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Abstract To analyse mechanisms of muscle wasting in
intensive care unit patients, we developed an experimental
model where rats were pharmacologically paralysed by
post-synaptic block of neuromuscular transmission (NMB)
and mechanically ventilated for 9±2 days. Specific interest
was focused on the effects on protein and mRNA
expression of sarcomeric proteins, i.e., myosin heavy chain
(MyHC), actin, myosin-binding protein C (MyBP-C) and
myosin-binding protein H (MyBP-H) in fast- and slow-
twitch limb, respiratory and masticatory muscles. Muscle-
specific differences were observed in response to NMB at
both the protein and mRNA levels. At the protein level, a
decreased MyHC-to-actin ratio was observed in all muscles
excluding the diaphragm, whereas at the mRNA level a
decreased expression of the dominating MyHC isoform(s)
was observed in the hind limb and intercostal muscles, but
not in the diaphragm and masseter muscles. MyBP-C
mRNA expression was decreased in the limb muscles, but

it otherwise remained unaffected. MyBP-H conversely
increased in all muscles. Furthermore, we found myofibrillar
protein and mRNA expression to be affected differently
when comparing NMB animals with peripherally denervated
(DEN) ambulatory rats. We report that NMB has both a
larger and different impact on muscle, at the protein and
mRNA levels, than DEN has.
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Introduction

Over the past decades, the treatment of critically ill intensive
care unit (ICU) patients has improved dramatically, resulting
in a significantly better survival rate. However, a follow-up
study on critical illness survivors reported persistent muscle
weakness and fatigue in all survivors [17], naming neuro-
muscular abnormalities as the dominant cause of the reduced
health-related quality of life in critically ill ICU survivors.
Because the pathophysiology of post-ICU disability remains
unknown, there is a need for research on the mechanisms
underlying muscle wasting and the consequent motor
handicap [24].

Several different rodent models such as peripheral
denervation [5, 32], immobilisation by casting [3, 11] and
unloading by hind limb by suspension [4, 11, 48] have been
used to study muscle wasting. Although these methods all
successfully induce muscle atrophy, they each do so via
different effects on muscle structure and function and have
different underlying cellular mechanisms. These differences
are especially consequential, given evidence that the muscle
wasting in ICU patients is anatomically specific. For
example, the severe muscle wasting and muscle paralysis
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associated with a preferential loss of the motor protein
myosin, as in acute quadriplegic myopathy (AQM), affect
primarily spinal nerve innervated muscles, while cranial
nerve innervated muscles are spared or less affected [29].
This loss of myosin is associated with a down-regulation of
protein synthesis at the transcriptional level and enhanced
myofibrillar protein degradation [7, 8, 16, 39, 46]. Because
the traditional atrophy models do not realistically approxi-
mate the actual treatment environment of ICU patients, i.e.,
mechanical ventilation and immobilisation by post-synaptic
pharmacological blockade, they may not adequately emulate
the clinical syndrome. An experimental animal preparation
that accurately models the clinical state of ICU patients
would provide a vehicle for the analysis of mechanisms and
pre-clinical evaluation of therapeutic interventions. We
propose that the experimental animal model developed by
Dworkin et al. [10] is such a preparation, which mimics the
muscle unloading in ICU patients by long-term post-synaptic
pharmacological block of neuromuscular transmission and
mechanical ventilation.

We will show evidence for dramatic muscle-specific
changes in myofibrillar mRNA and protein expression in
response to prolonged post-synaptic block of neuromuscu-
lar transmission block. Furthermore, quantitative and
qualitative differences in myofibrillar mRNA and protein
expression were observed between the rat ICU and
peripheral denervation models of muscle wasting (1 to
2 weeks of NMB, muscle unloading and mechanical ven-
tilation, were typically more pronounced than 3 weeks of
peripheral denervation).

Materials and methods

Animals

Thirteen (306±34 g) female Sprague–Dawley rats were
included in this study, i.e., five animals in the experimental
group and eight in the control group. The experimental rats
were anesthetised, pharmacologically paralysed and mechan-
ically ventilated for 7–13 (9±2) days. The experiments were
terminated due to failure of electrodes, which resulted in
variable experimental durations, and the animals were
euthanised while sedated. In no case did animals show any
signs of infections or septicaemia. In a previous study, we
analysed the effects of 21 days of peripheral unilateral
denervation on the morphological properties of skeletal
muscle in young, adult and old male Wistar rats [2]. In that
study, unilaterally denervated soleus and extensor digitorum
longus (EDL) muscles were analysed 3 weeks after
denervation, together with contralateral control muscles from
six young (5 months, 414±21 g) animals. The muscle tissue
from the denervation study was included and all muscles

from neuromuscular blocked (NMB) and denervated (DEN)
rats have been analysed in an identical way. The Institutional
Animal Care and Use Committee at the Pennsylvania State
University College of Medicine and the Ethical Committee
at the Karolinska Institute approved all aspects of this
study.

The mechanically ventilated, with the central nervous
system intact, NMB rats were individually and carefully
maintained with the use of monitoring, life support and
analgesic protocols as stringent as those that are accepted
for the critical care of human adults and infants [10]. All
actual surgery or physical manipulation were done under
precisely controlled and carefully monitored deep (>1.5%)
isoflurane anaesthesia, and adequate amounts of amino
acids were given to maintain a positive nitrogen balance.
The NMB rats were studied one at a time and attended
round the clock. To induce neuromuscular blockade, the
animals were treated with an initial intra-arterial injection of
100 μg α-cobratoxin, followed by continuous infusion at
60 μg/day. In addition, the experimental method and
procedures developed by Dworkin et al. [10], which have
been presented in detail elsewhere, were followed and an
overview of the treatment of NMB animals is given in
Table 1. Eight age-, gender- and strain-matched animals
were used as controls. The rats were euthanised with a 1-ml
intravenous air bolus, and the soleus, EDL, tibialis anterior
(TA), intercostal (frontal half from the tenth intercostal
space), frontal half of the diaphragm and the superficial part
of the masseter muscles were dissected bilaterally. The
same muscles were collected from controls.

In a previous study, the sciatic nerve was cut unilaterally
in the proximal part of the hind limb, approximately a 15- to
20-mm-long section of the nerve was removed and the soleus
and EDL were collected on both the DEN and contralateral
(DEN control) sides 3 weeks after denervation [2].

All muscles in NMB, control, DEN and DEN control rats
were collected immediately after euthanasia, quickly frozen
in Freon, isopentane or propane cooled by liquid nitrogen
and stored at −80°C for further analyses. The analyses of all
muscle tissues took place simultaneously. The soleus, EDL
and TA muscles were weighed upon dissection.

Enzyme histochemistry

The frozen samples were cut at their greatest girth
perpendicular to the longitudinal axis of muscle fibres into
10-μm-thick cross-sections with a cryotome (2800 Frigocut
E, Reichert-Jung, Heildelberg, Germany) at −20°C. The
muscle fibres in the cross-sections were stained for myofi-
brillar ATPase after alkaline (2.253 g glycine, 2.4 g CaCl2,
1.755 g NaCl and 300 ml distilled H2O) and acid pre-
incubations (3.90 g Na–acetate, 3.7 g KCl and 500 ml
distilled H2O), NADH (3.2 mg NADH, 8.0 mg NBT, 2.0 ml
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MOPS solution and 8.0 ml distilled H2O) and haematoxylin
and eosin. The fibres were classified according to the pH
sensitivity of the myofibrillar ATPase, type I ATPase fibres
being those with acid stable ATPase (after pre-incubation at
pH 4.3) and with alkali-labile ATPase (after pre-incubation at
pH 10.3) and type II ATPase fibres being those showing the
reverse pH sensitivity. Type II ATPase fibres were further
subdivided into types IIA and IIB ATPase fibres, the former
being inhibited at pH 4.5. Type IIA fibres express MyHCIIa
and type IIB fibres express MyHCIIb, MyHCIIx or a
combination of MyHCIIx and MyHCIIb [28]. The cross-
sectional area of each muscle fibre type was measured
semi-automatically on the mATPase stained section
(pH 4.5) with the aid of a digitising unit connected to a
microcomputer (Videoplan, Kontron Bildanalyse, Munich,
Germany).

Myofibrillar protein separations

For measuring the relative contents of myosin heavy chain
(MyHC) and actin in muscle specimens and for calculating
the myosin isoform composition, two 10-μm cross-sections
of each muscle were dissolved in urea buffer (120 g urea,
38 g thiourea, 70 ml H2O, 25 g mixed bed resin, 2.89 g
dithiothreitol, 1.51 g Trizma base, 7.5 g sodium dodecyl

sulfate (SDS) and 0.004% bromophenol blue) and a volume
of 4 μl was loaded on 6 and 12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). The total
acrylamide and Bis concentrations were 4% in the stacking
gel and 6 and 12% in the running gel, for the respective
gels. The gel matrix included 30 and 10% glycerol in the 6
and 12% SDS-PAGE, respectively, as described previously
[30]. In brief, electrophoresis was performed at a constant
current of 16 mA for 5 h with a Tris–glycine electrode
buffer (pH 8.3) at 15°C (SE 600 vertical slab gel unit,
Hoefer Scientific Instruments, San Francisco, CA, USA).

The 12% gels were stained with Coomassie blue (0.5 g
brilliant blue, 225 ml MeOH, 225 ml distilled H2O and 50 ml
acetic acid), as this staining shows high reproducibility and
the ability to penetrate the gel and stain all proteins present,
i.e., allowing accurate quantitative protein analyses. Separat-
ing gels for 6% SDS-PAGE were silver-stained, due to high
sensitivity [13]. All gels were subsequently scanned in a soft
laser densitometer (Molecular Dynamics, Sunnyvale, CA,
USA) with a high spatial resolution (50 μm pixel spacing)
and 4,096 optical density levels to determine the relative
contents of MyHC isoforms. The volume integration function
was used to quantify the amount of protein on 12 and 6%
gels (ImageQuant TL Software v. 2003.01, Amersham
Biosciences, Uppsala, Sweden).

Table 1 Neuromuscular blocked animals

Animal Duration of
mechanical
ventilation
(days)

Pre-
Experiment
Body
weight (g)

Post-
Experiment
Body
weight (g)

NMB CS Antibiotics Nutrition

1 7 329 – α-Cobratoxin
(60 μg/day)

Hydrocortisone
sulfate (16 mg/kg)

Tobramycin sulfate
(4.5 mg/kg); oxacillin
sodium (150 mg/kg);
ticarcillin disodium

Ringers, H2O,
glucose, K+,
canrenoate

2 8 394 303 α-Cobratoxin
(60 μg/day)

Hydrocortisone sulfate
(16 mg/kg); 10 mg
intravenously
administered
over days 5–8

Tobramycin sulfate
(4.5 mg/kg); oxacillin
sodium (150 mg/kg);
ticarcillin disodium

Ringers, H2O,
glucose, K+,
canrenoate

3 13 294 180 α-Cobratoxin
(60 μg/day)

Hydrocortisone sulfate
(16 mg/kg); 10 mg
intravenously
administered
over days 5–8

Tobramycin sulfate
(4.5 mg/kg); oxacillin
sodium (150 mg/kg);
ticarcillin disodium

Ringers, H2O,
glucose, K+,
canrenoate

4 9 263 190 α-Cobratoxin
(60 μg/day)

Hydrocortisone sulfate
(16 mg/kg)

Tobramycin sulfate
(4.5 mg/kg); oxacillin
sodium (150 mg/kg)

Ringers, H2O,
glucose, K+,
canrenoate

5 9 278 200 α-Cobratoxin
(60 μg/day)

Hydrocortisone sulfate
(16 mg/kg)

Tobramycin sulfate
(4.5 mg/kg); oxacillin
sodium (150 mg/kg)

Ringers, H2O,
glucose, K+,
canrenoate

Duration of mechanical ventilation, pharmacology and nutrition of NMB animals, including pre- and post-experiment body weight
CS Corticosteroids, NMB neuromuscular blocking agents
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Western blot

The samples were dissolved in urea buffer (120 g urea, 38 g
thiourea, 70 ml H2O, 25 g mixed bed resin, 2.89 g
dithiothreitol, 1.51 g Trizma base, 7.5 g SDS and 0.004%
bromophenol blue) and loaded onto a 12% SDS-PAGE (see
above). The proteins were transferred overnight at 250 mA
using a nitrocellulose membrane immersed in transfer
buffer (144 g glycine, 30 g tris base and 1 g SDS). The
membrane was stained with BLOT-fast stain (Geno
Technology, St. Louis, MO, USA) to ensure a good
transfer, and the remaining gel was stained to determine if
a sufficient amount of protein was transferred.

For detection of MyHC degradation, an immunoblot was
run using the membrane from the Western blot. Immuno-
blotting involved, first, blocking the membrane with
saturation buffer [4.44 g 50 mM Tris–HCl, pH 8.0 (25°C),
2.65 g Trizma base, 0.294 g 2 mM CaCl2, 4.967 g 85 mM
NaCl and 5% non-fat dry milk], followed by incubations
with the primary antibody (Rabbit anti-myosin 18-0074,
Zymed Laboratories, San Francisco, CA, USA) and the
secondary antibody (Biotinylated anti-rabbit IgG BA-1000,
Vector Laboratories, Burlingame, CA, USA), with intermit-
tent washing steps using the wash buffer [4.44 g 50 mM
Tris–HCl, pH 8.0 (25°C), 2.65 g Trizma base, 0.294 g 2 mM
CaCl2, 4.967 g 85 mM NaCl, 0.1% non-fat dry milk and
0.1% Tween 20]. The membrane was then incubated in
alkaline-phosphatase streptavidin buffer [6.35 g 50 mM
Tris–HCl, pH 7.5 (25°C), 1.18 g Trizma base, 8.76 g
150 mM NaCl and 0.1% Tween 20] and subsequently
developed using colour development buffer (NBT/BCIP,
12.11 g 100 mM Tris, pH 9.5). The membrane was scanned
using a soft laser densitometer (Molecular Dynamics,
Sunnyvale, CA, USA).

RNA purification

The RNA for quantitative real-time polymerase chain
reaction (RT-PCR) was extracted from frozen muscle tissue
(10–30 mg) using a Qiagen RNeasy® Mini Kit (Qiagen,
Valencia, CA, USA). Muscle tissue was homogenised using a
rotor homogeniser (Eurostar Digital, IKA-Werke). QIAshred-
der™ columns (Qiagen, Valencia, CA, USA) were used to
disrupt DNA. Total RNA was eluted from RNeasy® Mini
columns with 30 μl of RNase-free water. The RNA con-
centrations were then quantified using the fluorescent nucleic
acid stain, Ribogreen® (Molecular Probes, Eugene, OR,
USA), on a Hitachi F-4000 fluorescence spectrophotometer.

cDNA preparation

cDNAwas prepared using Ready-To-Go™ You-Prime First-
Strand-Beads (Amersham Biosciences, Uppsala, Sweden)

according to the instructions from the manufacturer. Total
RNA (100 ng) was used to synthesise cDNA, using
0.66 μg random hexamers (Amersham Biosciences,
Uppsala, Sweden) and 0.5 μg oligo-dT primers (Amersham
Biosciences, Uppsala, Sweden). The cDNAwas diluted to a
volume of 100 μl and stored at −80°C until quantification
by real-time PCR.

Quantitative real-time PCR

Real-time PCR was used to quantify the mRNA levels for rat
MyHCs (types I, IIa, IIx and IIb), skeletal α-actin, myosin-
binding protein C (MyBP-C) and myosin-binding protein H
(MyBP-H) (GenBank accession numbers X15939, L13606,
AF157005, L24897, NM_019212, X90475 and BC061993,
respectively). Taqman primers and probes were designed
using the software Primer Express® (Applied Biosystems,
Foster City, CA, USA). The sequences for primers and
probes are listed in Table 2. The probes, labelled with FAM
(N-(3-fluoranthyl)maleimide), and primers were purchased
from Thermo Electron (Thermo Electron, Ulm, Germany).
All primers and probes were purified by high-performance
liquid chromatography. SYBR Green (1988123, Roche
Diagnostics, Germany) was used for detection of MyBP-H
and MyBP-C, as well as for 18S when it was used as an
internal standard for MyBP-H and MyBP-C.

Real-time PCR was run using the sequence detection
system, ABI PRISM® 7700 (Applied Biosystems, Foster
City, CA, USA). The AmpliTaq Gold DNA polymerase was
heat-activated at 95°C for 10 min, followed by 40 cycles of a
two-step PCR with denaturation at 95°C for 15 sec and a
combined annealing and extension step at 60°C for 1 min.
The PCR was performed in a volume of 25 μl, which
included 0.4 μM of each primer and 0.2 μM of probe. When
optimising each PCR, the PCR products were run on 2%
agarose gels to ensure that primer-dimer formation was not
occurring. Only one product of expected size was detected in
all cases. Each sample was run in triplicates. With each PCR
run, a standard cDNA was included in triplicates of three
concentrations comprising a standard curve. A control
sample was used for the standard. Finally, the negative
controls without cDNA were included on each plate.

Analysis of RT-PCR data

Sequence detection software 1.6.3 (Applied Biosystems,
Foster City, CA, USA) was used to analyse the raw real-
time PCR data. The threshold cycle (CT) data acquired from
the real-time PCR run was related to the standard curve to
obtain the starting quantity (SQ) of the template cDNA for
each sample. Each sample in a triplicate had to be within
0.5 CT of each other to be included in the analysis. The
triplicates of each sample were averaged and the SQ of the
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sample was related to the triplicate average of the internal
standard, 18S (GenBank accession number AF102857).
The sequences for 18S primers and probes are listed in
Table 2. The ribosomal RNA 18S was chosen as an internal
standard, as it was not affected by the experiment. The
standard curves for both the gene of interest and 18S were
included on each plate. To be accepted, the slopes of the
standard curves had to be between −3.0 and −3.5 and were
not allowed to differ by more than 5%. The values of the
samples, related to the standard, were then analysed.

As the development of primers and probes, for use in
real-time PCR, for all MyHC isoforms was not possible, an
alternative calculation was used to determine total MyHC
mRNA. The percentage of myosin isoform, as determined
from 6% SDS-PAGE (Table 4), which was silver-stained
and scanned using a soft laser densitometer (see above),
was related to its corresponding mRNA expression. For
example, if the MyHCIIa isoform comprised 33% of the
total MyHC protein, as determined by 6% SDS-PAGE, the
mRNA starting quantity value for MyHCIIa was calculated
to comprise 33% of total MyHC mRNA. The total MyHC
mRNA was also used when calculating the MyHC-to-actin
mRNA ratios. This method was decided upon based on
reports that the mRNA signals in skeletal muscles change in
parallel, in relative intensity, with the MyHC protein
expression pattern [15, 31, 49].

Statistics

The mean and standard deviation (SD) of means were
calculated by standard procedures. When comparing two
groups (i.e., NMB vs control, diaphragm and masseter
analysis), an unpaired Student’s t test was used when
appropriate. When the normality test failed, the non-
parametric Mann–Whitney rank sum test was used. One-

way analysis of variance (ANOVA) was used to compare
all four groups (i.e., NMB, control, DEN and DEN
contralateral control). When the normality test failed, a
one-way ANOVA on ranks, i.e., Kruskal–Wallis one-way
ANOVA, was used. Two-way ANOVA was performed to
compare the interaction between the type of treatment, i.e.,
NMB vs DEN, and type of muscle, i.e., EDL vs soleus. A
Tukey’s post hoc contrast was performed to determine the
means that were different at the significance level of
p<0.05; when normality failed, Dunn’s post hoc was used.
The values were excluded if they varied more than two
standard deviations from the mean. The differences were
considered significant at p<0.05.

Results

Muscle mass and muscle fibre size

There was no difference in body weight between control
and pre-experiment NMB rats. Nine (9±2) days of blocked
neuromuscular transmission and muscle unloading resulted
in a 28% decrease in body weight ( p<0.001, 210±50 vs
290±40 g). The decreased body weight was paralleled by a
41, 25 and 35% decrease in muscle weights in the soleus
( p<0.001, 79±17 vs 122±18 mg), EDL ( p<0.01, 97±21 vs
127±19 mg) and TA ( p<0.01, 369±66 vs 569±22 mg),
respectively. The decreased muscle weight was accompa-
nied by a decrease in muscle fibre size. In the slow-twitch
soleus, type I and IIA muscle fibre size was 44 and 46%
smaller ( p<0.001) than in controls. In the EDL, the average
cross-sectional area of type I, IIA and IIB fibres were 37,
22 and 36% smaller than in the controls, respectively, but
statistically significant differences were restricted to type
IIB ( p<0.01) and type I ( p<0.01) fibres (Fig. 1; Table 3).

Table 2 RT-PCR primers and probes

Gene Forward primer Probe Reverse primer Product length

MyHCIIa GGCCAGAGTGCGTGAACTG AGGGTGAGGTAGAGAGTGAG
CAGAAGCGG

AAGCCCTTTGACAGCCTCAA 73

MyHCIIb GAGCTTGAAAACGAGG
TGGAAA

TGAACAGAAGCGCAACATT
GAAGCT

TGCTTGCGAAGACCCTTGA 68

MyHCIIx TCGCCGAGTCCCAGGTC ACAAGCTGCGGGTGAAG
AGCCG

CGCTTATGATTTTGGTGTGAACC 66

MyHCTypeI CTGCGATGCAACGGAGTG AGGGTATCCGCATCTGTAGG
AAGGGCTT

GCCGGAAGTCCCCATAAAGA 82

α-Actin AGGTCATCACCATCGGCAAT AGCGCTTCCGTTGCCCGGA AAGGAAGGCTGGAAGAGCGT 61
MyBP-C GGCGTGCCTCCAAACATAAT SYBR Green ATTCCTCCGGATTGCTTGACT 64
MyBP-H ACCTCATCATTGGCAACTCGTA SYBR Green CACTGAGGCCACACAGGTTTT 63
18S GTGCATGGCCGTTCTTAGTTG TGGAGCGATTTGTCTGGTTAA

TTCCGATAAC or SYBR Green
AGCATGCCGAGAGTCTCGTT 74
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The lack of a statistically significant difference in the type
IIA fibres is, at least in part, due to the smaller number of
this fibre type. A methodological error related to a non-
perpendicular cut of the muscle appears less likely as
significant differences in the smaller diameter of type I
( p<0.001, 22±1 vs 28±2 μm) and type IIB ( p<0.01, 28±3 vs
36±4 μm) fibres were observed between NMB rats and

controls, while the smaller type IIA fibre diameter appeared to
decrease but failed to reach the level of statistical significance
( p=n.s., 31±4 vs 37±8 μm).

Myofibrillar protein and mRNA expression

In NMB rats, myosin–actin protein ratios were significantly
lower in the EDL ( p<0.001), soleus ( p<0.001), intercostal
( p<0.001) and masseter muscles ( p<0.01) than in controls,
but there was no significant difference in the diaphragm
(Fig. 2a). Immunoblots did not detect any consistent
proteolytic myosin bands in any of the hind limb,
respiratory or masticatory muscles after 9 days NMB or in
control animals (data not shown).

In the fast-twitch EDL, MyHC protein isoform expres-
sion differed significantly between NMB animals and
controls, i.e., a 27% higher ( p<0.05) proportion of
MyHCIIa was observed in the NMB rats indicating a type
MyHCIIb→MyHCIIx→MyHCIIa isoform transition in

Table 3 Cross-sectional area (μm2) of type I and type II fibres
measured on mATPase stained sections after acid preincubation (pH 4.5)

Muscle
section

Animal I IIA IIB

EDL Control 860±80 1,480±650 1,410±300
NMB 570±30** 1,130±280 870±160**

Soleus Control 2,420±360 1,620±200 –
NMB 1,360±180*** 880±160*** –

**p<0.01; ***p<0.001 (significance vs control group)

Fig. 1 Enzyme histochemistry
of muscle biopsy cross-sections.
Enzyme histochemical myofi-
brillar ATPase, pH 4.5, staining
of control, DEN and NMB
soleus (a–c) and EDL (d–f)
muscles, respectively. Bar,
200 μm
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response to NMB and unloading (Table 4). This is
supported by the lower ( p<0.01–0.001) MyHCIIx and
MyHCIIb mRNA levels in NMB than in control animals
(Table 5). In the slow-twitch soleus, there was no significant
change in MyHC isoform protein expression between NMB

and controls. However, MyHCI mRNA expression was
lower ( p<0.001) and a trend ( p<0.1) towards decreased
mRNA expression was seen for MyHCIIa (Table 5). Thus, a
significant decrease in myosin mRNA expression was
observed in the myosin isoforms dominating both the fast-
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Fig. 2 Myosin–actin ratios.
Myosin–actin ratios for the
EDL, soleus, diaphragm, inter-
costal and masseter muscles
for a protein levels, as deter-
mined by 12% SDS-PAGE,
and b mRNA levels, as deter-
mined by real-time PCR, of
control (filled bar), NMB (open
bar), DEN control (grey bar)
and DEN (hashed bar).
*p<0.05; ***p<0.001 (statisti-
cally significant differences
between experimental groups
and controls)
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twitch EDL and the slow-twitch soleus in response to 9 days
NMB and unloading.

In respiratory and masticatory muscles, MyHC protein
isoform expression did not differ between NMB animals
and controls (Table 4). At the mRNA level, the three
muscles were affected differently by the intervention. In the
intercostal muscles, a significant decline ( p<0.05–0.001)
was observed for all MyHC isoforms (Table 5). In the other
respiratory muscle, the diaphragm, a lower ( p<0.01)
MyHCI mRNA expression was observed in the NMB
animals than in controls, but only a trend ( p<0.1) towards a
lower mRNA level was observed for the dominating
MyHCIIx isoform, while no change for the MyHCIIa

isoform was found (Table 5). In the masseter, no significant
differences were seen for either MyHCIIx or MyHCIIb,
although there was a trend ( p<0.1) toward a lower
MyHCIIx mRNA expression in the NMB rats than in the
controls (Table 5).

Skeletal muscle α-actin mRNA expression was lower
( p<0.05–0.001) in NMB animals than in controls for all
muscles, although the masseter and intercostal muscles
appeared to be less affected than the limb muscles (Table 5).
The mRNA levels of the myosin-associated protein MyBP-
C was lower ( p<0.01–0.001) in the limb muscles but not in
the respiratory or masticatory muscles (Table 5). In contrast
to the other myofibrillar proteins, the mRNA levels of the

Table 4 Myosin isoform composition as determined by 6% SDS-PAGE for neuromuscular blocked and control animals in the extensor digitorum
longus, soleus, intercostal, diaphragm and masseter muscles

Muscle section Animal I IIa IIx IIb

EDL NMB <1 27±8* 45±13 32±9
Control <1 0 57±12 43±13

Soleus NMB 86±12 13±11 – –
Control 93±5 7±5 – –

Intercostal NMB 3±0 8±4 50±11 39±19
Control 4±3 15±9 56±13 26±14

Diaphragm NMB 25±12 34±5 42±10 –
Control 27±4 32±3 41±7 –

Masseter NMB – – 54±30 46±30
Control – – 59±41 51±39

Values are percentage±standard deviation
*p<0.05 (significance of NMB vs control group)

Table 5 Starting quantity of mRNA values for pharmacologically neuromuscular blocked, control, denervated and DEN contralateral control rats
in the extensor digitorum longus, soleus, diaphragm, intercostal and masseter muscles

Muscle
section

Animal MyHCI MyHCIIa MyHCIIx MyHCIIb α-Actin MyBP-C

EDL NMB – 0.04±0.04 (n=5) 0.3±0.2*** (n=5) 0.3±0.2** (n=5) 0.3±0.1*** (n=5) 0.7±0.2** (n=5)
Control – 0.2±0.2 (n=8) 1.0±0.3 (n=8) 2.0±0.9 (n=8) 0.8±0.2 (n=8) 1.2±0.3 (n=8)
DEN – 0.02±0.03 (n=6) 0.5±0.1** (n=4) 0.7±0.3** (n=5) 0.2±0*** (n=5) 0.6±0.2*** (n=6)
DEN
Control

– 0.5±0.4 (n=6) 1.3±0.3 (n=6) 2.0±1.0 (n=6) 1.0±0.4 (n=6) 1.8±0.3 (n=6)

Soleus NMB 0.1±0.1*** (n=5) 0.1±0.2 (n=5) – – 0.1±0** (n=5) 0.5±0.3** (n=5)
Control 0.9±0.2 (n=8) 0.4±0.2 (n=8) – – 0.4±0.3 (n=8) 1.0±0.1 (n=8)
DEN 0.4±0.2** (n=6) 0.1±0.1 (n=6) – – 0.1±0*** (n=6) 0.5±0.2*** (n=6)
DEN
Control

1.1±0.2 (n=6) 0.1±0.1 (n=6) – – 0.5±0.1 (n=6) 1.3±0.2 (n=6)

Diaphragm NMB 0.2±0.2** (n=5) 0.7±0.5 (n=5) 0.8±0.4 (n=5) – 0.3±0.1*** (n=5) 0.7±0.4 (n=5)
Control 0.7±0.3 (n=8) 0.8±0.3 (n=8) 1.4±0.7 (n=8) – 0.6±0.1 (n=8) 1.0±0.2 (n=7)

Intercostal NMB 0.3±0.4*** (n=5) 0.2±0.3* (n=5) 0.2±0.1*** (n=5) 0.1±0.1** (n=5) 0.2±0.2* (n=5) 1.8±2.0 (n=5)
Control 1.1±0.4 (n=6) 0.6±0.3 (n=6) 1.7±0.1 (n=6) 0.6±0.4 (n=6) 0.5±0.2 (n=6) 1.7±2.3 (n=6)

Masseter NMB – – 0.4±0.3 (n=5) 0.4±0.3 (n=5) 0.4±0.3* (n=5) 1.8±0.5 (n=5)
Control – – 1.1±0.7 (n=8) 0.5±0.3 (n=8) 0.8±0.3 (n=8) 1.4±0.5 (n=8)

If the gene was not present or comprised an insignificant amount of protein expression in the muscle, as determined by 6% SDS-PAGE,
measurement was not performed. The values are SQ±standard deviation
*p<0.05; **p<0.01; ***p<0.001 (significance of NMB vs control group or DEN vs DEN contralateral control)
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myosin-associated protein MyBP-H were dramatically
increased in response to NMB. That is, a 21-, 19-, 18-,
17- and 10-fold increase ( p<0.01–0.001) in MyBP-H
mRNA expression was observed in the EDL, soleus,
intercostal, masseter and diaphragm muscles, respectively,
in NMB animals compared with that in controls (Fig. 4).

Total myosin mRNA and myosin–actin mRNA ratios

Total MyHC mRNA expression was determined by weighing
the starting quantity mRNA value according to the percent-
age of the corresponding protein in the muscle as determined
by 6% SDS-PAGE (see “Materials and methods”). Using this
method, it was found that total myosin mRNA levels in the
EDL and soleus were lower ( p<0.01–0.001) in NMB
animals compared with that in controls. Total MyHC mRNA
also decreased in the diaphragm and intercostal ( p<0.01–
0.001) but did not decrease in the masseter muscle in the
NMB animals compared with that in controls (Fig. 3).

The myosin–actin mRNA ratios (Fig. 2b) were calculat-
ed by dividing the starting quantity for total MyHC (Fig. 3)
by the starting quantity for actin (Table 4). In NMB
animals, there was a trend ( p<0.1) towards lower myo-
sin–actin mRNA ratios than in controls for both the EDL
and soleus. In the intercostal and masseter muscles, there
was no significant difference in the myosin–actin mRNA
ratio between NMB and control animals. In the diaphragm,
on the other hand, the myosin–actin mRNA ratio was
higher ( p<0.05) in NMB animals than in controls (Fig. 2b),

possibly accounting for the lack of a decreased myosin–
actin protein ratio (Fig. 2a).

Effects of NMB vs peripheral denervation on limb muscle
myofibrillar protein and mRNA expression

Apart from a slight difference in EDL MyHCIIa mRNA
expression ( p<0.05, 0.2±0.2 vs 0.5±0.4), there was no
significant difference in MyHC mRNA and protein expres-
sion between NMB control and DEN contralateral control
soleus and EDL; thus, it was assumed that a comparison
between the two treatments would be adequate. In the DEN
animals, a decrease ( p<0.001) in MyHC-to-actin protein
ratio was observed in the soleus but not in the EDL
(Fig. 2a), in accordance with previous observations dem-
onstrating a muscle-type-specific effect of peripheral
denervation on the myosin–actin ratio [25]. In the NMB
animals, on the other hand, the decrease in myosin–actin
ratio was not restricted to a specific muscle type and a
significant decrease was observed in both the fast-twitch
EDL and the slow-twitch soleus. There were no signs of
myosin degradation on immunoblots after either 9 days
NMB or 21 days DEN in the EDL and soleus muscles (data
not shown).

At the mRNA level, the expression of the MyHC
isoforms dominating in the respective muscles was lower
in both NMB and DEN animals than in controls, although
the changes appeared to be more pronounced in NMB than
in DEN rats (Table 5). For example, the MyHCIIb mRNA
expression was twofold lower ( p<0.05) in the EDL muscles
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Fig. 3 Myosin mRNA expres-
sion. Expression of myosin
heavy chain mRNA in the EDL,
soleus, diaphragm, intercostal
and masseter muscles of control
(filled bar), NMB (open bar),
DEN control (grey bar) and
DEN (hashed bar). Myosin iso-
form data have been pooled for
a relative starting quantity
according to the “Materials and
methods” section. **p<0.01;
***p<0.001 (statistically signif-
icant differences vs controls)
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from NMB than from DEN animals and the MyHCI mRNA
levels were fourfold lower ( p<0.001) in the soleus. In the
NMB animals, the decreased MyHC-to-actin ratios in the
EDL and soleus at the protein levels were paralleled by a
similar decline ( p<0.05) at the mRNA level (Fig. 2),
suggesting that transcriptional regulation plays an important
role in the altered expression of thick and thin filament
proteins in response to NMB, unloading and mechanical
ventilation. On the other hand, in the DEN animals, the
changes in MyHC-to-actin protein and mRNA ratios were
dissociated in the slow-twitch soleus. That is, the lower
protein ratio in the soleus was accompanied by an increased
mRNA ratio, resulting in a difference ( p<0.001) in the
MyHC-to-actin mRNA ratio between NMB and DEN
animals (Fig. 2). Furthermore, significant interaction effects
( p<0.05) were observed between treatment (NMB vs DEN)
and muscle type in the two-way ANOVA. The outcome of
the type of treatment was dissimilar ( p<0.05–0.001) for
both the EDL and soleus muscles for mRNA MyHC-to-
actin ratios and significantly different ( p<0.001) in the
EDL for protein MyHC-to-actin ratios (Fig. 2). Thus, the
response of skeletal muscle to peripheral denervation and
NMB is different. In addition, the muscles were differen-
tially affected by the treatments. For example, peripheral
denervation affected the MyHC-to-actin ratio in the soleus
and EDL differently at both the protein ( p<0.001) and
mRNA level ( p<0.01). NMB, on the other hand, affected
the soleus and EDL protein and mRNA MyHC-to-actin
ratios similarly, that is, they decreased to a comparable
extent (Fig. 2), suggesting that similar mechanisms are

responsible for the decreased MyHC-to-actin ratio in fast-
and slow-twitch muscles. In contrast, actin and the two
myosin-associated proteins (MyBP-C and MyBP-H)
changed in a similar pattern both at the protein and mRNA
levels in NMB and DEN animals (Table 5; Fig. 4).

Discussion

To improve the quality of life in ICU survivors, it is
important to have a detailed understanding of the mecha-
nisms underlying the impaired neuromuscular function
which results in muscle wasting. However, studying the
mechanisms of severe muscle atrophy in patients is
complicated by a number of uncontrollable factors, such as
primary disease, polypharmacy and age. Therefore, the use
of an animal model that mimics the ICU patient, i.e., weeks–
months of immobilisation, mechanical ventilation and
pharmacological paralysis (post-synaptic), facilitates the
analysis of the underlying mechanisms of muscle wasting.

Rodent muscle wasting models

Several experimental animal models to induce muscle
wasting have been presented to date (see [50]); however,
the most commonly used models for muscle wasting lack
several of the key conditions that occur in an ICU. In this
study, the effects of 9 days mechanical ventilation, NMB
and muscle unloading have been compared with the effects
of long-term peripheral denervation on fast- and slow-
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Fig. 4 MyBP-H mRNA expres-
sion. Myosin-binding protein H
mRNA expression of the EDL,
soleus, diaphragm, intercostal
and masseter muscles in control
(black filled bar), NMB (open
bar), DEN contralateral control
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(hashed bar) rats. The values
represented are the starting
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twitch hind limb muscles. In the peripheral denervation
model, denervated muscles become mechanically loaded
due to posture and locomotion. Emerging data shows that
this mechanical loading affects gene expression. For
example, the sarcomeric proteins titin and the Z-disc
protein telethonin [26] are directly influenced by mechan-
ical loading and affect gene expression.

Furthermore, the loss of an intact nerve disrupts the
synaptic vesicle release from the terminal axon, but the
“trophic” influence of spontaneous vesicle release is still
intact in ICU patients receiving post-synaptic block of
neuromuscular transmission. This has been suggested as
a key difference between the effects on muscle tissue in
the ICU patients and rodent models where denervation or
tetrodotoxin treatments are used to induce muscle
inactivity [40]. In the experimental model used in this
study, limb muscles are unloaded, alpha-motoneurones are
intact and the vesicle release from the terminal axon is
maintained [9]. The reliable differences in myofibrillar
protein and mRNA responses observed between the NMB
and DEN animals may accordingly be related to differences
in trophic motoneuron–muscle interactions, mechanical
loading or both.

Peripheral denervation of rat hind limb muscles and
chronic glucocorticoid treatment is the prevailing experi-
mental model used to date to unravel the mechanisms
underlying AQM [23, 37, 38]. These experiments have
resulted in a number of interesting observations, but our
results lead us to question whether the loss of an intact
motoneuron and continued mechanical loading in freely
moving rats is a suitable model for the muscle wasting in
ICU patients in general and AQM patients in particular.
Although a detailed histopathological evaluation of the
muscle samples is beyond the scope of this study, it is
interesting to note that the regional loss or uneven
mATPase staining observed in the soleus muscle in
response to NMB resembles the histopathological changes
reported in AQM patients (Fig. 1; [29]). Three weeks of
peripheral denervation, on the other hand, had no signifi-
cant effect on mATPase staining.

Effects of NMB on different muscles and muscle types

In contrast to the muscle-type-specific effects of denerva-
tion on myosin–actin protein and mRNA ratios, fast- and
slow-twitch muscles (EDL and soleus, respectively)
responded in a similar way to the muscle wasting model
used in this study. The parallel changes at the protein and
mRNA levels, although not statistically significant, i.e.,
trend at the mRNA level, support a transcriptional
regulation of myofibrillar protein synthesis, which contrasts
with the dissociation of myosin–actin protein and mRNA
ratios by denervation in the slow-twitch soleus.

Respiratory muscles differ in their physiological
demands compared with postural and locomotor muscles;
the continuous motor activity during respiration makes
them among the most active skeletal muscles in the body
[40]. The effects of mechanical ventilation on diaphragm
structure, function and myofibrillar protein and mRNA
expression have received significant attention in the past
decade, but information on the intercostal muscles is sparse.
The mechanical ventilation effects on the diaphragm have
typically been studied for 24 h or less [34, 36, 41, 43, 44,
53], but mechanical ventilation for ≤4 days have been
published in two independent studies [41, 51], as well as
the effects of 5 days of mechanical ventilation on the
diaphragm in a porcine model [12, 35, 36]. However,
critically ill ICU patients are often mechanically ventilated
for significantly longer time periods, i.e., weeks–months.
The short-term effects of mechanical ventilation and muscle
activity have collectively shown a decrease in diaphragm
force, increased proteolytic activity and decreased overall
protein synthesis rate during the first 12 h of mechanical
ventilation. During this initial phase, the decreased protein
synthesis rate was primarily related to translational events
and no changes were observed in MyHC mRNA expression
[45]. Thus, during the early phase of mechanical ventila-
tion, protein degradation and decreased protein synthesis at
the post-transcriptional level appear to play a dominating
role. However, it has been suggested that transcription may
play an important role in regulating myofibrillar protein
synthesis in response to longer periods of inactivity, i.e.,
days–weeks [45]. This is consistent with the present
observations in the hind limb and intercostal muscles.

While the diaphragm and intercostal muscles are among
the most active skeletal muscles in the body, there are
significant differences between the two muscles. The
intercostal muscles have both respiratory and postural
motor functions and have origin and insertion attach to
bone, leading to activation and loading conditions that are
different from those of the diaphragm (see [40]). For the
intercostals, the changes in MyHC mRNA and myosin–
actin protein and mRNA expression were very similar to
the pattern observed in the fast- and slow-twitch hind limb
muscles, i.e., a dramatic down-regulation of myosin mRNA
levels and decreased myosin–actin ratios at the protein and
mRNA levels. For the diaphragm, only a small decrease
was conversely observed in total myosin mRNA levels,
there were no signs of a preferential myosin loss at the
protein level, and the myosin–actin mRNA ratio increased
in contrast to the decreased mRNA ratio in limb and
intercostal muscles. These results collectively indicate a
transcriptional regulation of myofibrillar protein synthesis
in the intercostal muscles, but not in the diaphragm. The
diaphragm is a unique muscle and the exact mechanism
underlying the different response to post-synaptic neuro-
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muscular blockade, unloading and mechanical ventilation
compared with intercostals remains unknown.

As discussed above, the mechanical loading of the
sarcomere is expected to have a significant impact on
transcriptional regulation of myofibrillar protein synthesis
and degradation, e.g., via the titin kinase [27]. In the
absence of excitation–contraction coupling due to NMB,
the mechanical loading of the sarcomere caused by
myosin–actin interactions during contraction was elimi-
nated in all investigated muscles. However, the passive
loading of the respiratory muscles induced by the
mechanical ventilator was not sufficient to eliminate the
transcriptional down-regulation of myofibrillar proteins in
the intercostal muscles. It cannot be excluded that the
dissimilarity in myofibrillar protein and mRNA expres-
sion between the two respiratory muscles in NMB rats is
related to the differences in sensitivity to mechanical load.
However, experiments using unilateral inactivation of the
diaphragm by denervation or tetrodotoxin treatment
suggest that mechanical loading is not the primary
determinant of structural adaptations of the diaphragm
muscle, i.e., compensatory changes in muscle fibre size
were not related to loading [40]. The phrenic nerve trophic
influence on the diaphragm has been forwarded as a key
factor in maintaining diaphragm structure and function.
Further studies are needed to explore the potential role for
neurotrophic factors specifically influencing the dia-
phragm muscle [40].

The cranial-nerve-innervated masseter muscle responded
differently to NMB, unloading and ventilation than the
spinal-nerve-innervated limb and intercostal muscles. In
the NMB rats, the masseter was affected less, if at all, than
the limb and intercostal muscles. This result accords with
clinical data on the muscle wasting and paralysis in ICU
patients with AQM [6, 14, 18, 29]. No significant differ-
ences were observed in the mRNA expression for specific
isoforms, total mRNA or myosin–actin mRNA ratios for
the masseter, although a small decline in the myosin–actin
protein ratio was observed.

The concept of allotype was introduced by Hoh and
Hughes [22] to identify fundamentally distinct skeletal
muscle classes, each of which have a specific intrinsic
range of phenotypic options for myosin gene expression in
mature myofibres [21]. The identified skeletal muscle
allotypes include limb, diaphragm, masticatory and extra-
ocular muscles, and it has been suggested that laryngeal and
middle ear muscle may also prove to be distinct allotypes
[33]. The differences between muscle fibres in the reaction
to interventions cannot be predicted based upon muscle
phenotype [21]. Thus, the observed differences in MyHC
expression responsiveness to NMB, unloading and ventila-
tion appear to be allotype specific, suggesting that the
intercostal muscles belong to the same allotype as the limb

muscles. The responsiveness of one muscle allotype to an
intervention, such as NMB, cannot be generalised to all
skeletal muscles. Therefore, the inclusion of muscles
representing different allotypes is essential in understanding
the muscle wasting in ICU patients.

Effects of NMB on MyBP-C and MyBP-H mRNA
expression

Next to myosin, the myosin-binding proteins MyBP-C
and -H are the most abundant proteins in the thick filament,
representing up to 4% of myofibril mass [47], and both
MyBP-C and MyBP-H play an important role during
myofibrillogenesis by binding to myosin and regulating
the organisation of the motor protein within the thick
filament (see [42]). Furthermore, MyBP-C has been
suggested to play a physiological role by modulating
contraction via an influence on cross-bridge motion effects
on the S-2 region of myosin or by cross-linking myosin and
actin (e.g., [19, 20]). In human limb muscles, a coordinated
expression of MyHC and MyBP-C isoforms are observed at
the single muscle fibre, but this coordination is not
observed in the masseter [52].

A down-regulation of MyBP-C was observed in the EDL
and the soleus from NMB and DEN rats, but not in the two
respiratory muscles or in the masseter. The MyBP-H
mRNA levels, on the other hand, were increased in all
muscles in response to NMB, unloading and ventilation.
MyBP-C and MyBP-H share considerable sequence ho-
mology over their C-termini, but they differ significantly at
the N-termini. The variability within the N-terminal regions
may play a significant role in defining additional protein–
protein interactions, in final placement in the sarcomere and
in protein function [1]. Thus, the transcriptional regulation
of the myosin-associated proteins does not follow the same
muscle allotype pattern as for myosin in the NMB animals.
Furthermore, MyBP-H mRNA expression was completely
different from MyBP-C, supporting a different role of these
proteins in the sarcomere, and it is hypothesised that the up-
regulation of MyBP-H may represent an early sign of
muscle regeneration.

Conclusion

The mechanisms of the muscle wasting in ICU patients
exposed to pharmacological neuromuscular block, muscle
unloading and mechanical ventilation are critical to explain-
ing and alleviating the prolonged impaired quality of life
that many of these patients experience. In the rat ICU
model used in this study, the animals were exposed to a
very similar pharmacological neuromuscular block, muscle
unloading and mechanical ventilation for 7–13 days.
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Decreased body weight, muscle mass, muscle fibre atrophy,
decreased protein synthesis and altered myosin–actin ratios
were observed in all animals. However, the responsiveness
of myofibrillar protein and mRNA expression to these
interventions varied between muscles (allotypes). In addi-
tion, significant muscle-specific differences were observed
in the transcriptional regulation between myosin, myosin-
binding proteins and actin, indicating that factors other than
muscle allotype may influence the responsiveness of
muscle to ICU-like conditions.

The animal model used in this study is advanced as a
suitable experimental animal model for studying the effects
of ICU care on skeletal muscle. Not only does this model
possess characteristics of the disease, i.e., decrease in
muscle mass, decreased myosin–actin ratio, decrease in
myosin mRNA and masticatory muscles being less affected
than limb muscles, but it may also provide insight into the
acute stages of the disease and the relative importance of
potential causative agents.
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