
 1 

Uppsala Universitet 

Självständigt arbete inom nya läkarprogrammet 30 hp 

Vt 2010 

Carl Olsson, 870314-7234 

 

 

 

 

 

 

 

 

 

Skeletal muscle apoptosis related to long-term mechanical 

silencing in pharmacologically paralyzed and mechanically 

ventilated rats 

 

 

 

 

 

 

 

 

 

Handledare: 

Lars Larsson, Professor 

Ann-Marie Gustafsson, BMA 

Rizwan Qaisir, PhD student 

Guillaume Renaud, PhD student 



 2 

 

1. INTRODUCTION ........................................................................................................ 3 

- Overview and aims ........................................................................................... 3 

-                       Overview of skeletal muscle ............................................................................ 3 

-             Overview of Acute Quadriplegic Myopathy .................................................... 8           

-             Overview of Apoptosis ..................................................................................... 10 

- Protein turnover in skeletal  muscle ................................................................. 15 

- Caspases and apoptosis in atrophy ................................................................... 18 

 

2. MATERIALS AND METHODS ................................................................................. 19 

- Animals ............................................................................................................ 19 

- Immunofluorescence cytochemistry................................................................. 20 

- Statistics ........................................................................................................... 21 

 

3. RESULTS ..................................................................................................................... 22 

- Atrophy ............................................................................................................. 22 

- Effects on myonuclear apoptosis ...................................................................... 22 

- Effects on the number of myonuclei per fibre .................................................. 22 

- Effects on the number of non-muscle cell apoptotic nuclei  ............................ 23 

- Slow vs fast fibres ............................................................................................ 25 

 

4. DISCUSSION .............................................................................................................. 27 

 

5. ACKNOWLEDGMENTS ............................................................................................ 30 

 

6. REFERENCES ............................................................................................................. 30 

 

 

 

 

 

 

 



 3 

 

 

1. INTRODUCTION 

 

Overview and Aims    

   

     Skeletal muscle wasting and weakness has a significant negative impact on the 

recovery from primary disease and weaning from the ventilator in mechanically ventilated 

intensive care unit (ICU) patients and the impaired muscle function persists for years after 

hospital discharge. The mechanisms underlying this muscle loss are poorly understood. 

We hypothesize that that apoptosis is a significant factor underlying this muscle atrophy 

and that it is secondary to the complete mechanical silencing in mechanically ventilated 

ICU patients, i.e, the absence of external strain related to weight bearing and internal 

strain related to activation of contractile proteins. The role of apoptosis in other atrophy 

conditions have been inconclusively analyzed and the role of apoptosis in ICU-patients 

has not been previously investigated. Therefore, the main purpose of this project is to 

investigate if apoptosis is present and then what role it plays in the ICU-related muscle  

atrophy. The time-resolved analyses of plantaris muscles were performed in samples 

obtained in an experimental rat ICU model.   

     A possible intervention that could have a protective effect on the muscles is the use of 

passive mechanical loading. An additional objective is to evaluate the effects of passive 

mechanical loading on muscle size and apoptosis. Finally, fibre type specific difference in 

apoptosis will be investigated.  

 

Overview of skeletal muscle 

 

     Besides generating its dominating function to generate force and movement, skeletal 

muscle is also an important amino acid pool during starvation and critical illness, it forms 

a mechanical protection of bone and viscera and it is an important producer of cytokines 

and growth factors with autocine, paracrine and endocrine function. Skeletal muscle is  a 

highly organized tissue and exceptionell in the sense that it exhibits some of the clearest 
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structure-function relationship of any tissue. Another peculiarity of skeletal muscle is that 

it is one of few tissues that is multinucleated (1,2).  

 

     Macroanatomy    

 

     Taking a look at the organization of skeletal muscle starting at the macroscopic level, 

the outer most part of the muscle is covered by a layer of connective tissue called 

epimysium. Each muscle can be divided into fascicles that are encased by a layer of 

connective tissue called perimysium. Each fascicle consists of a large number of muscle 

fibers. Each fiber is an individual cell and is surrounded by the endomysium, containing 

the plasma membrane (sarcolemma) and the extracellular matrix. The cross-sectional area 

of a fiber is normally 3000-6000 µm
2
 in humans. The fiber is made up by cylindrical units 

called myofibrils, sarcoplasmic reticulum (SR) and mitochondria. The myofibrils take up 

about 90% of the fiber and run the entire length of the fiber. They have a 1-2 µm
2 
cross-

sectional area and approximately 5000 myofibrils per fiber. The SR is responsible for the 

Ca
2+

 secretion and uptake in the fiber. Mitochondria are responsible for the production of 

ATP, the energy used in cross-bridge cycling. Myofibrils in turn are made up of 

consequent contractile units called sarcomeres. One sarcomere is from about 1.5 µm to 3.5 

µm in length depending on the state of contraction. In the relaxed state, it is typically 

around 2.5 µm. Finally the sarcomeres are built up by a large number of proteins.  The 

two most abundant proteins in skeletal muscle are actin, also known as thin filaments, and 

myosin, also known as thick filamets (2).  
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Microanatomy 

 

     Now, moving in to the microanatomy of the skeletal muscle, we first take a look at the 

cross-striation pattern of skeletal muscle at the light microscope level and structural 

features that make up this appearance. At the ends of each sarcomere the actin filaments 

are attached. The myosin filamets are  located between and overlaping into the actin 

filamets from each side of the sarcomere. When looking at skeletal muscle in the 

microscope one can clearly see a striated pattern with light and dark bands. This striated 

pattern comes from the interdigitation of myosin and actin and the anchor point for actin. 

The anchor point for actin is called the Z disc and is located in a light zone called the I 

band. The Z disc therefore make up the border between sarcomeres. The I band is where 

there is only actin and no overlap with myosin. The darker zone where actin and myosin 

overlap and where there is only myosin is named the A band.  The H zone is the middle 

lighter part of the A band where actin does not overlap with myosin. The myosin filament 

and accordingly also the  A band are always of constant length (1.6 µm). On the other 

hand, the length of the I band varies. That’s because myosin “rows” on the actin filamets 

during contraction, making the zone that only contains actin shorter (2).   
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Sarcomeric proteins      

 

     Even though actin and mysoin are the dominating contractile proteins in the sarcomere, 

there are numerous other proteins with specific functions that are expressed in different 

quantities and isoforms. The sarcomere proteins can be divided into three major groups: i) 

contractile proteins, ii) regulatory proteins and iii) structural proteins.  

 

Contractile proteins 

 

     Myosin 

     Each myosin filament is made up by a large number of myosin molecules forming 

filaments. Each myosin molecule in turn is a hexamere with two myosin heavy chains 

(MyHC) and four Myosin light chains (MyLC). The MyHC is made up by three regions: a 

long rod region, sub fragmnet-2 and a globular head (2). The long rod region is 

responsible for the packing of myosin molecules together while the globular head is the 

region that binds to actin. The rod region and the globular region make the MyHC look 

like a golf club. Two “golf clubs” are then twisted around each other. On each globular 
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head there are two MyLC:s: one essential and one regulatory.  There are several isoforms 

of these MyHC:s and MyLC:s and different isoforms are associated with different fiber 

types (I, IIa, IIx). Myosin is constantly turning over and the half life is about 14 to 30 days 

(1).  

 

Actin  

     Actin´s role is as mentioned earlier to function as an anchor point for myosin to “row” 

on. Actin filamets are double helical structures made up by two actin strings. The actin 

strings in turn are built by actin monomers called G-actin. The double helical form of 

actin is called F-actin. Actin has been reported to have a half-life twice as long as for 

myosin (1).  

 

Titin 

     A third protein that can be put into the group of contractile proteins is titin. While actin 

and myosin are associated with the active force generation, titin is thought to act as a 

molecular spring, making it responsible for the elastic properties of the muscle fiber. Titin 

is attached to the Z-band on one side and on myosin on the other side. Titin has been 

associated with the the loss of muscle function associated with disuse (3).  

 

       Regulatory proteins 

     Regulatory proteins are proteins that can turn on and off the contractle apparatus and 

regulate the activity of the MyHC. The most important regulatory proteins in skeletal 

muscle are tropomyosin and troponin. Tropomysoin is a double helical molecule that runs 

in the grooves of the F-actin double helix. Each tropomysoin stretches seven G-actin units 

and one troponin molecule is associated with each tropomysoin. The troponin molecule is 

a trimer composed of troponin C that binds to Ca
2+

, troponin T that binds to tropomyosin 

and troponin I that binds to actin. With no Ca
2+

 binded to Troponin C actin and mysoin 

are attached to each other and no contraction can occur. The MyLC molecules are 

believed to have a regulatory role in the crossbridge cycling, even though the exact role is 

debated (2).   

 

Structural proteins 

     Structural proteins are for example proteins in the Z-disc that aligns the sarcomeres. 

Intermediate filamtes like desmin and vimentin are proteins with that role. There are also 
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proteins responsible for the mechanical linkage between sarcomeres and the extracellular 

matrix for example integrins and dystrophin. Dystrophin is essential for the survival of 

myofibrils and mutation in the dystrophin gene cause Duchenne muscular dystrophy (4).  

 

Muscle contraction 

 

     Muscle contraction is regulated by the nervous system. Muscles are activated by lower 

motor neurons, originating from the the ventral horn of the spinal cord or the brain stem. 

The lower motor neurons end in the neuromuscular junction, i.e., the chemical synapse 

where acetylcholine is released. This starts the depolarisation of the sarcolemma. To reach 

all sarcomeres in the fiber, the sarcolemma has invaginations called T-tubuli that run at 

the border  of  each sarcomere between the A and the I band. On the wall of the T-tubuli 

there are depolaristaion sensitive Ca
2+

 channels that are mechanically coupled to other 

Ca
2+

 channels in the sarcoplasmic reticulum. When activated, they release Ca
2+

 into the 

cytoplasm. Then Ca
2+

 binds to troponin C, allowing the interaction between actin and 

myosin.  

     The contraction of muscle requires the presence of ATP. ATP binds to the globular 

head of the MyHC. The globular head functions as an ATPase that hydrolyzes ATP to 

ADP and Pi. When ATP binds to the MHC, myosin detaches from the actin. When ATP is 

hydrolyzed the globular head is turned around its axis and attaches to an actin molecule 

seven monomers upstream. In the next step Pi is released from the globular head, 

generating the “rowing” stroke that makes myosin travel along the actin filament (5).    

 

Overview of Acute Quadriplegic Myopathy 

 

     Acute quadriplegic myopathy (AQM) is a condition of severe muscle weakness and 

muscle loss found in mechanically ventilated intensive care unit (ICU) patients. AQM was 

first reported by MacFarlane and Rosenthal in a woman with a status asthmaticus attack 

(6). After treatment with massive systemic doses of corticosteroids and mechanical 

ventilation the patient had problems with breathing and was unable to lift her limbs, but 

tendon reflexes, cognitive functions and sensation were normal. After three weeks she was 

able to walk but weakness remained 2 months post-ICU.  
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     AQM was earlier believed to be a rare diagnosis limited to a few number of cases.  

However, today its is widely accepted that AQM is an underdiagnosed disease and is 

encountered in as much as 33% of ICU patients treated for status asthmaticus. Except for 

severe muscle weakness and long recovery, AQM also involve increased morbidity, 

effects of quality of life and financial costs (1). The increased costs are partly due to the 

increased weaning time for AQM patients.       

     AQM is characterized by muscle weakness, muscle atrophy and some 

electrophysiological changes (1). The loss of muscle protein can be either due to increased 

degradation and/or decreased synthesis. The muscles involved are mainly limb and trunk 

muscles and the extent of muscle loss and muscle weakness is dependent on the prior use. 

Muscles that are used more in the daily life undergoe more atrophy compared with less 

used muscles (1).  

     In patients with AQM, a preferential myosin loss is observed resulting in decreased 

myosin:actin ratios. As mentioned earlier the rate of turnover is higher for myosin than 

actin. Therefore the loss of myosin is faster than the loss of actin when there is a 

downregulation of protein synthesis at the transcriptional level. In the most severe cases 

there is a complete loss of myosin.  The recovery from AQM can take several months and 

some patients do not reach pre-ICU levels. This is especially valid in older subjects, due to 

the decreased number of satellite cells in old age (7).   

     Other riscfactors for AQM except for mechanical ventilation are sepsis, 

immobilization, treatment with corticosteroids (CS) and non-depolarizing neuromuscular 

blocking agents (NMBA) (1).  

     Corticosteroids have been found to promote muscle breakdown through the ubiquitin-

proteasome proteolytic pathway, induction of the FOXO and myostatin transcription 

factors and to inhibit protein synthesis in type II muscle fibers (8).  

     The decreased activity of muscle in response to e.g., bedrest, microgravity or 

immobilization in plaster cause muscle atrophy.  However, this type of atrophy is 

significantly less sever than the atrophy that accompanies the complete mechanical 

silencing in sedated or pharmacologically paralyzed mechanically ventilated ICU patients 

(9). 

     At present, there is no treatment of AQM, although some interventions have been 

suggested. One target is to be more cautious with the dosing of the drugs involved, such as  

CS and NMBA (1). Another target is the nutritional level where ingestion of glutamine 

and other amino acids, that promotes protein synthesis and inhibits protein breakdown, 
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have been associated with shorter hospital stay and increased survival (1,10). 

Furthermore, the use of passive movemnets of the muscles have been shown to decrease 

muscle loss (1,11). This could be due to the structural protein titin that might induce genes 

related to muscular degradation upon mechanical inactivity (1,12).  

 

Overview of apoptosis 

 

     Apoptosis is a process of cell death that has an important role in homeostasis. 

Apoptosis is cell death in a controlled way that is accurately regulated by different stimuli, 

for example radiation, heat shock, lack of attachment to the extracellular matrix, lack of 

growth factors and treatment with glucocorticoids (13). Apoptosis often occurs in 

conditions where the death of an individual cell favours the well being of the whole 

organism, such as radiation-induced DNA-damage and mutations that may lead to cancer. 

Thus, it may be suggested that individual cells are programmed to be altruistic.  

     Apoptosis should not be mistaken for necrosis that is another process of cell death. 

Necrosis is, in contrast to apoptosis not a controlled way of cell death, but takes place in 

different states of cell damage when survival is not possible. Apoptosis is an ATP-

consuming process and cells that are already severely damaged are therefore unable to go 

into apoptosis (25). Another important difference is that necrosis triggers the immune 

system (13).   

     A cell going through apoptosis shows some morphologic characteristics. These are 

cytoplasmic condensation, chromatin condensation, cell rounding, membrane blebbing, 

cytoskeletal collapse and the formation of apoptotic bodies (14).    

     Apoptosis is orchestrated by a group of proteases named caspases (cysteinyl aspartate 

proteinases). Caspases can be divided into initiator caspases: caspases -2, -8, -9 and -10 

and executioner caspases: caspases -3, -6 and -7. Initiator caspases activates executioner 

caspases that cleaves a large number of substrates in the cell (13). These substrates include 

among other things cytoskeletal components, cell adhesion molecules, DNases that 

degrade DNA, translational proteins and lamins on the nuclear envelope (15).  

     There are some basic principles for the activation of initiator- and executioner 

caspases. Initiator caspases are activated by induced proximity: a process of dimerization 

that includes adaptor proteins that binds to the initiator caspases and puts them together. 

Initiator caspases and adaptor proteins contain large prodomains, called death folds, that 
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bear protein-protein interaction motifs, including the caspase-recruitment domain (CARD) 

and death effector domain (DED). The CARD domain on the initiator caspase binds to the 

CARD on the adaptor molecule and DED binds to DED (13,14). 

     Executioner caspases, in contrast to initiator caspases are activated by cleavage.   

There are a number of pathways by which initiator caspases can be activated.  Three of 

them will be discussed in the following: the death receptor pathway, the mitochondrial 

pathway and the PIDDosome pathway. However, the regulation is more complex than this 

and crosstalk between the different pathways exists.  

 

The death receptor pathway 

 

     The death receptor pathway is a process of activation of initiator caspases triggered by 

the bindning of ligands in the Tumor necrosis factor family (TNF-family) to their 

receptors (TNFR). One of many receptors associated to this group is the Fas-receptor with 

its Fas-ligand that plays an important role in the immune system (16). TNFRs are trimers 

that have so called death domains (DD) that get exposed when the ligand binds and cluster 

two or more trimers together. The exposition of DDs on the receptor initiates the 

formation of a large death-inducing signaling complex (DISC) with receptor, adaptor 

molecules and initiator caspases. DDs on the receptor bind to DDs on adaptor molecules 

called FADD. FADDs have, except for DDs also DEDs. When clustered together the 

DEDs on the FADDs get exposed. This permits the initiator caspase-8 to bind and to be 

activated by induced proximity. Caspase-8 then activates caspase-3 and -7 that now freely 

can cleave multiple substrates in the cell (13).  

      

The mitochondrial pathway 

 

     The mitochondrial pathway is triggered by stimuli such as DNA-damage and cytotoxic 

drugs (14). The key feature of the mitochondrial pathway is the mitochondrial outer 

membrane permeabilization (MOMP). The increased permeability of the outer membrane 

permits the leakage of cytochrome C that initiates the formation of the apoptosome: a big 

protein complex with adaptor proteins and initiator caspases that cleaves the executioner 

caspases 3, 6 and 9 (13).  
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     MOMP is regulated by a family of proteins called the Bcl-2 family. These proteins 

share up to four Bcl-2 homology domains (BH domains) and are classified after the 

numner of BH domains that they contain (13). See table.  

 

Antiapoptotic (4BH) Proapoptotic (3BH) Proapoptotic (BH3 

only) 

Bcl-2 Bax Bid 

Bcl-X Bak Bad 

  Bim 

  Puma 

  Noxa 

  

Table 1. Overview of the Bcl-2 protein family.  

 

      The 3BH group with Bax and Bak are thought to work as pores that, when 

oligomerized, increase the permeability of the outer mitochondrial membrane. The 

oligomerization is promoted by propapoptotic proteins in the BH3-only group. However 

these proteins are inhibited by the Bcl-2 and Bcl-X in the 4BH group. 4BH proteins can 

also bind directly to Bax and Bak and thus inhibit their oligomerization. Thus, in normal 

non-apoptotic conditions there’s a balance between proapoptotic and antiapoptotic bcl-2 

proteins. The 4BH proteins are enough in number to prevent the oligomerixation of  Bax 

and Bak. However, in some stress conditions or when DNA-damage is present the BH3-

only proteins can be activated. This activation can occur at the level of transcription, 

protein stability and by modifications. Thus, the activation of BH3 only proteins tips the 

balance, resulting in the initiation of Bax and Bak oligomerization  (13,14).  

     The increased outer membrane permeability  leads to cytochrome C leakage from the 

mitochondria and promotion of the apoptosome assembly. The apoptosome contain 

cytochrome C and the adaptor protein APAF-1. APAF-1 has a CARD domain that is 

responsible for the interaction with the CARD domain on the initiator caspase -9. Induced 

by the proximity, Caspase-9 can now be activated and cleave caspase -3 and 7. The 

apoptosome has the form of a wheel with 7 APAF-1, 7 Cytochrome C and 7 Caspase 9 

(13,14).  
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     As mentioned above, there is a significant crosstalk between the different apoptotic 

pathways. For example, the BH3 only protein Bid can be cleaved and activated by caspase 

8, acivated by the death receptor pathway, that in turn is activated by the death receptor 

pathway. Bid then triggers Bax and Bak to cause MOMP (13).  

     Except for being activated by proapoptotic bcl-2 proteins, it has been suggested that 

MOMP can occur in mitochondria when exposed to reactive oxygen species and high 

calcium concentrations. This has been shown to play roles in cell death caused by extreme 

conditions like ischemic injury. This process is called mitochondrial permeability 

transition (mPT) (13,25).   

      

The PIDDosome pathway 

 

     The PIDDosome pathway activates the initiator caspase -2 when genotoxic stimuli is 

present in the cell. Caspase-2 activates MOMP by cleaving the BH3 only protein Bid.      

The PIDDosome is a large protein complex that contains the p53-induced protein (PIDD) 

and an adaptor molecule named RAIDD. RAIDD contains one CARD and one DD. The 

CARD interacts with the CARD on caspase-2 and the DD interact with the DD on PIDD. 

The PIDDosome is assembled when concentrations of PIDD increase. PIDD is activated 

by p53, an important protein that is activated when DNA-damage is present (14). 

 

Inhibitors of apoptosis proteins  

 

     Inhibitors of apoptosis proteins (IAPs) are proteins that have been shown to inhibit and 

degrade the initiator caspase-9 and the executioner caspases -3 and -7. IAPs are E3 ligases 

that ubiquitinate caspases and mark them for degradation in the proteasome (13).  

The exact role of these proteins is unclear. Since the activation of caspases is a cascade 

process that is self-amplifying and any accidental activation of caspases would cause the 

cell to go into apoptosis. Therefore the presence of IAPs in non apoptotic cells could be 

important to limit these accidental activations (13).  

 

Inhibitors of IAPs 

 

     Two inhibitors of IAP are known: Smac and Omi. These are present in the 

mitochondrial intermembrane space and are released upon MOMP. As with the IAPs the 
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importance of Smac and Omi is not clear. Cells missing these proteins do not seem to 

have a defect apoptosis (13).  

 

      Caspase independent pathways 

 

     It has been observed that caspase inhibitors can fail to rescue a cell when MOMP has 

occurred. This suggests that other mechanisms, not involving caspases, can cause 

apoptosis. Two explanations to this have been proposed. First, MOMP causes the 

mitochondria to loose their function, resulting in cell death since mitochondria are vital 

for cell life. Secondly, a number of proteins are released from the mitochondria that are 

proapoptotic, such as endonucleas G (EndoG), apoptosis inducing factor (AIF) and Omi, 

one of the inhibitors of IAPs. It’s not totally clear how these proteins cause apoptosis but 

they have been shown to cause cell death when overexpressed (13).       

     It has been suggested that EndoG might be important in the induction of apoptosis in 

skeletal muscle following disuse and that this mechanism might be muscle specific (24).  

 

Removal of apoptotic cells 

 

     Cells going through the apoptosis process are degraded from the inside when DNA and 

structural proteins are cleaved. Another feature of apoptosis is the blebbing where the cell 

is fragmented into smaller pieces called apoptotic bodies, still encased by a plasma 

membrane.  

     These apoptotic bodies are cleared from the extracellular space by the help of 

professional phagocytes. To be phagocytosed they have to mark themselves with special 

“eat me” signals. The most important of these signals is phosphatidylserine. 

Phosphatidylserine is normally located at the inner surface of the plasma membrane and 

kept in place by flippas, an enzyme that flips it to the inside olf the cell. When apoptosis is 

present however, phosphatidylserine is flopped to the outer surface by the action of 

executioner caspases. This tells nearby phagocytes to phagocytose the apoptotic body.  

     There are also signals that help phagocytes to find apoptotic bodies: 

Lysophosphatidylcholine that are induced upon apoptosis and “don’t eat me” signals that 

are eliminated: CD31 (13).    
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Figure 3. The mitochondrial pathway (intrinsic) and the death receptor pathway 

(extrinsic).  From 

http://www.le.ac.uk/mrctox/mrctox/content/research/macfarlane/receptor_mediated

_sig.html.  

 

     Protein-turnover in skeletal muscle 

 

     The maintenance of skeletal muscle mass is determined by a fine balance between 

protein synthesis and protein degradation. Muscle hypertrophy is the process of muscle 

gain and can be acquired by resistance training (17). Muscle atrophy is the loss of muscle 

and can occur in a large number of conditions including muscle disuse, cast 

immobilization, denervation, chronic kidney disease, aging, sepsis and in ICU patients 

(17,18).  

     Synthesis and degradation are regulated by a number of signalling pathways of which 

some have been elucidated. However a lot remains to be discovered.  

 

Muscle synthesis 

 

     A key component in the hypertrophy signaling is the Akt enzyme, a serine/threonine 

kinase that regulates a number of anabolic and survival pathways. Akt is activated by 

http://www.le.ac.uk/mrctox/mrctox/content/research/macfarlane/receptor_mediated_sig.html
http://www.le.ac.uk/mrctox/mrctox/content/research/macfarlane/receptor_mediated_sig.html
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phosphatidylinositol 3 kinase (PI3K) that in turn can be activated by insulin-like growth 

factor 1 (IGF-1). The receptor for IGF-1 is a receptor tyrosine kinase that activates PI3K.  

One target for Akt is the mammalian target of rapamycin (mTOR). mTOR is a 

transcription factor that regulates the expression of p70S6 and 4E-BP-1, two key proteins 

in the protein synthesis machinery (1). 

     Another downstream target for Akt is the glycogen synthase kinase 3 beta (GSK3beta). 

This enzyme normally inhibits eucaryotic initiation factor 2B (eIF2B), another protein 

involved in protein synthesis. However, when phosphorylated by GSK3beta it releases its 

inhibition and eIF2B can promote synthesis. Increased levels of Akt has been observed in 

a number of hypertrophic conditions for example resistance training and in muscles whose 

synergists have been removed (17). It has likewise been observed in atrophic conditions as 

sepsis and denervation that Akt levels are decreased (17).  

     Other targets for Akt is the SH3 only protein Bad, that stays inactivated when 

phosphorylated by Akt (19).  

   

      Muscle degradation 

 

     As already mentioned muscle degradation is a complex process that differs depending 

on the conditions it occur in (20). Three different mechanisms will here be discussed: the 

ubiquitin-proteasome system (UP), calpain system and the role of apoptosis.   

 

The ubiquitin-proteasome system 

     Two key components of the UP system are the two E3 ligases muscle ring finger-1 

(MuRF-1) and atrogin-1. These proteins are involved in the ubiquitination of muscle 

proteins in some atrophic conditions. The ubiquitination works as a signal for degradation 

in the proteasome, a big protein complex (22).  

     A number of signaling pathways have been associated with the activation of MuRF-1 

and atrogin-1. MuRF-1 and atrogin-1 can be activated by members of the forkhead 

transcription factor (FOXO). FOXO is a transcription factor that in hypertrophic 

conditions is translocated to the nucleus by Akt. In atrophic conditions, however it can 

induce MuRF-1 and atrogin-1 (21). Another signaling pathway that has been shown to be 

involved in the induction of MuRF-1 is the NFkB pathway (21,31). This pathway can be 

activated by IL-6 upon inflammation and might explain part of the atrophy seen in sepsis 
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(1). Another cytokine: TNF-alfa has been shown to be involved in the activation of 

atrogin-1 (1).  

     In conditions of osmolar and oxidative stress the TGF-beta/mitogen activated protein 

kinase (MAPK) pathway has been shown to induce MuRF-1 and atrogin-1 (1).  

     FOXO and the E3 ligases are inactivated by the PI3K pathway (32).  

 

 

Figure 4. Intracellular signalling during skeletal muscle atrophy. From (32).  

 

The calpain system 

     Calpains are Ca
2+

 dependent proteases. The importance of the clapin system for protein 

degradation during atrophy is debated but some studies suggest that they make few 

selective cleavages to release big fragments that later are degraded by the UP-system. 

They remove the Z disc proteins and degrades nebulin, titin and troponin. Fragments of 

these proteins are subsequently degraded by the UP system (22).  
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Caspases and apoptosis in atrophy 

 

     To what extent and how caspases are involved in skeletal muscle degradation is not 

clear. One study suggests that the executioner caspase-3 cleave actin and that the 

subsequent fragments are degraded by the UP-pathway (23). Caspase-3 is activated by 

Bad as a consequence of the absence of Akt phosphorylation.  

     It’s debated what role the process of apoptosis plays in atrophic conditions. One reason 

for this is that the skeletal muscle fibre is multinucleated. Apoptosis in skeletal muscle is 

not the same thing as apoptosis in mononucleated cells where the entire cell dies. In 

skeletal muscle the term “nuclear apoptosis” is more relevant because the eliminitaion of a 

single nucleus can occur without the death of the entire muscle cell (26). The role of this 

nuclear death is not clear. The fact that the muscle cell is multinucleated has led to the 

concept of the myonuclear domain. This myonuclear domain is defined as the amount of 

cytoplasm supported by a single nucleus (27). This concept has been accompanied by the 

theory that atrophy is partly due to a net loss of nuclei (26) and hypertrophy requires an 

increase in the number of myonuclei by activation of satellite cells. (28). However this 

theory has been challenged (29) and one paper suggests that there is no loss of nuclei 

during disuse atrophy (30). The reason why many studies have concluded that apoptosis is 

present during atrophy might be due to the fact that they haven’t distinguished beteween 

myonuclei and other nuclei from endothelial cells and fibroblasts (29). However there are 

still studies, distinguishing beteween myonuclei and other nuclei, that have showed 

apoptotic myonuclei (24) so the role of apoptosis in muscle atrophy can not be ruled out. 

Furthermore, the role of apoptosis most likely differs between different modes of atrophy 

(20).  

     The mitochondrial pathway with the subsequent activation of initiator- and executioner 

caspases is thought to be one of the pathways for the initiation of apoptosis in skeletal 

muscle. However, there might be other caspase independent pathways involved as the 

Endo G pathway (24).    
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2.  METHODS AND MATERIALS 

 

Animals 

 

     A total of 8 anaesthetized sham operated controls and 13 anaesthetized and 

mechanically ventilated female Sprague-Dawley rats treated with α-cobrotoxin for 

durations varying from 12h to 14 days were included in this study.  Briefly, all surgery 

and instrumentation is performed with sterile technique: 1) Precordial silver wire 

electrocardiogram (ECG) electrodes are implanted subcutaneously. 2) An aortic catheter 

(28-gauge Teflon) is inserted via the left carotid artery to record arterial blood pressure. 3) 

A 0.9-mm Renathane catheter is threaded into the left jugular vein to record venous blood 

pressure, and administer parental solutions. 4) Three subcutaneous EEG needle electrodes 

are placed into the skull above the right and left temporal lobes, and a third reference 

electrode is placed in the neck region. 5) Temperature is measured by a vaginal thermistor 

and servo-regulated at 37°C. 6) A silicone cannula is inserted in the urethra to 

continuously record urine output.    

     During surgery or any possible irritating manipulation, the anesthetic isoflurane level is 

at >1.5%, which maintains the following states: 1) the electroencephalogram (EEG) is 

synchronized and dominated by high-voltage slow-wave activity; 2) mean arterial 

pressure, 100 mmHg, heart rate, 420 beats/min; and 3) no evident EEG, blood pressure or 

heart rate responses to surgical manipulation. Isoflurane is delivered into the inspiratory 

gas stream by a precision mass-flow controller.  After the initial surgery, Isoflurane is 

gradually lowered (over 1-2 days) and maintained at <0.5% during the remaining 

experimental period. Rats are ventilated through a per os coaxial tracheal cannula at 72 

breaths/min with an inspiratory and expiratory ratio of 1:2 and a minute volume of 180–

200 ml and gas concentrations of 49.5% O2, 47% N2, and 3% CO2, delivered by a 

precision (volume drift <1%/wk) volumetric respirator. Intermittent hyperinflations (6 per 

hour at 15 cmH2O), positive end-expiratory pressure (1.5 cmH2O), and expiratory CO2 

monitoring are continuous.   

     Neuromuscular block was induced on the first day (100 µg iv -cobrotoxin) and 

maintained by continuous infusion (250 µg/day, iv). Mechanical ventilation starts 

immediately after the NMB induction.  
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     The left leg of the rat is connected to a machine that gives passive mechanical loading 

to the muscles by inducing full flexion-extension in the ankle joint 13 times per minute 

continously for 12 hours per day.  

       Experiments were terminated at durations varying between 12 hours and 14 days.  In 

no case did animals show any signs of infections or septicemia.  The Institutional Animal 

Care and Use Committee at the Pennsylvania State University College of Medicine and 

the Ethical committee at Uppsala University approved all aspects of this study. 

     The plantaris muscle was dissected from the right and left leg immediately after 

euthanasia.  The muscles were quickly frozen in liquid propane cooled by liquid nitrogen, 

and stored at –80 
0
C for further analyses.  

Immunofluorescence cytochemistry 

     Apoptotic nuclei were visualized by staining with cleaved caspase-3 antibody and 4´,6-

diamidino-2-phenylindole (DAPI). When DAPI and cleaved caspase-3 colocalized, the 

nucleus was decided as apoptotic. To determine whether the apoptotic nuclei were inside 

or outside the basal lamina of the muscle, a laminin antibody was used. The nuclei inside 

laminin were both myonuclei or satellite cells. The ones outside could be endothelial cells, 

fibroblasts or cells related to the immune system. To determine fibre type, an antibody for 

slow myosin isoforms was employed. 

     10 µm thick cross sections from the plantaris muscle where cut in a cryostat at -23°C 

and put onto glass slides. The tissue sections were air dried in room temperature and 

stored at -80°C, for later analysis.  

     The slides were then stained according to the following protocol:  

 

1. Fixation: 2% PFA 15 min. 

2. Washing: PBS 3x5 min 

3. Permeabilization: 0.1% Triton X-100 

4. Washing: PBS 5 min 

5. Blocking: 5% normal donkey serum and 3% horse serum 30 min 

6. Primary antibodies for cleaved caspase-3 (rabbit anti-human, Asp1751, cell signalling,   

Danvers MA, 1:100), laminin (sheep anti-human, the binding site Birmingham UK, 

1:1000;) and MHC type I (1:13; mouse anti-rat, kindly provided by Eric Thörnell, Umeå 
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University) were applied with a solution with 5% normal donkey serum, 3% horse serum, 

0.1% Triton X-100 and PBS. The sections were incubated in 4°C for 20 h.  

7. Washing: PBS 5x3 min.  

8. Secondary antibodies for cleaved caspase-3 (Alexa flour 488, donkey anti-rabbit, 

invitrogen Carlsbad CA, 1:1000), laminin (Alexa flour 633, donkey anti-sheep, invitrogen 

Carlsbad CA, 1:100)  and anti MHC type 1 (Alexa flour 546, anti-mouse, invitrogen 

Carlsbad CA, 1:1600) were applied with the same solution as with the primary antibody. 

The sections were incubated at 20°C for 60 min.  

9. Washing: PBS 6x3 min. 

10. The sections were mounted in vectashield mounting medium with 4´,6-diamidino-2-

phenylindole (DAPI).  

 

     Sections were scanned in a Zeiss LSM 510 confocal microscope. From each animal, 

the loaded and unloaded plantaris muscle were examined. In 60 fibres from each muscle 

the folllowing data were obtained.  

- Fibre diameter. 

- The number of nuclei inside laminin i.e myonuclei. 

- The number of apoptotic nuclei inside laminin i.e. apoptotic myonuclei. 

- The number of nuclei outside laminin i.e. the number of non-muscle cells.  

-                       The number of apoptotic nuclei outside laminin i.e. the number of apoptotic                                         

non-muscle cells.  

- Whether the fibre was stained with the MHC type 1 antibody or not.  

 

Statistics 

 

     Rats were grouped into four groups: controls (8 rats), 12h-4 days (5 rats), 5-8 days (3 

rats) and 9-14 days (5 rats). The muscles from each animal were grouped into unloaded 

and loaded. Mean values for different parameters were counted. These data were analysed 

with a two way ANOVA. If this test failed regarding side differences a One way ANOVA 

was carried out to test the effect of the duration in the ICU-model. P<0.05 was considered 

statistically significant.  

     When comparing two groups as in the case with the slow and fast fibres a students t-

test was used.  
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3.  RESULTS 

 

Atrophy 

 

     A pronounced atrophy, both expressed as changes in cross sectional area (CSA) 

(Figure 5B) and changes in muscle weight (Figure 5A)  (both normalized to the rat weight 

at the beginning of the experiment), was evident in the rats exposed to the ICU-model. 

The atrophy was statistically significant after 5-8 days days but a trend could be seen 

already in the 12h-4days group. Muscular weight continued to decrease (p<0.05) from the 

5-8 to the 9-14 days groups, but CSA did not show a correspondig decrease between the 

two groups. A trend, albeit not statistically significant, was observed towards an effect of 

the passive mechanical loading on muscle size. That is, the weight and muscle fiber CSA 

tended to be larger on the loaded side (Figure 5A & 5B) 

 

Effects on myonuclear apoptosis 

 

     The effect of the ICU model on myonuclear apoptosis can be seen in figure 5C. In the 

9-14 days group, a distinct elevation was observed in the proportion of apoptotic 

myonuclei. A trend towards a smaller number of apoptotic nuclei were obeserved in 

response to passive mechanical loading in the 9-14 days group, but not statitiscally 

significant (Figure 5C).   

     A small number of caspase-3 positive nuclei were observed in the control animals, but 

the apoptotic nuclei in the  9-14 days group were more distinctly stained with the caspase-

3 antibody as can be seen in figure 6.  

   

 Effects on the number of myonuclei per fibre 

 

     There was no significant difference between the number of myonuclei per fibre 

between the different groups of rats (Figure 5D), i.e., there was no net loss of nuclei over 

time. A streiking finding were the increased number of enlarged nuclei in response to 

long-term immobilization and mechanical ventilation. This may also induce a systematic 

methodological error since nuclei number were calculated from cross-sections and not 
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along the length of individual fibres, i.e., the number of myonuclei may be overestimated 

in the 9-14 days group..   

     No marked side differences are observed in the three first groups. In the 9-14 days 

group, on the other hand, there was a trend towards the unloaded muscle to have more 

nuclei per fibre than the left, but this may be secondary to the increased number of 

swollen nuclei on the unloaded side.  

 

Effects on the number of apoptotic non-muscle cells 

 

     When comapring the percentage of apoptotic non-muscle cells no evident pattern was 

observed between the different groups (Figure 5E). It was suprising that the number of 

apoptotic non-muscle fibre nuclei was high as 20% in the control rats. As with the 

myonuclei the caspase-3 staining was more distinct in non muscle cells in the 9-14 days 

compared with the control muscles (Figure 6).  
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     Figure 5. Effects of passive mechanical loading and number of days in the ICU 

model on muscle weight normalized to rat weight at start (A), cross sectional area 

(CSA) normalized to rat weight at start (B), percentage of apoptotic myonuclei (C), 

myonuclei per fibre
 
(D) and percentage of apoptotic non-muscle cells (E).  

   *Significant difference from control; P < 0.05.  
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Slow versus fast fibres 

 

     There was no significant difference in the level of apoptosis between the type I and 

type II fibres. However, it must be kept in mind that the proportion of muscle cells 

expressing the slow myosin isoforms was only 5 % in the plantaris muscle.  
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4. DISCUSSION 

 

     The concept of the myonuclear domain and the theory that muscle atrophy is due to 

myonuclear loss has been discused in detail elsewhere (26,27). This study shows that 

myonuclear apoptosis, as measured by the presence of cleaved caspase-3, is markedly 

elevated after 9 days of ICU treatment. Before that, no significant increase is seen. This is 

in conflict with Dupont-Versteegden et al (24) who found an elevation of apoptotic 

myonuclei in response to hind limb suspension already after 12h.    

     When comapring the onset of myonuclear apoptosis with the onset of atrophy in the 

experimental ICU model, then it is evident that the atrophy precedes the apoptosis. 

Atrophy was significant after 5 days while a significant increase in apoptotic nuclei were 

observed first after 9 days. Thus, apoptosis is not a mediator of the muscle atrophy 

observed in response to the ICU intervention, at least not during the first two weeks. The 

mechanisms underlying  the initial muscle atrophy are likely an increased protein 

degradation, by the ubiquitin-proteasome system and the calpain system, and decreased 

protein synthesis  (22).       

     Data on the number of myonuclei per fibre shows that there is no net loss of myonuclei 

in any group. However, the swelling of nuclei that occurs in the 9-14 days group may 

introduce a systematic error that overestimate the number of myonuclei and net loss of 

myonuclei cannot be completely ruled out. In future experiments, we will address this 

question by measuring the number of myonuclei in 3D reconstructions along the length in 

2-3 mm long muscle fibre segments.  

     If  nuclei are lost; is this a mechanism behind muscle atrophy? The fact that the atrophy 

precedes apoptosis opposes this hypotheis. However, apoptosis may have an effect in the 

9-14 days rats. A net loss of nuclei at this state where atrophy is severe and the number of 

myonuclei more stable would initially make the myonuclear domains bigger but a 

considerable amount of nuclei would have to be lost before the myonuclear domain size 

reaches the size seen in control rats. Therefore, it’s not likely that protein loss occurs as a 

consequence of limitations in the transcriptional activity from nuclei.  

     If the loss of myonuclei is not the mechanism behind muscle atrophy but atrophy 

causes apoptosis and loss of myonuclei: what effects could this have on the rehabilitation 

after severe muscle atrophy? Since muscle is a post mitotic fixed tissue, the regenerating 

potential is limited. When protein synthesis begin to increase during recovery, the 
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myonuclear domain size will reach a bottleneck size where more nuclei are required for 

the muscle to go through further hypertrophy. This ability to generate more nuclei could 

prevent hypertrophy, especially in older subjects that have limitited potential to activate 

satellite cells (7).   

 

     The usage of  passive mechanical loading showed insignificant differences from 

unloaded muscles regarding atrophy, apoptosis and the number of myonuclei per fibre. 

However there was a trend for less weight loss, larger CSA and less apoptosis in 

myonuclei in loaded muscles compared to unloaded. This trend was most evident in the 9-

14 days group of rats.       

     Thus, it is concluded that the use of passive mechanical loading may have a 

preservative effect on muscle in the ICU condition and this effect may be most 

pronounced in longer durations. However, additional experiments are required to evaluate 

this intervention.   

 

     A significant variation in the percentage of apoptotic myonuclei was noted both 

between muscles from the same group and within single muscles. This variability was 

especially pronounced in rats that had been been exposed to the ICU condition for a 

longer duration.  It is proposed that the increased variability is secondary to regional 

variability in the same muscle, and this was also a common finding in plantaris muscle 

cross-sections. This issue that different myonuclei express proteins differently has been 

discussed by previous authors and it has been shown that there are both spatial and 

temporal differencies in transcription within a muscle fibre (33). 

 

     The level of apoptosis in non-muscle cells, expressed as percentage of apoptotic nuclei 

was incoherent when looking at the percentage of apoptotic nuclei.  

     However the more distinct staining seen in 9-14 days rats gives the impression that 

there is some difference. The presence of apoptotic non-muscle cells in the control rats 

could reflect a normal turnover of cells. 

 

     One suprising finding was that control rats showed signs of myonuclear apoptosis. 

Around 7% of myonuclei showed signs of caspase-3 activation. Possibly this apoptosis 

could reflect normal turnover of muscle tissue. However this seems unlikely since muscle 
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is a post mitotic tissue. Caspase-3 was even more elevated in non-muscle cells in control 

rats.  

     As mentioned earlier it was also observed that apoptotic nuclei were stained more 

distinctly with cleaved caspase-3 in the rats that had been in the ventilator for longer 

durations. Since caspase-activation is an irreversible process the presence of caspase-3, 

now matter how much, would lead to apoptosis. However, the different appearance of the 

apoptotic nuclei may suggest that less staining reflects a non-apoptotic condition in 

contrast to the distinct staining. One possible explanation to this is that caspase-3 serves 

other functions in the muscle tissue than apoptosis (34).    

 

     In conclusion, this model suggests that myonuclear loss is not a mechanism behind the 

severe muscle atrophy in the ICU model. Instead, it is suggest that the apoptosis is 

secondary to the atrophy, i.e., the apoptosis reduces the number of unnecessary nuclei or 

nuclei are forced into apoptosis due to some stress stimuli by e.g., reactive ogygen species 

(25).  

     To improve our knowledge, more studies are needed at the single muscle fibre level 

and taking into consideration the nuclear swelling. Further, additional experiments at 

durations longer than 14 days will also give us important information on the effects of 

apoptosis on muscle structure and function.  

 

 

Figure 7. Concluding figure. The left part of the figure illustrates the hypothesis of 

this project: myonuclear apoptosis leads to atrophy. The right side illustrates what 

this project found: atrophy leads to apoptosis.    
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