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Abstract
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The intensive care unit (ICU) condition, i.e., immobilisation, sedation and mechanical
ventilation, often results in severe muscle wasting and weakness as well as a specific acquired
myopathy, i.e., Acute Quadriplegic Myopathy (AQM). The exact mechanisms underlying AQM
remain incomplete, but this myopathy is characterised a preferential myosin loss and a decreased
muscle membrane leading to a delayed recovery from the primary disease, increased mortality
and morbidity and altered quality of life of survivors. This project aims at improving our
understanding of the mechanisms underlying the muscle wasting and weakness associated with
AQM and explore the effects of a specific intervention strategy. Time-resolved analyses have
been undertaken using a unique experimental rodent ICU model and specifically studying the
muscle wasting and weakness in limb and diaphragm muscles over a two week period. Further,
we used passive mechanical loading in an attempt to alleviate the impaired muscle function and
wasting associated with the ICU condition. Subsequently, the knowledge gained from the animal
model was translated into a clinical study. Mechanical silencing (absence of external and internal
strain) due to immobilisation, pharmacological neuromuscular blockade and sedation, was
identified as a key factor triggering the muscle wasting and weakness associated with AQM in
limb muscles. In addition, MuRF1, a member of the ubiquitin proteasome degradation pathway
is playing a major role in the contractile protein degradation observed in both the diaphragm and
limb muscles offering a potential candidate for future therapeutic approaches. Moreover, passive
mechanical loading resulted in significant positive effects on muscle structure and function in
the rodent ICU model, decreasing muscle atrophy and the loss of force generating capacity. In
ICU patients passive mechanical loading improved the muscle fibre force generating capacity
but did not affect muscle wasting. Nevertheless, this work strongly supports the importance
of early physical therapy and mobilization in deeply sedated and mechanically ventilated ICU
patients.

Furthermore, we observed significant differences in the phenotype and mechanism underlying
the loss of force generating capacity between the diaphragm and limb muscles in response to
controlled mechanical ventilation (CMV) and immobilisation. This knowledge will have to be
taken into account when designing intervention strategies to alleviate the muscle wasting and
weakness that occurs in mechanically ventilated and immobilized ICU patients.
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Introduction 

Skeletal Muscle 
Skeletal muscle, also known as striated muscle, is essential for performing 
all voluntary movement. It is the largest tissue in the body, comprising 40-
45% of the total body weight. Each muscle consists of thousands of muscle 
fibres. 

The contractile material within a skeletal muscle fibre is bundled into 
small cylinders, the myofibrils, which in turn are composed of contractile 
myofilaments (Figure 1). In adult muscle fibres, the myofibrils fill the entire 
fibre, leaving small spaces for nuclei and associated Golgi system, for mito-
chondria and SR, glycogen granules, etc. 

 
Figure 1: The structure of skeletal muscle tissue (1). With the permission from 
McGraw-Hill Companies. 
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The myofibrils are composed of repeating units, or segments a few mi-
crons in length, called sarcomeres. By convention, the sarcomere starts and 
ends at the Z-lines or Z-bands: thins bands containing a high density of pro-
tein, with a high refractive index and a high electron density in the electron 
microscope. Between Z-lines are a series of bands with variable light optical 
and electrical properties that are determined by their structural components 
(Figure 2). 

The centre of the sarcomere is occupied by the A-band, which is optically 
anisotropic or birefringent. This is due to the presence and parallel aligne-
ment of “thick” filaments composed mostly of myosin. The A-band length is 
the same (1.6 µm) in all vertebrate skeletal muscles, and the edges of the A-
band are sharp because the thick filaments have uniform length. The I-band, 
on either side of the A-band and bisected by the Z-line, is composed of actin 
and associated proteins. Thin actin filaments are thinner, more flexible, and 
mostly less well aligned than the thick myosin filament (2). Thin filaments 
run from the Z-line across the I-band into the A-band, where they overlap 
with the thick filaments and reach up to the edges of the H-zone. The very 
central region of the H-zone, called the M-band is very dense due to the 
presence of cross-links connecting thin filaments into a network. Immedi-
ately adjacent to the M-band, on either side of it, is a narrow lighter band, 
the bridge-free zone where no myosin cross-bridges project from the surface 
of the thick filament. Sarcomere shortening results in the sliding of thin 
filaments past the thick filaments into the A-band, so that the I-band and H-
zone shorten, while the widths of Z-line, A-band M-line and the bridge-free 
region do not change. (3, 4). 

 
Figure 2: Structure of a sarcomere (5). With permission from John Wiley & Sons.  
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Contractile proteins 
Actin 
At physiological ionic strength, and in the presence of Mg++ and K+, actin 
monomers (G-actin) polymerize into long thin filaments (F-actin), in which 
the molecules form a tightly wound “genetic” helix, with a pitch of 5.9 nm. 
A further twist of the helix gives the filament the appearance of two twisted 
strands of beads, with crossover points at ~37 nm. The length of actin fila-
ments is not stable and thus not uniquely determined, particularly for “cyto-
plasmic” actin, but it can be stabilized by capping proteins that block loss 
and/or addition of monomers at the ends of the filaments. In skeletal muscle, 
the length of actin filaments depends on the species and muscles in question. 

Actin filaments polymerize from the edges of the Z-line, with the 
“barbed” end at the Z-line end. Anchoring of thin filaments to the Z-line 
and/or nucleation, a necessary step in the initiation of actin polymerization 
are mediated by Cap Z, also called beta actinin (6, 7). A second set of pro-
teins, part of the formin family, also regulates actin assembly and/or mainte-
nance in striated muscle, perhaps acting as elongating factors (8). Capping of 
the pointed (slow growing) end of the filaments (away from the Z-lines) is 
important in maintaining the thin filaments’ lengths (9, 10). However, the 
thin filament lengths are precise in different muscles, therefore, in addition 
to capping, a guide is necessary; a role nebulin is thought to play. 

Skeletal muscle actin is a 5-10 nm wide, 42kDa protein composed of a 
double helical strand of individual actin molecules (11). Actin has a 2-fold 
slower turnover rate compared to myosin heavy chain (12). During muscle 
contraction, actin filament is exposed to myosin heads which then appear as 
arrowhead-like structures along the filament length. 

Myosin 
Myosin is the force generator of skeletal, cardiac and smooth muscle. The 
myosin found in muscle was the first protein discovered in what is now a 
large superfamily of motor proteins (13). Muscle myosin is now referred to 
as myosin II, or conventional myosin, it is a hexameric protein consisting of 
four light chains and two heavy chains. Each of the two heavy chains is ap-
proximately 200 kDa (14). Each heavy chain is associated with two light 
chains of approximately 24 kDa each. The heavy chains consist of two dis-
tinct regions: the head and the tail. The tail, also named rod, is an alpha-
helical coiled coil structure approximately 1500 Å long and 20 Å in diameter 
(15). The head is the enzymatic region, containing ATP hydrolysis and actin 
binding sites (16-18). Biochemical studies (16-18) and the first high resolu-
tion crystal structure (19) identified regions in the myosin heavy chain head 
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that are involved in nucleotide binding, actin binding, and light chain bind-
ing (Figure 3). 

 
Figure 3: Essential elements of the myosin motor domain (20). With permission 
from Annual Reviews. 

The myosin molecule is divided into two pieces by limited tryptic or chy-
motryptic digestion: heavy meromyosin and light meromyosin. The heavy 
meromyosin (HMM) fragment of the myosin heavy chain (MyHC) (~150 
kDa) contains the enzymatically functional head (S1) and N-terminal portion 
(S2) of the rod. Further tryptic digestion of S1 leads to three subfragments 
parts with molecular weights of 50 kDa, 25 kDa and 20 kDa, respectively 
(16): The 50 kDa segment has a site for attachment of actin as well as a 
pocket for binding and hydrolyzing ATP (21). X-ray crystallography of the 
S1 fragment revealed the presence of a cleft in the middle of the 50 kDa 
segment from the nucleotide-binding site to the actin interface (22). It was 
suggested that the width of the cleft was regulated by ATP, since then, it has 
been demonstrated that the cleft closes in the absence of nucleotide (23).  

The two light chains attached to myosin head (MyLC) are termed regula-
tory and essential MyLCs, respectively. They have a molecular weight of 
approximately 20 kDa each and give structural stability to the cross-bridge. 
The regulatory light chains decrease Ca2+ sensitivity of the contractile pro-
teins (24) while essential light chains have a modulatory influence on maxi-
mal velocity of shortening (V0) in rats and rabbits (25, 26). On the other 
hand, this modulatory influence of essential MyLC isoform has not been 
confirmed in muscle fibres from old rats and humans (27, 28) suggesting that 
other modulators, such as thin filament proteins may have a role in regula-
tion of contractile speed. 

The expression of different myosin isoforms in different skeletal muscle 
fibre types, as well as co-expression of different myosin isoforms within a 
given fibre, allows for the creation of skeletal muscle fibres and muscles that 
have a range of contractile properties (Figure 4). Mammalian skeletal muscle 
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fibres express members of three gene families of myosin II heavy chains: 
fast skeletal, slow skeletal/cardiac, and non muscle, and potentially three 
additional sarcomeric myosin heavy chain genes: superfast, slow A and and 
slow B (29). The fast skeletal muscle locus is comprised of six distinct heavy 
chain genes. These are the embryonic, neonatal, fast type IIa, fast type IIx, 
fast type IIb, and extraocular. These myosin heavy chain forms are expressed 
only in skeletal muscle. However, in human muscles, MyHC-IIB is not de-
tectable, although the corresponding MYH4 gene is present in the genome, 
and fibres typed as IIB based on ATPase staining are in fact IIX fibres based 
on the MyHC composition (30). It has been demonstrated that in addition to 
pure fibre types, skeletal muscles contain hybrid fibres with a mixed MyHC 
composition (31-33), this supports the evidence of a spectrum of fibre types: 
I ↔ I/IIa ↔ IIa ↔ IIa/IIx ↔ IIx ↔ IIx/IIb ↔ IIb. MyHC composition gov-
erns fibres oxidative vs. glycolytic metabolic properties. Type I fibres have a 
high amount of oxidative enzyme and myoglobin complement with lower 
levels of glyocolytic enzymes whereas type IIb fibres have an opposite 
metabolic profile. 

 
Figure 4 Panel of sarcomeric MYH genes in mammals with the corresponding pro-
tein products and their expression pattern (34). With permission from American 
Physiological Society. 

Muscle Contraction 
Individual myofibrils are surrounded by an elaborated meshwork of channels 
called sarcoplasmic reticulum (SR) which release Ca2+ around the myofibrils 
through ryanodine receptors (RyR). These channels appear anchored to a set 
of sarcoplasmic invaginations called T-tubules which conduct action poten-
tial leading to release of Ca2+ from SR. In the relaxed state, myosin-binding 
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site on actin is covered by tropomyosin. When Ca2+ is released into the cyto-
sol, it binds to troponin C which then undergoes conformational change ex-
posing the binding sites on actin by displacing tropomyosin which initiates 
contraction and actomyosin interactions (35). 

 
Figure 5: General kinetic scheme of the actomyosin ATPase cycle (20). With per-
mission from Annual Reviews. 

Many years of kinetics studies of the actin-myosin interaction have defined 
an ATP consuming cycle that is catalyzed by actin association (Figure 5). 
Structural studies have shown that more states exists (20). The ATPase ac-
tivity of myosin resides in its conserved motor domain, which interacts with 
actin, hydrolyses ATP, and produces the force necessary for movement 
along actin filaments. During the actomyosin ATPase cycle, weak actin-
binding states (ATP and ADP-Pi states) alternate with string actin-binding 
states (ADP states and nucleotide-free or rigor state). ATP binding dissoci-
ates the actomyosin complex, and ATP hydrolysis is rapid when myosin is 
not associated with actin. Phosphate release precedes ADP release and both 
product release steps are accelerated considerably upon actin binding. Force 
development occurs when myosin bind strongly to actin and is associated 
with actin-induced acceleration of phosphate release. We have little insight 
into the structural intermediates between the initial weak interaction of the 
pre-powerstroke state with actin, and the release of inorganic phosphate and 
formation of strong acting binding. However, muscle fibres studies suggest 
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that force generation, and thus strong actin binding, occurs prior to phos-
phate release (36). The myosin filament remains stationary during the con-
traction with each cross-bridge acting as a force generator. The number of 
cross-bridges and the force generated per cross bridge determine the amount 
of force generated by a muscle fibre (37, 38). After the contraction phase is 
over, Ca2+ is removed from the cytosol by ATP-driven sarcoplasmic reticu-
lum Ca2+ pumps (SERCA) (39). 

Regulation of muscle mass 
Recent evidence shows the presence of a well-regulated series of events in 
skeletal muscle concerning the control of net protein balance that are medi-
ated by the relative rates controlling protein synthesis vs. protein degradation 
(40). For example, IGF-1 stimulates muscle protein synthesis and hypertro-
phy via the Akt/mammalian target of rapamycin (mTOR) pathway that leads 
to the concomitant activation of initiation and elongation factors resulting in 
the elevation of protein translation and the downregulation of ubiquitin pro-
teasome components through Forkhead-box O (FoxO) transcription factors, 
e.g., atrogin-1 and muscle-specific ring finger 1 (MuRF1) (41-43). In con-
trast, downregulation of Akt signalling leads to net protein degradation and 
subsequent atrophy due to the upregulation of atrogin-1 and MuRF1 (44, 
45). Together, this data demonstrate a well-coordinated balance between 
catabolic and anabolic pathways of multiple protein systems that are regu-
lated and maintained to sustain homeostatic and adaptive events in skeletal 
muscle.  

Stretch has been shown to be a powerful stimulation of muscle protein 
synthesis and growth (46). Numerous studies show that a critical variable in 
the maintenance of muscle mass, particularly for the muscle to be able to 
generate force, is that it must generate strain that, in turn, triggers a series of 
tissue adaptive events. For example, chronically stretching the muscle can 
increase protein synthesis by adding sarcomeres in parallel and in series so 
that the sarcomere length is adjusted back to the optimum for force genera-
tion, velocity, and hence power output (47-49). Furthermore, when chronic 
muscle stretch is combined with electrical stimulation, there is a pronounced 
additive effect on the enhancement of protein synthesis (50).  

In response to functional overload of a muscle an increase in mass di-
rectly proportional to the increase in amino acid incorporation is observed 
(51). Within a few hours after an acute bout of resistance exercise or after 2 
weeks of resistance training there is a marked increase in protein synthesis as 
well as myofibrillar protein synthesis in both fast and slow muscles (52-55). 
Despite an elevated rate of protein degradation after a single bout of resis-
tance exercise, there is a greater net increase in protein synthesis, shifting the 
balance toward greater protein synthesis (55). 
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Similar adaptive phenomena in protein synthesis and degradation occur 
with models of disuse and injury, i.e., protein synthesis is decreased and 
protein degradation is increased, leading to net protein loss as observed with 
denervation (56), hindlimb unloading (57), spinal cord injury (58, 59), bed 
rest (60), immobilisation (61) and in elderly human subjects (52). Neverthe-
less, considerable progress has been made in blunting the deleterious effects 
observed in skeletal muscle after disuse, or injury using a variety of pharma-
cological, electromechanical, and rehabilitative interventions (62, 63). 

Oxidative stress 
Reactive oxygen species (ROS) can be produced by many different chemical 
reactions originating from cellular events, e.g., metal-catalyzed reactions, 
mitochondrial electron transport reactions, and neutrophil or macrophage 
activation during inflammation (64), or external events, e.g., UV light, X-
rays, or pollutants. ROS, a natural byproduct of the oxygen metabolism, 
plays important roles in cellular signaling (65, 66), similar to reactive nitro-
gen species (RNS) (64). 

Excessive production of ROS within the cells, caused, for example, in 
muscles by extensive exercise, or reduced capture capabilities of the antioxi-
dative systems, can lead to oxidative stress (67). This deleterious condition is 
defined as an imbalance between ROS production and antioxidant defense 
systems. Proteins can, therefore, be severely damaged, as they capture 50% 
to 75% of all highly reactive species with functional groups in their side 
chains (68). These reactions, among the diverse ROS and different func-
tional protein groups, as well as the consecutive reactions among the result-
ing primary oxidation products, are not well understood, especially as the 
primary oxidation products can undergo consecutive reactions with other 
functional groups of the same protein or other molecules (69). One group of 
reactions is protein carbonylation, which refers to the production of highly 
reactive carbonyl groups in proteins that are reactive to hydrazine com-
pounds (70). This irreversible modification includes aldehydes and ketones 
formed via different mechanisms: (i) direct oxidation of the polypeptide 
backbone leading to truncated peptides with N-terminal α-ketoacyl amino 
acid residues; (ii) oxidation of the side chains of lysine, arginine, proline, 
and threonine residues; (iii) reaction of histidine, cysteine, and lysine amino 
acid residues with aldehydes, e.g., produced by lipid peroxidation; and (iv) 
glycation (nonenzymatic glycosylation) of lysine residues forming Amadori 
and Heyns products. Protein carbonylation is used in many studies as a pri-
mary marker for oxidative stress. It can be easily quantified with 2,4-
dinitrophenylhydrazine (DNPH), which forms 2,4-dinitrophenyl (DNP) de-
rivatives with an absorption maximum at 370 nm. DNP-modified proteins 
can also be quantified with specific anti-DNP-antibodies (71-73). 
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Cellular function is controlled by a myriad of signaling events and ROS and 
reactive nitrogen species (RNS) are involved in many aspects of this signal-
ing. ROS/RNS have classically been associated with “oxidative/nitrosative 
stress” resulting in cellular dysfunction and disease. However, it is becoming 
increasingly clear that ROS/RNS are also important components in normal 
cellular signaling. For instance, ROS can affect muscle cell function via 
altering the activity of kinases and phosphatases and hence the cellular phos-
phorylation status (74, 75). ROS/RNS can induce both acute reversible ef-
fects and long-term effects, which are mediated via altered gene and protein 
expression or via partially irreversible changes in existing proteins and lip-
ids. Positive acute effects of ROS/RNS in skeletal muscle include a role in 
contraction-mediated glucose uptake (76-78) and a long-term effect is the 
involvement in induction of beneficial adaptations in response to endurance 
training (79). On the other hand, an excessive ROS production can cause an 
acute decrease in force production during repeated contractions (80), and 
prolonged increases in ROS/RNS appear to have pivotal roles in the skeletal 
muscle dysfunction observed in diseases such as muscle dystrophies and 
generalized inflammatory diseases (81, 82). 

Superoxide anion (O2
-•) is the primary oxygen free radical. In skeletal 

muscle, O2
-• is considered to be mainly produced by mitochondria and by 

NADPH oxidases (83). In mitochondria O2
-• is produced as a by-product of 

oxidative phosphorylation and hence the rate of production would be ex-
pected to increase during physical exercise and in other situations with in-
creased mitochondrial respiration. In mitochondria, O2

-• is mainly produced 
by complexes I and III, which release O2

-• to the matrix, and complex III, 
which releases O2

-• to the intermembrane space (83, 84). Early data indicated 
that the rate of mitochondrial O2

-• production amounts to 1%–2% of the O2 
consumption (85). However, this cannot be the situation in exercising skele-
tal muscle, because prolonged physical exercise and endurance training 
would then result in dangerously high ROS levels, severe oxidative stress, 
and muscle damage. Accordingly, more recent measurements of mitochon-
drial O2

-• production show that the O2
-• production is only 0.15% of the O2 

consumption (86). It should also be noted that there is no fixed relation be-
tween the rate of mitochondrial O2 consumption and ROS production; for 
instance, uncoupling of oxidative phosphorylation with 2,4-dinitrophenol 
results in increased O2 consumption accompanied by decreased ROS levels 
(87) and mitochondrial ROS production appears to be higher during state 4 
(basal) as compared to state 3 (maximal ADP-stimulated) respiration, and 
the latter dominates during aerobic exercise (83). 

Nitric oxide (NO•) is the primary nitrogen free radical. NO• is synthesized 
from the amino acid L-arginine by nitric oxide synthases (NOS) (88). In 
addition, it was recently shown that NO• can be formed from the inorganic 
anions nitrate (NO3

-) and nitrite (NO2
-) (89). Adult skeletal muscle constitu-

tively coexpresses two NOS isoforms: the neuronal (nNOS or type I) and the 
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endothelial (eNOS or type III) isoform (90). A third isoform, inducible NOS 
(iNOS or type II), is expressed in skeletal muscle in some inflammatory 
conditions (90). The release of NO• from isolated rat fast-twitch extensor 
digitorum longus (EDL) muscles and mouse diaphragm and slow-twitch 
soleus muscles was increased by electrically stimulated contractions (91, 
92). The NO• release both under resting conditions and during repeated con-
tractions was similar in eNOS-deficient and wild-type mouse muscles, which 
indicates that nNOS is the dominating constitutively expressed isoform (92). 
It should be noted that, with the use of intact whole muscles, it cannot be 
excluded that an increased NO• production occurred in cell types other than 
the skeletal muscle fibres. However, a more recent study showed an in-
creased rate of intracellular NO• production with electrically induced con-
tractions in isolated adult mouse FDB fibres (93). Thus, although less stud-
ied than ROS, there is experimental support also for increased RNS produc-
tion in muscle fibres during repeated contractions. 

Oxidative stress has been shown to occur in disuse and in many patho-
logical conditions, and is now widely considered a major trigger of the im-
balance between protein synthesis and degradation leading to muscle atrophy 
(67, 94, 95). However, the causal role of oxidative stress in determining dis-
use atrophy has not yet been definitely established. Some contradictory re-
sults have been reported, suggesting that care should be taken and avoid over 
generalising conclusions based on observations from different species, dis-
use models and muscles. We will focus on the most widely studied models 
of disuse in animals (mechanical ventilation, limb immobilisation and 
hindlimb unloading), and in humans (bed rest, unilateral lower limb suspen-
sion, limb immobilisation), and we will consider how conclusive the evi-
dence for a causal role of oxidative stress is. 

The mechanisms underlying the opposite effects of ROS on muscle ho-
meostasis in different conditions are still unclear. It could be that small, 
compartmentalised, or transient (minutes) increases in ROS mostly modulate 
intracellular signals by reversible oxidation of specific protein residues (96, 
97) and consequently affect gene expression (94, 95, 98, 99). The latter phe-
nomenon could occur in response to moderate exercise. In heavy exercise, 
disuse and pathological conditions, sustained (hours, days), large increases 
in ROS could (i) have a direct, non-specific, large scale oxidative effect on 
proteins, which would become more susceptible to proteolysis; (ii) damage 
plasma membrane and sarcoplasmic reticulum altering calcium homeostasis 
and activating proteases (e.g. calpains), enhancing proteolysis, (iii) damage 
lysosome and cause a leakage of catabolic enzymes in the cytosol. Oxidized 
proteins could be more susceptible to proteolysis because they are more eas-
ily targeted by the ubiquitin–proteasome system, which is up-regulated by 
ROS (100, 101), because their recognition by calpain and caspase is en-
hanced (102), or because they could be directly degraded by proteasome 
without being ubiquitinated (103), or for all the above causes. 
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Figure 6: Major ROS/RNS in muscle and tentative targets (104). With permission 
from Mary Ann Liebert. 

As ROS are short lived and the direct determination of their concentration is 
complex and exposed to error (105, 106), in most studies on disuse atrophy, 
ROS activity has been studied ‘indirectly', namely by measuring protein 
oxidation and lipid peroxidation (107, 108). The latter approaches have been 
mostly combined with another indirect index of ROS activity, namely the 
activity or content of antioxidant defense systems among them superoxide 
dismutase, catalase and glutathione peroxidase. The correlation between 
muscle atrophy, increase in protein and lipid peroxidation and impairment of 
antioxidant defense systems has been taken as a strong indication that oxida-
tive stress occurred and was involved in muscle wasting (95, 107). The ad-
ministration of antioxidants has been used to counteract oxidative stress with 
the goal of confirming the role of ROS through amelioration of muscle atro-
phy (109-111). 

Acute Quadriplegic Myopathy 
Found in mechanical ventilated intensive care unit (ICU) patients, acute 
quadriplegic myopathy (AQM) is characterised by severe skeletal muscle 
wasting and persistent weakness leading to impairment of muscle function 
(112). AQM was first described by MacFarlane and Rosenthal (1977) in a 
24-year-old woman with status asthmaticus (113). The patient was mechani-
cally ventilated and treated with high doses of costicosteroids (CS) as well as 
non-depolarizing neuromuscular blocking agents (NMBAs). Three weeks 
post-ICU the patient was able to walk, but weakness remained 2 months 
after ICU discharge. This myopathy has been given many different names 
such as critical illness myopathy (CIM) and thick filament myopathy (112).  
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AQM is a common acquired neuromuscular disorder that affects more 
than a third of the ICU population (114, 115). The exact cause and underly-
ing mechanisms of the disease remain unknown, although mechanical venti-
lation, immobilisation, CS, NMBAs have been proposed as triggering fac-
tors. The effects of AQM are not limited to muscle weakness, it delays the 
recovery, increases morbidity and mortality rates. It also has a financial im-
pact, partly due to the fact that the average weaning time from mechanical 
ventilation is doubled in critically ill patients suffering from severe weakness 
(116). 

Characteristics 
AQM is anticipated in patients with weaning difficulties 7-10 days after 
mechanical ventilation (117) and is characterised by diffuse flaccid weak-
ness of limb muscles as well as severe skeletal muscle atrophy. Abnormal 
electrophysiology has been demonstrated in AQM patients: a reduced com-
pound muscle action potential (CMAP), short duration and low motor unit 
potentials (MUP) but intact sensory nerve action potentials (SNAP). Muscle 
membrane excitability is decreased resulting in decreased CMAP amplitude 
independent on if the muscle is stimulated directly or indirectly via the mo-
tor nerve (118). A preferential myosin loss and myosin associated proteins is 
pathognomonic of AQM (119, 120). The ratio between actin and myosin has 
been used as a tool for diagnosing AQM (119, 120). The progression of the 
onset of weakness is unknown, but weakness has been detected as early as 4 
days after ICU treatment (121).  

Diagnosis 
AQM diagnosis is difficult for several reasons. The main reason is that col-
laboration of the patient is necessary for major electromyography criteria 
(EMG) and ICU patients are usually unable to respond due to deep sedation, 
NMBAs or encephalopathy (122). In addition, it is not possible to differenti-
ate between polyneuropathy and myopathy using conventional EMG. An-
other reason is the co-existence of critical illness polyneuropathy (CIP) 
which can lead to a mis-diagnosis. Furthermore, other factors can interfere 
with AQM diagnosis such as pharmacological treatments and underlying 
diseases. 

Nevertheless, several criteria (112, 123, 124) has been proposed for AQM 
diagnosis which include SNAP amplitudes >80% of the lower limit for two 
or more nerves, needle EMG with short-duration, reduced muscle membrane 
excitability using direct muscle stimulation (DMS), low amplitude MUPs 
with an early or normal full recruitment with or without fibrillation poten-
tials, absence of a decremental response on repetitive nerve stimulation, 
muscle histopathologic findings of myopathy with myosin loss. Despite not 
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being specific to AQM, serum CK level increase has also been suggested as 
criteria for an evolving myopathy (115). 

At the moment, a clear diagnosis of AQM can only be made through 
muscle biopsy, an invasive method. A muscle biopsy allows us to look for 
AQM typical features, which are not usually observed in neuropathic disor-
ders such as selective loss of myosin and myosin associated proteins and 
decreased myosin:actin ratio determined by gel electrophoresis (125). 

Risk factors 
Corticosteroids 
Glucocorticosteroids (GC) are highly lipid soluble and easily partition into 
the cell membrane. Inside the cell, these hormones act at the transcriptional 
level, inhibiting protein synthesis and also increasing mRNAs encoding for 
ubiquitin and proteasome subunits (126). 

Administration of GC in ICU patients is still debated, weighting the bene-
fits during sepsis or autoimmune disorders against negative effects. Nerver-
theless, there is conflicting data concerning the association between CS 
treatment and the occurrence of AQM. In a study, CS were suggested as a 
key factor in developing muscle weakness in ICU (127), however, several 
studies failed to show a consistent relationship between CS treatment and the 
development of AQM (128, 129). 

Immobilisation 
Immobilisation induces muscles changes and muscle weakness, although the 
time required for atrophy to occur in healthy individuals is much longer 
(around 30 days) (130) than in AQM patients in whom a severe atrophy is 
seen after a few days of immobilisation. In addition, in healthy controls, bed 
rest induces a 3% loss of muscle mass per week (131) but never reaches the 
severity observed in AQM patients, even after extensive time periods (130, 
132). Inactivity is associated with muscle atrophy, characterised by loss of 
myonuclei, myosin filament defects, an increase in proteolytic enzymes as 
well as an increase in pro-inflammatory cytokines (133). 

Neuromuscular blocking agents 
NMBAs are large molecules that contain regions similar to acetylcholine. 
They are given to facilitate mechanical ventilation in ICU patients and im-
prove arterial partial pressure of oxygen. There are different non-
depolarizing muscle relaxants exists, such as aminosteroid and histamine 
non-depolarizing muscle relaxants. Which NMBA to use is patient depend-
ent, as they have different effects based on the excretion method as well as 
secondary effects. A positive correlation between the dose and duration of 
NMBA treatment and the occurrence of myopathy has been described (115, 
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134). Nowadays, the use of NMBAs in theICU is decreasing as they are 
associated with an increased ICU stay, delayed weaning and higher mortality 
and morbidity rates (135). The relationship between NMBA administration 
and the development of AQM is not clear and contradictory results have 
been reported, i.e., a link between prolonged weakness after long term or 
high NMBA doses have been reported by some (129, 136) but not by others 
(127, 137). 

Other risk factors 
Other factors have been speculated to be implicated in the development of 
AQM such as sepsis and mitochondrial dysfunction (138, 139). Mechanical 
ventilation duration has also been hypothesised to be strongly related to 
nerve disfunction (140). 

Interventions 
To date there is no specific AQM treatment, but different therapies have 
been suggested to reduce the severity of the myopathy such as reducing the 
use of CS/NMBAs and nutritional interventions. Recently, early mobilisa-
tion has been proposed as a best candidate to slow the development of 
myopathy in ICU patients.  Early physical therapy has proven beneficial in 
ICU patients, reducing the length of the stay, decreasing muscle atrophy and 
loss in muscle strength, resulting in a quicker recovery time (141-144).  Due 
to immobilisation and deep sedation of ICU patients, active movement has 
proven to be difficult to use, therefore passive movement has been suggested 
as an alternative. While passive movement does not prevent AQM (145), it 
slows the progression of skeletal muscle atrophy. Several studies have 
shown that passive movement reduces protein loss and muscle fibre size 
(146). The mechanism behind such changes might be related to the spring-
like protein titin, which is an important mechanosensor in the sarcomere and 
is implicated in hypertrophy and protein turnover (147). 
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Aims of the present investigation 

The general objective of this thesis was to achieve a better understanding 
about the cellular and molecular events occurring during the muscle atrophy 
and weakness in Acute Quadriplegic Myopathy patients and to assess thera-
peutic strategies. 

This thesis can be divided into four parts. The first part (Paper I) identifies 
mechanical silencing as a critical triggering factor for developing AQM in a 
rodent ICU model. The second part (Paper II) assesses the efficacy of pas-
sive mechanical loading in the ICU rodent model. The third part (Paper III) 
involves the translation of the knowledge obtain from the rodent model into 
a clinical intervention study. The fourth part (Paper IV) investigates the spe-
cific response of diaphragm muscle to long-term controlled mechanical ven-
tilation.  

Specific aims: 
 
1) To follow the time course changes of skeletal muscle structure and func-

tion, as well as mRNA and protein expression during AQM (Paper I).  
2) To determine the mechanisms underlying the preferential myosin loss 

and impaired skeletal muscle structure and function response to immobi-
lisation and controlled mechanical ventilation. (Paper I). 

3) To determine the effects of passive mechanical loading on muscle wast-
ing and function in an experimental rat ICU model (Paper II). 

4) To identify the time course of gene expression pattern in response to 
passive mechanical loading in an experimental rat ICU model (Paper II). 

5) To determine the effects of passive mechanical loading on muscle wast-
ing and function in ICU patients (Paper III). 

6) To follow the time course changes of diaphragm muscle structure and 
function, as well as mRNA and protein expression during the ICU con-
dition (Paper IV). 
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Materials and methods 

In this section, methods from the work are summarized; the reader is referred 
to the individual paper (I-IV) for further details. 

Animals (I, II and IV) 
Female Sprague-Dawley rats were anaesthetized (isoflurane), mechanically 
ventilated, monitored and pharmacologically paralyzed with α-cobratoxin for 
durations varying from 6h to 14 days. The sham-operated control animals 
were anesthetized (isoflurane), spontaneously breathing, given intra-arterial 
and intra-venous solutions, and sacrificed within two hours after the initial 
anaesthesia and surgery, but they were not pharmacologically paralyzed with 
α –cobratoxin. The left leg of the animal (II) was activated for 6 hours at the 
shortest duration and 12 hours per day at durations 12 hours and longer 
throughout the experiment, using a mechanical lever arm that produced con-
tinous passive mechanical ankle joint flexions-extensions at a speed of 13.3 
cycles per minute. 

Human patients (III) 
A total of seven (four females and three males, aged 56-67 years) mechani-
cally ventilated ICU patients numbered M1–M7 were included in this study. 
Patients anticipated to require mechanical ventilation for 10 consecutive 
days or longer were recruited.  Patients had typically been exposed to me-
chanical ventilation and immobilisation for 0-3 days (1.7 ± 0.9 days) prior to 
initiating the intervention and monitoring due to delays related to obtaining 
signed informed consents. Patients with a previous history of neuromuscular 
disease were not included in the study. No evidence based guidelines for 
severe sepsis were found in these patients. None of them received systemic 
administration of neuromuscular blocking agents (NMBA) and only one 
patient (M1) received administration of inhaled corticosteroids (daily dose: 1 
mg) due to asthma. Propofol was intravenously administered in all patients. 
The patients left leg was subjected to passive mechanical loading for 2.5 
hours, 4 times per day during 7-11 days, i.e., continuous passive anatomi-
cally correct motion from 30° plantar flexion to 25° dorsiflexion were gener-
ated at a speed corresponding to 150° per minute. 
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Muscle biopsies were obtained from the tibialis anterior (TA) muscle on 
both the unloaded and loaded side using the percutaneous conchotome 
method at the final day of the observation period. Muscle biopsies were not 
taken at the start of the intervention in order to eliminate the risk of the first 
biopsy sampling procedure interfering with the results from the biopsy ob-
tained at the end of the observation period. 

Muscle biopsy and muscle fibre membrane permeabilization (I, 
II, III and IV) 
In paper III, muscle samples were obtained from both the loaded and 
unloaded TA muscle and when specified, from the vastus lateralis, using 
percutaneous conchotome method at the final day of the observation period. 

In papers I, II and IV, the diaphragm, TA, plantaris, EDL, gastrocnemius 
and soleus muscles were dissected from the loaded left leg and the unloaded 
right leg immediately after euthanasia. One half of the diaphragm, soleus, 
TA and EDL muscles together with plantaris and gastrocnemius muscles 
were quickly frozen in liquid propane cooled by liquid nitrogen and stored at 
-160 °C for further analyses. The other halves of the diaphragm, soleus, EDL 
and TA muscles were immediately placed in ice-cold relaxing solution (in 
mmol/l: 100KCL, 20 imidazole, 7 MgCL2, 2 EGTA, 4ATP, pH 7.0: 4 °C). 
Small bundles of ~25-50 fibres were dissected free from the muscle and tied 
with surgical silk to glass capillary tubes at slightly stretched lengths. The 
bundles were then placed in skinning solution (relaxing solution containing 
glycerol, 50:50 vol/vol) at 4 °C for 24h, after which they were transferred to 
-20 °C. All the bundles were cryo-protected within one-two weeks after 
skinning and subsequently snap frozen in liquid propane cooled by liquid 
nitrogen and stored at -160 °C for further studies in single muscle fibre. 

Contractile measurements of single muscle fibres (I, II, III and IV) 
To assess fibre force generating capacity and structure, skinned single mus-
cle fibre experiments were conducted in EDL and soleus rat muscles (paper I 
and II), TA from ICU patients (paper III) and diaphragm rat muscle (paper 
IV). A fibre segment 1 to 2 mm long was attached to a force transducer 
(model 400A, Aurora Scientific) and a lever arm system (model 308B, 
Aurora Scientific). While the fibre segments were in relaxing solution, the 
sarcomere length was set to 2.65-2.75 µm by adjusting the overall segment 
length and resting tension was assessed.  The fibre was then moved to acti-
vating solution (pCa 4.5) in which all the recordings were done. The focus-
ing control of the microscope was used as a micrometer. Fibre cross-
sectional area (CSA) was calculated from the diameter and depth, assuming 



 28 

an elliptical circumference, and was corrected for the 20% swelling that is 
known to occur during skinning. 

Enzyme-histochemistry and immunocytochemistry (I and III) 
CSA measurement was performed using enzyme histochemistry. Cross-
sections (10µm) were cut perpendicular to the longitudinal axis of muscle 
fibres with a cryostat at -20 °C. The sections were stained for myofibrillar 
ATPase after alkaline and acid pre-incubations (paper I) and NADH (paper 
III). CSAs, roundness and the smaller diameter were measured in a total of 
50-100 muscle fibres in the central region of the biopsy cross-section using 
an inverted microscope and imaging software. 

To detect the presence of a specific protein and its localization in the 
muscle fibre, immunocytochemistry was performed. Cross-sections (8µm) 
were cut perpendicular to the longitudinal axis of muscle fibres with a cry-
ostat at -20 °C. Expression and subcellular localisation of MuRF1/2, p62, 
serum response factor (SRF) (paper I), nNOS (paper III) and laminin (paper 
III) were performed. All samples were stained with identical primary and 
secondary antibody dilutions and immunofluorescence was analysed by con-
focal microscopy. 

Myosin heavy chain isoform expression (I, II, III and IV) 
MyHC isoform expression was detected by 6% SDS-PAGE. The gels were 
silver stained, scanned and the volume integration function was used to de-
termine the fibre type proportion. 

Actin, myosin and total protein quantification (I, II, III and IV) 
Actin and myosin content was determined by 12% SDS-PAGE. The gels 
were stained with coomassie blue, scanned and the volume integration func-
tion was used to quantify the amount of myosin and actin which were nor-
malized to total protein content.  
Total protein content was determined using the NanoOrange Protein Quanti-
fication Kit (Invitrogen, Carlsbad, CA, USA) in papers I and II, or Pierce 
660 Protein assay (Thermo Fisher Scientific Inc, Rockford, IL, USA) in pa-
per III, according to manufacturer’s instructions. The fluorescence of the 
samples was measured and related to a standard curve. 

Western blots (I, II and IV) 
Identification and quantification specific proteins were performed using 
western blots. In paper I, HSP-70, aB-crystallin, atrogin-1, calpain-1, LC3B 
and MuRF1 content were measured in the EDL. In paper II, Troponin (Tn) 
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isoform expression was measured in the TA, Grp94 protein levels were 
quantified in the plantaris muscle and atrogin-1, calpain-1 and MuRF1 were 
measured in the soleus. In paper IV, calpain-1, LC3B and MuRF1 content 
were measured in the diaphragm. The immunoblots were scanned in a soft 
laser densitometer and the signal intensities were quantified using the vol-
ume integration function and normalized to actin content or total protein. 

Total RNA isolation and quantification (I, II, III and IV) 
Total RNA was extracted from frozen tissue (10-30mg) using Qiagen 
RNeasy Mini Kit (Quigen, Inc., Valencia, CA). RNA-concentration were 
then quantified using the fluorescent nucleic acid stain, Ribogreen (Molecu-
lar Probes, Eugene, OR), on a fluorescence spectrophotometer. 

Quantitative RT-PCR (I, II, III and IV) 
qRT-PCR was used to quantify mRNA levels for MyHCs isoforms, skeletal 
a-actin, myosin binding proteins, as well as MAFbx/atrogin-1, MRF1, cal-
pain-1 and Map11c3b. 

Protein oxidation detection (II and IV) 
The levels of protein carbonyl groups were assessed in the diaphragm ( pa-
per IV) and the plantaris muscle (paper II) using the OxyBlot protein oxida-
tion detection kit (Chemicon, Hampshire, UK) according to manufacturer’s 
instructions. Levels of oxidized proteins were quantified using the NIH Im-
ageJ analysis software and normalized to the densitometric value of the Pon-
ceau red staining of the corresponding albumin band. 

Fractional synthesis rate (I, II) 
Fractional protein synthesis rate (FSR) was used to measure the rate of mus-
cle protein synthesis in the superficial and deep part of the grastrocnemius 
using [ring-13C6]phenylalanine (15µg/g body weight) as tracer. 

Ultrasound measurements (III) 
The tibialis anterior (TA) CSAs of the ICU patients were measured every 
day during the intervention period (7-11days) using real-time ultrasound 
scanner. Scans were taken transversally on relaxed muscles at three loca-
tions: 50, 40 and 30% of the distance from the proximal part of the fibula 
head to the distal tip of the lateral malleolus. The captured muscle images 
were stored, the region of interest (TA muscle mass) was manually selected 
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and CSA was measured. CSA mean was calculated as the mean of the three 
consecutive measurements at the three different locations (50, 40 and 30%). 

Electrophysiological measurements (III) 
To investigate the properties of the nerve-muscle interaction, electrophysiol-
ogy was performed. Motor (n. fibularis, and tibialis) and sensory nerve (n. 
suralis and fibularis superficialis) were measured bilaterally using surface 
electrode both for stimulation and recording. Studies were performed on the 
first and final day of the observation period in all patients. At the final day of 
the period, concentric needle EMG was performed in the m. vastus lateralis 
and tibialis anterior bilaterally. 

Gene expression profiling (II) 
A micro-array was used to examine the gene expression in response to pas-
sive mechanical loading in the rodent ICU model in a time-resolved manner. 
Three micrograms of total RNA from the proximal gastrocnemius muscle 
samples were extracted and processed to generate biotin-labeled cRNA. 
Samples were then hybridized to an Affimetrix Rat Gene 1.0 ST Array (Af-
fimetrix,). Microarray data were background-adjusted, normalized and log-
transformed summarized values. In order to search for the differentially ex-
pressed genes between samples from different days, an empirical Bayes 
moderated t-test was applied. A linear model was fitted to the data unloaded 
vs. loaded at the following time durations: 6h-4 days, 5-8 days, and 9-14 
days. To address the problem with multiple testing, the p-values were ad-
justed according to Benjamini and Hochberg. Probe sets with a minimum 
fold change of ± 1.5 and adjusted p < 0.05 in at least one time point were 
included in further analyses. 

Post-translational modifications (III) 
Liquid chromatography–mass spectrometry (LC/MS) analysis of myosin 
heavy chain isoforms was performed to investigate the post-translational 
modifications of myosin. 

X-ray diffraction (IV) 
Structural analysis of diaphragm fibre bundles was assessed by x-ray diffrac-
tion. On the day of x-ray recordings, fibre bundles were placed in a plastic 
dish containing a relaxing solution and washed thoroughly to remove the 
glycerol.  They were then transferred to a specimen chamber filled with the 
same relaxing solution.  Each fibre bundle was then fixed (clamped ends) 
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and slightly stretched.  Subsequently, x-ray diffraction patterns were re-
corded at 15 °C.´ 

Statistics (I, II, III and IV) 
SigmaPlot software (Systat Software, Inc., CA, USA) was used to generate 
descriptive statistics.  Means, standard errors of the means (SEM) and linear 
regression analysis were calculated according to standard procedures. Paired 
t-test was used in pairwise comparisons between unloaded and loaded leg. 
One way analysis of variance (ANOVA) and the Tukey post-hoc test were 
used when comparing multiple groups. When the normality test failed, a one 
way ANOVA on ranks, i.e., Kruskal–Wallis, and the Dunn's post-hoc were 
performed. Differences were considered significant at p < 0.05. 
 



 32 

Results and Discussion 

A rodent model that mimics ICU conditions (I) 
The knowledge of etiological factors underlying AQM remains insufficient, 
e.g. relative importance of different agents linked to the disease, the mecha-
nisms underlying the reduced muscle membrane excitability, the signaling 
pathways regulating protein synthesis and degradation and reassembly of the 
contractile apparatus during recovery. Typically, AQM is not diagnosed until 
2–3 weeks after admission to the ICU. This delayed diagnosis has signifi-
cantly hampered our understanding of the mechanisms underlying AQM. 
Accordingly, there is a need for an experimental animal model where the 
possible causative agents and the mechanisms underlying AQM can be stud-
ied in detail. One accepted animal model for AQM involves peripheral den-
ervation of the hind limb and administration of corticosteroids in the rat 
(148, 149). This model is insufficient to study this ICU-related disease, as 
patients are immobilized, mechanically ventilated, have an underlying sys-
temic illness, and receive a number of pharmacological agents, apart from 
corticosteroids. Previous studies have also used a porcine ICU model with 
significant advantages such as similarities with humans, regarding size and 
metabolism as well as being an established model to study mechanical venti-
lation (150-152). Nevertheless, due to the size and cost of the animal, it is 
not practical for long duration experiments. 

In this project, we have used a unique experimental rat ICU model where 
animals were mechanically ventilated, sedated, pharmacologically paralysed 
with NMBAs, and extensively monitored between 6 hours and 14 days. This 
model allows for muscle unloading, mechanical ventilation, sedation and 
blocked neuromuscular transmission during an extended period of time simi-
lar to modern intensive care treatment. Advantages of this model include the 
absence of confounding factors such as pharmacological treatment and sys-
temic diseases. Moreover, results showed that, 1) muscles fibre size and 
contractibility were preserved during the first 4 days followed by a severe 
muscle atrophy and contractile dysfunction and 2) preferential myosin loss 
was observed, which is considered pathognomonic of AQM (119). This is in 
accordance with a study in ICU patients, where no signs of atrophy were 
detected before the first four days in the ICU (121) as well as previous stud-
ies using a porcine experimental model in which muscle fibre mass, contrac-
tility and myofibrillar proteins were preserved during 5 days of ICU condi-



 33

tions (153, 154). Therefore, this rodent ICU model mimics the ICU condi-
tions of long-term mechanical ventilation, sedation and muscle unloading. 

Mechanical silencing is key for triggering AQM (I) 
To date, multiple risk factors have been proposed for the development of 
AQM such as: immobilisation, prolonged mechanical ventilation, NMBAs, 
and CS. A number of other factors have been suggested as causative agents: 
underlying systemic illness, severe asthma, sepsis, multi-organ failure, hy-
perglycemia and malnutrition (112, 155, 156). However, studies have shown 
that AQM could be acquired in the absence of CS and/or NMBAs, and inde-
pendent of underlying disease (127, 129, 137, 157), thus, a discrepancy ex-
ists in the literature in regard to causative agents and the mechanisms under-
lying AQM remains to be deciphered. Nevertheless, ICU intervention per se, 
i.e., immobilisation, prolonged mechanical ventilation and sedation, appears 
to play a major role in the development of AQM. 

Using the rodent experimental ICU model we showed that immobilisa-
tion, prolonged mechanical ventilation, and sedation, alone induced muscle 
wasting, impaired muscle function and a preferential loss of myosin, a fea-
ture pathognomonic of AQM (112, 119). Therefore, mechanical silencing 
(absence of external strain and internal strain) that occurs during the ICU 
condition is forwarded as a major factor triggering AQM, while other factors 
such as CS, NMBas contribute to aggravate its prognosis (119, 158, 159). 

MuRF1 is a key factor underlying muscle proteolysis (I 
and IV) 
We investigated in a time course manner which proteolysis pathways were 
involved in the muscle wasting associated with ICU intervention (I). The 
three main proteolysis pathways were studied: ubiquitin proteasome, ly-
sosomal and calcium activated calpain systems. The ubiquitin proteasome is 
the main degradation pathway in cells (160). In addition, it has been shown 
that MuRF1, a muscle specific ubiquitin ligase, is capable of degrading the 
thick filament protein myosin without the activation of other pathways (161). 
Nevertheless, some studies have shown that calpains and caspases play an 
important role in protein degradation under disuse conditions. In an attempt 
to improve our understanding of the mechanisms underlying this particular 
muscle atrophy, the rat ICU model was used. 

A specific temporal pattern of proteolytic pathways was found during 14 
days of ICU intervention. At the gene level, an early up-regulation of the 
atrogenes, atrogin-1 and MuRF1 and Lc3b, a marker of autophagy lysosome 
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from 6 hours to 4 days was observed, atrogenes up-regulation was main-
tained until 8 days while Lc3b mRNA level returned to normal after 4 days. 
Calpain-1 expression, a marker of the calpain system remained unchanged 
throughout the entire duration. This was paralleled by a severe down-
regulation of actin and MyHC isoforms at the transcriptional level from 5 to 
14 days. At the protein level, MuRF1 was up-regulated at early durations (6h 
to 14 days), while Atrogin-1 content remained the same during the observa-
tion period. LC3b and calpain-1, taken as markers of the autophy-lyosome 
and calpain systems respectively, increased their expression from 9 to 14 
days. 

In addition to protein degradation, we suspected RING finger proteins 
MuRF1/2 to play a role at the transcription level. MuRF1/2 are both associ-
ated with the giant sarcomeric protein titin (162), under stress they can trans-
locate to the nucleus and alter the transcription of a number of genes, MyHC 
and actin in particular (162) (163). In addition, nuclear translocation of 
MuRF2 represses serum response factor transcriptional activity (147). In the 
rat ICU model, 4 days of the ICU condition induced a strong nuclear translo-
cation of MuRF1/2 which persisted up to 9 days, furthermore, a perinuclear 
accumulation of both MuRFs was observed. Moreover, after 4 days, MuRF2 
and its ligand p62 colocalized with SRF in the nucleus. After 9 days, a peri-
nuclear colocalization of MuRF2, p62, and SRF was observed. Therefore, 
MuRFs do not only control the degradation of the thick filaments proteins, 
but are likely to play a role in the transcriptional downregulation of contrac-
tile proteins observed under ICU conditions. 

Similar results were observed in the diaphragm in response to controlled 
mechanical ventilation (CMV) (IV), i.e., an early increase in MuRF1 protein 
content while Calpain-1 and LC3B contents did not change significantly 
until 5 days of exposure. Thus, early loss of myosin is suggested to be 
caused by activation of MuRF1 and activation of the ubiquitin-proteasome 
pathway. This is in accordance with observations by Cohen and colleagues 
showing that myosin is primarily degraded by a MuRF1 dependent ubiquity-
lation without the activation of calpains or caspases (164). The subsequent 
activation of the autophagy-lysosomal pathway and calpains system may be 
responsible for the muscle atrophy as suggested by studies in other animal 
models (165). 

Passive mechanical loading is beneficial on skeletal 
muscle (II and III) 
Mechanical silencing was postulated as being a key factor underlying muscle 
wasting associated with ICU conditions. Therefore, a physical therapy inter-
vention was tested in order to test this hypothesis. Using the rat ICU model 
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(II), animals were subjected to unilateral passive mechanical loading for 12 
hours per day for up to 14 days. Results showed a significant decrease in 
muscle atrophy associated with the ICU condition, independent of muscle 
type. At the single fibre level, a 44% higher CSA and a doubling of the force 
generating capacity was observed. This was paralleled by a sparing of my-
osin protein as well as transcriptional up-regulation of contractile proteins 
and muscle growth factors. This is in accordance with other studies that have 
shown that static passive stretching suppresses muscle wasting associated 
with disuse (166, 167). 

In addition, a reduced MuRF1 protein content was observed in response 
to passive mechanical loading. Coupled with the higher myosin content, this 
indicates that passive mechanical loading has a beneficial effects on prote-
olysis. 

As passive mechanical loading had shown beneficial effects in the rodent 
ICU model, a similar approach was taken in ICU patients. Seven ICU pa-
tients were subjected to unilateral passive mechanical loading for 2.5 hours, 
4 times per day during 9 ± 1 days. Although it was not sufficient to counter-
act muscle atrophy, muscle fibre function was increased by 35%. This dis-
crepancy between the experimental model and the clinical study may be 
explained by background heterogeneities in patients compared with 
animal models, the influence of underlying disease in the ICU patients, 
species- and age-related differences, the delayed monitoring of muscle mass 
in ICU patients due to delays in obtaining informed signed consents. 

The beneficial effect of passive mechanical loading on alleviating the 
muscle atrophy in sedated, pharmacologically paralyzed and mechanically 
ventilated rats together with the improvement in muscle function seen in 
both the experimental rat model and the ICU patients support the importance 
of early physical mobility therapy in deeply sedated and mechanically venti-
lated ICU patients, resulting in shortening of ventilator days and ICU stay, as 
well as reducing the financial costs and enhancing patients prognosis and 
quality of life of survivors (143, 168, 169). 

Passive mechanical loading reduces the oxidative stress 
associated with mechanical silencing (II) 
During disuse conditions, an increase in ROS and RNS has been reported 
and evidences suggest that they play a role in muscle atrophy. Under a 
physiological conditions, ROS and RNS control several signalling events 
such as NF-KB, MAPKs and FoxO, and are needed for muscle contractions. 
However, an imbalance between oxidant and antioxidants lead to an oxida-
tive stress which can be detrimental to cells and results in muscle atrophy 
(170). We investigated the impact of passive mechanical loading on carbonyl 



 36 

levels in the rat ICU model. Carbonylation is a common marker of oxidative 
stress since it is an irreversible reaction and carbonyls are quite stable (70, 
171). Results showed that protein carbonyl levels increase due to the ICU 
intervention after 9 to 14 days. However, on the loaded side, protein carbon-
yls levels remained unchanged coupled with a decrease of genes involved in  
the oxidative stress response. In addition, the oxidative stress response was 
also examined by quantifying the calcium sensitive chaperone GRP94 pro-
tein content. GRP94 over expression has been shown to protect against oxi-
dative stress as well as apoptosis induced by ischemia and ER-stress (172, 
173). GRP94 protein content decreased on both sides during 6h to 4 days but 
was followed by a high increase on the loaded side from 5 to 8 days com-
pared with the unloaded side. Taken together, these results indicate that 1) 
passive loading has a protective role against the oxidative stress associated 
with the ICU condition; 2) it remains unknown whether oxidative stress 
plays a key role in the early degradation of myosin protein and thus it should 
be addressed in future studies.  

ICU condition induces specific myosin post-
translational modifications (III) 
As passive mechanical loading resulted in an increase in fibre contractility 
but did not affect myosin loss, it was hypothesized that passive loading al-
tered protein quality and thus, induced MyHC post-translational modifica-
tions (PTMs). However, mass-spectrometry analysis did not detect any spe-
cific MyHC PTMs associated with passive loading in ICU patients. Other 
sarcomeric proteins could be affected by loading and explained the differ-
ence in contractibility as it has been shown that modifications of actin, 
MyLC or tropomyosin could result in an impaired muscle function (174, 
175). 

Mass-spectrometry analysis revealed specific PTMs in immobilized, se-
dated and mechanically ventilated ICU patients, which were absent in 
healthy controls. Almost all the new modifications were located deep in the 
motor domain of the myosin, a region less prone to oxidative modifications 
due to its structure and the presence of hydrophobic domains (176); there-
fore, PTMs in the myosin motor domain may be a sign of acute oxidative 
stress. We speculated that nNOS plays a role in these modifications as three 
out of the five new PTMs were deamidations and it is known that nitrite 
anions can induce the deamidation of proteins (177). nNOS generates NO 
that produces peroxynitrite (ONO2

-), a reactive oxidant and nitrating agent 
that is tightly regulated under physiological conditions but under acute oxi-
dative stress has detrimental effects (178). Results showed an increase of 
nNOS levels (an indicator of NO activity) and a shift from the sarcolemma 



 37

to the cytoplasm. This dislocation has also been reported during muscle at-
rophy caused by hind-limb suspension or amyotrophic lateral sclerosis (179, 
180), demonstrating that cytoplasmic nNOS produces NO and up-regulates 
MuRF1 and atrogin1 via FoxO3 (180). In conclusion, nNOS has arisen as a 
key factor underlying the specific myosin PTMs induced by mechanical 
silencing. These new PTMs may affect the regulation of contraction and lead 
to muscle proteolysis (103, 181). 

Controlled mechanical ventilation causes early 
contractile dysfunction in the diaphragm (IV) 
An increasing number of studies indicate that prolonged CMV is a key factor 
triggering the impairment in diaphragm muscle function (152, 182-187). To 
date, however, clinical and experimental studies have primarily focused on 
the early effects of CMV (182-184), or at specific time points (152, 186, 
187). In an attempt to unravel the underlying mechanisms, a temporal analy-
sis of diaphragm muscle was performed using the rat ICU model. 

In accordance with previous studies (174, 182-184), the force generation 
capacity of individual diaphragm muscle fibres was impaired after early 
exposure to CMV. However, during the initial 4 days of mechanical ventila-
tion, single fibre size was maintained in accordance with our previous obser-
vations in the diaphragm muscle fibres in a porcine experimental ICU 
model, i.e., pigs exposed to sedation and mechanical ventilation for five days 
alone or in combination with neuromuscular blockade, sepsis and/or sepsis 
(174).  In other studies, on the other hand, severe atrophy has been reported 
in response to a very short duration of mechanical ventilation in both ex-
perimental and clinical studies (184, 188, 189). The discrepancy between the 
results may be due to other confounding factors beside mechanical ventila-
tions when commercially available ventilators are used even at durations 
shorter than 24 hours. 

Diaphragm atrophy differs from the one observed in 
limb muscles (IV) 
In contrast to our previous observations in limb muscles where both fibre 
size and specific force was maintained in the 0.25 to 4 day group (190), dia-
phragm fibre specific force was impaired after early exposure to CMV. Sur-
prisingly, myosin:actin ratio remained unchanged during the whole duration 
of the experiment and myosin protein content decreased slightly in a linear 
manner over time indicating that actin proteolysis occurs and is not specific 
to myosin in the diaphragm muscle in contrast to limb muscles (190). Those 
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results are in accordance with a recent study which reported MyHC and actin 
degradation in brain dead organ donors following 18 to 72 hours of CMV 
(191). Nevertheless, the contractile protein proteolysis does not correlate 
with the dramatic decrease in force generating capacity suggesting that pro-
tein degradation alone is not responsible for the impaired force production. 
One possible mechanism behind the significant loss of muscle function 
could be sarcomeric protein PTMs induced by CMV as it has been shown 
that PTMs could affect muscle fibre function (192, 193).  

Moreover, at the gene level, myosin and actin expression remained un-
changed until 9 to 14 days of exposure to CMV contrary to our previous 
observations in limb muscles where dramatic decreases of myosin and actin 
mRNA expression were observed early during exposure and remained de-
pressed at long durations (190) demonstrating a significant difference in the 
transcriptional regulation of contractile proteins between diaphragm and 
limb muscles. 

Mechanical ventilation induces a severe oxidative stress 
(IV) 
CMV has been repeatedly shown to induce oxidative stress and ROS produc-
tion (184, 194, 195). In accordance with those studies, we observed an in-
creased amount of protein carbonyls after early exposure to CMV and re-
mained elevated until 8 days. It is suggested that the myosin degradation is a 
response to an early oxidative stress via a MuRF1 dependent ubiquitylation 
process which in part explains the impaired force producing capacity, while 
the activation of the calpains and lysosomal pathways are caused by a 
maintained oxidative stress and accumulation of ROS leading to a reduced 
CSA. Abnormal ROS levels result in mitochondrial dysfunction (196, 197) 
that may lead to intrinsic apoptosis and activation of the proteasome pathway 
(198). A recent study showed that treating rats with the antioxidant Trolox 
before and during exposure to 12 hours of CMV prevented oxidative damage 
to the diaphragm as well as the activation of caspases-3 and calpains which 
supports such hypothesis (195).  
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Conclusions 

This study has investigated the mechanisms of AQM and shown that the 
ICU condition per se, i.e., immobilisation, sedation and mechanical ventila-
tion induces severe muscle atrophy, a dramatic decrease in muscle fibre 
force generating capacity and preferential myosin loss, features which are 
similar to what is observed in ICU patients with AQM. In addition, complete 
mechanical silencing of the muscle (absence of external and internal strain), 
due to pharmacological paralysis and sedation is forwarded as a major player 
in triggering AQM. Time-resolved analysis showed an early and maintained 
up-regulation (6h-14d) of MuRF1 at the protein level, identifying the ubiq-
uitin proteasome pathway as a major player in the specific myosin degrada-
tion associated with AQM. 

Further investigation of the localization of MuRFs revealed that in addition 
to the up-regulation at the protein level, a translocation from the cytoplasm 
to the nucleus occurred, indicating their role in the transcriptional down-
regulation of sarcomeric proteins. Thus, MuRFs are good candidates for 
pharmacological treatment and blocking either their activation or transloca-
tion could delay the development of AQM. 

In ICU patients we observed an increased expression of nNOS coupled with 
a cytoplasmic translocation. While nNOS cytoplasmic translocation has been 
reported to trigger atrophy through MuRFs activation (180), in our study we 
could not determine whether it was the cause of the muscle atrophy or a con-
sequence and thus further studies are still needed. 

Passive mechanical loading resulted in a significant positive effect on mus-
cle wasting and function in the rodent ICU model. It also decreased the 
amount of myosin protein lost in the slow twitch soleus muscle as well as 
MuRF1 protein content. On the other hand, in immobilized, sedated and 
mechanically ventilated ICU patients, while we also observed a positive 
effect on muscle function, passive mechanical loading did not affect muscle 
wasting. Nevertheless, those results support the use of early physical therapy 
among immobilized ICU patients. 

The lack of preferential myosin loss and early oxidative stress observed in 
the diaphragm in response to CMV and immobilisation differs dramatically 
to what is occurring in limb muscles. This underlines muscle type differ-
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ences in the mechanism behind the loss of muscle function associated with 
the ICU condition. This knowledge will have to be taken into account when 
designing intervention strategies to alleviate the muscle wasting and weak-
ness that is found in mechanically ventilated and immobilized ICU patients. 
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