CONCLUSIONS  
The present thesis adds knowledge about the fatigue development during shortening 

contractions in skeletal muscle. The experiments were performed in situ at 37°C or in vivo on 

the treadmill, enabling investigation of fatigue mechanisms at physiological conditions.  

Referring to the specific aims of the thesis, the conclusions are: 

1. Fatigue during in situ shortening contractions developed in three distinct phases in ST 

skeletal muscle, and the different rates and velocities of the contraction-relaxation 

cycle did not deteriorate in parallel. There was a prominent reduction in muscle 

shortening that persisted throughout the protocol, contrary to slowing of muscle 

relaxation which was only transient (paper I). 

2. Warm-up exercise improved muscle relaxation parameters in a subsequent exercise 

bout (paper I). 

3. Dephosphorylation of MLC2 correlated strongly with the reduced muscle shortening 

during in situ shortening contractions in ST muscle. In contrast, accumulation of 

lactate and increased SR Ca2+ leak correlated with slowing of relaxation (paper I). 

4. A single exercise bout of treadmill running induced significant dephosphorylation of 

MLC2 in ST muscle in vivo that was rapidly reversible by rest, while long-term 

exercise training resulted in persistent dephosphorylation of MLC2. 

Dephosphorylation of MLC2 was not accompanied by significant changes in MLC2 

O-GlcNAcylation (paper II). 

5. Dephosphorylation of MLC2 in ST muscle was associated with reduced levels of the 

dedicated kinase MLCK2 associated to myofilaments, suggesting dissociation of 

MLCK2 from myofilaments as a novel mechanism to rapidly regulate MLC2 

phosphorylation level during shortening contractions in ST muscle (paper II). 

6. There was extensive protein O-GlcNAcylation in skeletal muscle, with the highest O-

GlcNAcylation level in ST compared to FT muscle. Long-term exercise training by 

treadmill running, but not an acute exercise bout, increased O-GlcNAcylation of 

cytoplasmic proteins in skeletal muscle (paper III), suggesting that O-GlcNAc 

signaling participates in the training response. 

7. Skeletal muscle protein O-GlcNAcylation was not different in post-infarction HF 

compared to healthy controls, neither in rats nor humans (paper III), suggesting that 

aberrant O-GlcNAcylation cannot explain the skeletal muscle dysfunction in HF. 
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