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Abstract Purpose: We previously
showed that rocuronium combined
with 24 h of controlled mechanical
ventilation (CMV) leads to an addi-
tional negative effect on diaphragm
function in rats. Based on clinical
observations we examined whether
the combination of rocuronium with
corticosteroids during CMV would
result into a further deterioration of
diaphragm function. Meth-
ods: Mechanically ventilated rats
received intravenously a continuous
infusion of saline (CMV) or rocuro-
nium (ROC) or rocuronium combined
with an intramuscular injection of
80 mg/kg of methylprednisolone
(ROC-MP). After 24 h we deter-
mined diaphragm in vitro contractile
properties, cross-sectional area (CSA)
of the different fiber types, the
MyHC/actin ratio, and proteolytic
activity in diaphragm and gastrocne-
mius. Results: ROC treatment
resulted in a significant reduction of
diaphragm force compared with
CMV. Treatment with MP attenuated
the ROC-induced diaphragmatic
contractile dysfunction. CSA of the
diaphragm type IIx/b fibers tended to

decrease by 13% after ROC but not
after MP. Diaphragm MuRF-1
mRNA expression increased signifi-
cantly with 30% after ROC and ROC-
MP compared to CMV, while MAFbx
was similar in all groups. Diaphragm
caspase-3 (?39%) and calpain activ-
ity (?99%) were increased after ROC
compared to CMV. Treatment with
MP abolished the increase in both
activities. Proteolytic activity in the
gastrocnemius was similar in all
groups. The MyHC/actin ratio was
similar in the diaphragm and the
gastrocnemius in all groups. Conclu-
sions: The combination of ROC
with a high dose of MP attenuated
diaphragm dysfunction caused by
ROC probably through inhibition of
the calpain and caspase-3 system.
None of these treatments affected the
gastrocnemius.
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Introduction

Neuromuscular blocking agents (NMBAs) are commonly
used in the intensive care unit (ICU) to facilitate endo-
tracheal intubation and mechanical ventilation [1].
Complications with NMBA use involve prolonged

paralysis characterized by an increased recovery time due
to accumulation of NMBAs or metabolites, or critical
illness myopathy (CIM). A primary finding of CIM is
diffuse flaccid weakness preferably of the limbs or dia-
phragm [2–4]. Weakness is most commonly recognized
from reduced voluntary muscle force when patients
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awake from sedation [5]. Prospective and retrospective
studies have shown that as many as 70% of critically ill
patients show generalized muscle weakness after treat-
ment with NMBAs [6]. There is no single specific
pathophysiologic mechanism responsible for this myop-
athy. Contraction of muscles involves a cascade of sub-
cellular and cellular events in which impairments at var-
ious steps ultimately result in muscle weakness. One of
the main features of CIM is myosin loss resulting from an
activation of calcium-dependent calpains, lysosomal
cathepsins or ATP-dependent ubiquitin proteasomes [7].

Next to NMBAs, corticosteroids have also been
claimed to take part in the development of this muscle
weakness. Patients with ventilator failure who undergo
treatment with high dose corticosteroids in combination
with NMBAs may exhibit severe and protracted myopa-
thy [6, 8]. In addition, corticosteroids are often associated
with a steroid-induced myopathy affecting both respira-
tory and peripheral muscles. Indeed, acute treatment of
animals with massive doses of corticosteroids has been
shown to induce severe respiratory and limb muscle
wasting, causing alterations in diaphragm function toge-
ther with a predominantly type IIx/b atrophy [9].

The mechanisms contributing to muscle weakness in
patients under mechanical ventilation receiving NMBAs
and/or corticosteroids are not known. We previously
demonstrated that 24 h of controlled mechanical ventila-
tion (CMV) in rats in combination with infusion of a
moderate dose of rocuronium exerts detrimental changes
on diaphragm function in addition to those induced by
mechanical ventilation [10]. The detrimental effects of
rocuronium on diaphragm force are potentially mediated
by increased diaphragmatic proteolysis, as shown by
increased activation of markers of the proteasome and the
calpain system. In addition, we unexpectedly demon-
strated that administration of a high dose of corticosteroids
protects the diaphragm from the deleterious effects of
CMV by inhibiting the calpain system [11].

In the present study we examined the effects of rocu-
ronium in combination with high doses of corticosteroids
on ventilator-induced diaphragm dysfunction (VIDD).
Based on clinical observations we hypothesize that the
combination of rocuronium with corticosteroids in our
animal model of CMV would result in a further reduction
of diaphragm force and atrophy, but we also kept in mind
that a high dose of corticosteroids combined with CMV
may also be protective.

Methods

Experimental design

Anesthetized and mechanically ventilated adult male
Wistar rats were randomly assigned to one of three groups

to receive intravenously a continuous infusion of saline
(CMV, n = 9), rocuronium (ROC, n = 9, starting dose
100 lg/kg/min, see below) or rocuronium combined with
an intramuscular injection of 80 mg/kg of methylpred-
nisolone (ROC-MP, n = 9). The study was approved by
the Animal Experiments Committee of the Medical Fac-
ulty of the Katholieke Universiteit, Leuven, Belgium.

Mechanical ventilation

Rats were anesthetized and tracheotomized. Body tem-
perature was continuously controlled and maintained at
37�C using a heating blanket. The right jugular vein and
right carotid artery were cannulated for infusion of
anesthesia (sodium pentobarbital) and measurement of
arterial blood pressure and blood gases, respectively.
Animals were mechanically ventilated for 24 h with a
volume-driven ventilator (665A, Harvard Apparatus,
Hollistion, MA) with a tidal-volume of 0.6 ml/100 g and
a respiratory rate of 55–60 breaths/min as described in
detail previously [12]. Ventilatory parameters were cho-
sen to maintain blood gases within the normal range.

Rocuronium setup

The right lateral tail vein was cannulated for infusion of
rocuronium or saline. An isolated electrode was placed
around the sciatic nerve at the upper thigh level to give a
net plantar flexion of the ankle upon stimulation. The left
foot was fixed to a platform connected to a force trans-
ducer. Prior to rocuronium or saline infusion, twitch of the
plantar flexion was determined after supramaximal stim-
ulation. Starting dose of rocuronium infusion was 100 lg/
kg/min, and this dose was titrated to achieve a 50% twitch
reduction comparable with the level routinely used in the
ICU, measured after 1 h and then every 3 h as described
previously [10].

Diaphragm contractile properties

Upon completion of mechanical ventilation, the dia-
phragm was quickly excised and two bundles were used
for in vitro contractile properties, as described previously
[13], while the remaining part was frozen for further
analysis.

Histochemistry

Serial sections of the costal diaphragm were stained for
myofibrillar adenosine triphosphatase to determine cross-
sectional area (CSA) and proportion of the fibers, as
described previously [12].
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Polymerase chain reaction (PCR)

Total RNA was isolated by the Trizol method. cDNA was
generated from total RNA by reverse transcription using
the Accuprime Taq DNA Polymerase system (Invitro-
gen). The 18S primers were mixed with competimers at
an optimal ratio of 1:9 and with MuRF-1 and MAFbx
primers [10].

Western blot

Degradation of aII-spectrin, an intracellular substrate of
calpain (150 kDa degradation product) and caspase-3
(120 kDa degradation product), was investigated in the
diaphragm and the gastrocnemius muscle by Western
blot. Ratio of degradation of aII-spectrin to intact protein
was used as an indirect measurement of calpain and
caspase-3 activity. Proteins were separated on a poly-
acrylamide gel and transferred onto a polyvinyldifluoride
membrane. Blots were incubated overnight at 4�C with a
primary antibody against aII-spectrin (Enzo Life Sci-
ences) and with the appropriate secondary antibody.
Ponceau S staining was performed for each blot to ensure
proper transfer of the proteins. Proteins were visualized
with ECL (Amersham) and analyzed with the software
package (Bio 1D) of the imaging system (Photo print,
Vilber, France). The intensity of the 150-kDa or 120-kDa
cleaved bands was expressed as a percentage of the
intensity of the intact bands to assess calpain and caspase-
3 activity.

Muscle MyHC and actin protein determination

Diaphragm and gastrocnemius MyHC and actin proteins
were separated on polyacrylamide gel using a standard
SDS-polyacrylamide gel electrophoresis technique. The
gels were stained with Coomassie brilliant blue G250
(Sigma), destained and then scanned. The MyHC and

actin protein were identified based on their molecular
weight and comparison with purified protein.

Statistics

Statistical analysis was performed with the SAS Statisti-
cal package (SAS Institute, Cary, NC). Comparisons
between the groups were performed using one-way
analysis of variances followed by a Newman-Keuls
multiple comparison post hoc test when appropriate. Data
are expressed as means ± SD.

Results

Biological response to mechanical ventilation

Arterial blood pressure was significantly higher in the
ROC group compared to the other groups, while PaCO2

was significantly different in the ROC-MP group. How-
ever, blood pressure and blood gases remained within the
normal range (Table 1).

Twitch of the gastrocnemius complex

Twitches decreased immediately to 50% of the initial
value in the rocuronium groups and were kept around this
level during the entire experiment. Twitches were dif-
ferent at all time points in the rocuronium-treated groups
when compared to CMV.

Diaphragm contractility and histochemistry

ROC treatment resulted in a significant reduction of
diaphragm force compared with the CMV group at all
stimulation frequencies except for 25 Hz (Fig. 1a). Treat-
ment with methylprednisolone significantly improved the

Table 1 Blood gases, arterial blood pressure, diaphragm CSA of the different fiber types and diaphragm, and gastrocnemius MyHC/actin
ratio in mechanically ventilated animals treated with saline (CMV), rocuronium (ROC) or rocuronium and methylprednisolone (ROC-
MP)

CMV ROC ROC-MP

PaO2 (Torr) 117 ± 18 (n = 9) 109 ± 50 (n = 9) 130 ± 38 (n = 9)
PaCO2 (Torr) 35 ± 6 (n = 9) 38 ± 7 (n = 9) 26 ± 13a (n = 9)
pH (Torr) 7.46 ± 0.07 (n = 9) 7.46 ± 0.09 (n = 9) 7.50 ± 0.09 (n = 9)
Arterial blood pressure (mmHg) 82 ± 14 (n = 9) 101 ± 7a (n = 9) 81 ± 18 (n = 9)
Diaphragm CSA type I (lm2) 735 ± 48 (n = 8) 768 ± 104 (n = 8) 783 ± 82 (n = 6)
Diaphragm CSA type IIa (lm2) 903 ± 77 (n = 8) 879 ± 75 (n = 8) 879 ± 114 (n = 6)
Diaphragm CSA type IIx/b (lm2) 1,862 ± 125 (n = 8) 1,575 ± 259 (n = 8) 1,784 ± 262 (n = 6)
Diaphragm MyHC/actin 1.27 ± 0.57 (n = 6) 0.99 ± 0.52 (n = 5) 1.05 ± 0.48 (n = 7)
Gastrocnemius MyHC/actin 0.46 ± 0.15 (n = 6) 0.67 ± 0.52 (n = 5) 0.37 ± 0.11(n = 7)

Values are mean ± SD
a p \ 0.05 vs others

1867



ROC-induced contractile dysfunction of the diaphragm
toward CMV levels. Similarly tetanic tension was signifi-
cantly decreased with 27% (p \ 0.01) after ROC treatment
compared to CMV, while it was similar to CMV when ROC
was combined with steroids (Fig. 1b). There were no sig-
nificant differences in the CSA of the different fibers among
the three groups. However, diaphragm CSA of the type IIx/
b fibers tended to decrease with 13% after ROC treatment in
comparison with the CMV (p = 0.06) and the ROC-MP
group (Table 1). In the gastrocnemius muscle, CSA of the
different fiber types was similar in all groups.

Proteolytic activity

The diaphragm MuRF-1 mRNA expression was signifi-
cantly increased with 34% after ROC treatment when
compared to CMV (Fig. 2a). A similar increase (30%)
was observed after administration of ROC in combination
with methylprednisolone. Expression of MAFbx was
similar in the diaphragm of the three groups (Fig. 2b).

During periods of increased proteolytic activity, aII-
spectrin exhibits signature cleavage products that can be
used to detect cleavage by calpain-1 (150 kDa) and cas-
pase-3 (120 kDa). Calpain activity (Fig. 3a) was
significantly increased with 99% in the diaphragm of the
ROC group compared to CMV (p \ 0.001) and with only
52% in the ROC-MP group. As a consequence, dia-
phragm calpain activity was significantly lower (-47%)
in the ROC-MP group compared with the ROC group.
Diaphragm caspase-3 activity (Fig. 3b) was significantly
increased with 39% after ROC treatment (p \ 0.05 vs.
CMV), but this increase was completely abolished when
ROC was combined with MP. Calpain and caspase-3
activities in the gastrocnemius muscle were similar in the
three groups.

Muscle MyHC and actin protein levels

The ratio of MyHC to actin showed no significant dif-
ferences in the diaphragm and the gastrocnemius muscle
between the groups (Table 1).

Fig. 1 Diaphragm force-frequency relationship (a) and maximal
tetanic tension (b) in mechanically ventilated animals treated with
saline (CMV, n = 9, closed circles), rocuronium (ROC, n = 9,
open circles) or rocuronium and methylprednisolone (ROC-MP,
n = 9, open squares). Values are mean ± SD. *p \ 0.01 ROC
versus others, #p \ 0.05 ROC versus CMV

Fig. 2 Messenger RNA (mRNA) levels of MuRF1 (a) and MAFbx
(b) in the diaphragm of mechanically ventilated animals treated
with saline (CMV, n = 7), rocuronium (ROC, n = 7) or rocuroni-
um and methylprednisolone (ROC-MP, n = 8) after normalization
with 18 s. Values are mean ± SD. *p \ 0.05 versus CMV
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Discussion

Overview of the principle findings

This study shows that the negative effect of rocuronium
during CMV on the diaphragm was abolished when it was
combined with a high dose of methylprednisolone.
Indeed, the combination of rocuronium infusion together
with a single high dose of corticosteroids during CMV
minimizes the downward shift of the diaphragm force-

frequency curve towards CMV levels. In addition, it
reduces the increase in calpain and caspase-3 activity,
while MuRF1 mRNA expression remains increased.
Proteolysis did not change in the gastrocnemius muscle.
Finally, in neither the diaphragm nor the gastrocnemius,
selective loss of myosin filaments was present as shown
by the similar ratio of MyHC/actin.

Diaphragm dysfunction

CIM is a frequent complication that often occurs in
patients receiving mechanical ventilation, and its devel-
opment is often associated with corticosteroids and
pharmacological denervation by NMBAs. These risk
factors may either appear isolated or in combination.

Many animal models have shown that mechanical
ventilation itself leads to a rapid and severe loss in dia-
phragm force [12, 14, 15], a phenomenon called VIDD. In
animals, VIDD was shown to occur independently of the
presence of sedatives, corticosteroids or other drugs. Also
in humans, several studies suggest decreased force-gen-
erating capacity of the diaphragm of critically ill patients
undergoing mechanical ventilation [16–19]. Although this
is compatible with the concept of VIDD, it may also be
due to other potentially contributing factors such as sed-
atives/analgesics, corticosteroids or others. These factors
might also be associated with the development of CIM.
Indeed, in the clinical situation the use of NMBAs was
shown to be associated with more days of mechanical
ventilation, more weaning days and longer length of stay
in the ICU [20].

In addition, corticosteroids are also associated with
steroid-induced myopathy affecting both the respiratory
and the peripheral muscles. Acute treatment of animals
with high doses of corticosteroids has been shown to
induce severe respiratory and limb muscle wasting [9]. In
mechanically ventilated patients, numerous cases of ste-
roid-induced myopathy have been reported in the ICU [4,
21]. Importantly, this myopathy seems to be associated
with increased time of mechanical ventilation duration
and length of hospital stay [22]. However, the impact of
corticosteroids and NMBAs in the ICU has been the
subject of controversy. Many reports have found CIM to
occur in patients treated with a combination of cortico-
steroids and NMBAs. However, some prospective studies
in unselected ICU populations could not identify corti-
costeroids as an independent risk factor for CIM [23–25],
although others did [26–28]. In one study corticosteroids
were even found to be an independent protective factor
for the occurrence of CIM [29]. Similarly some pro-
spective trials did not identify NMBAs as independent
risk factors for CIM [23, 24, 27], while other trials did
[29, 30]. Interestingly, continuous treatment with pred-
nisolone for more than 4 weeks was recently shown to
attenuate rocuronium-induced neuromuscular blockade in

Fig. 3 Representative Western blot of intact aII-spectrin and its
150 kDa calpain degradation product (a) and its 120-kDa caspase-3
degradation product (b) in animals mechanically ventilated and
treated with saline (CMV, n = 6), rocuronium (ROC, n = 5) and
rocuronium with methylprednisolone (ROC-MP, n = 7). Values
are shown as means ± SD and are expressed as percentage of
CMV. *p \ 0.05 ROC versus others and #p \ 0.05 CMV versus
ROC-MP
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patients with chronic inflammatory bowel disease [31]. In
the present study, the use of NMBAs during mechanical
ventilation resulted in a reduction of diaphragm force,
while the combination of NMBAs together with a single
dose of corticosteroids did not. In contrast with the clin-
ical situation, these effects are observed in healthy
ventilated animals receiving a single high dose of corti-
costeroids. In addition these animals were never exposed
to any kind of drugs in the past.

Muscle histology and proteolysis

Besides muscle weakness, CIM is characterized by mus-
cle atrophy, especially of the type II fibers and by
selective loss of myosin filaments [32]. Total muscle
catabolism can be the result of activations of different
proteolytic systems such as the calcium-dependent cal-
pains, lysosomal cathepsins or ATP-dependent ubiquitin
proteasomes [33]. These proteolytic systems can be trig-
gered by NMBAs, corticosteroids or other agents. In
addition and independently of NMBAs and corticoste-
roids, CMV itself can activate these systems in the
diaphragm. This has been shown in animal models [34,
35] but also in human studies showing diaphragmatic
atrophy associated with increased activities of the prote-
olytic systems in the diaphragm of mechanically
ventilated subjects [17, 36–38].

In the present study we showed that a trend for dia-
phragm type IIx/b atrophy developed after rocuronium
treatment (p = 0.06), but not when it was combined with
methylprednisolone. This trend for a selective type IIx/b
atrophy in the diaphragm after rocuronium administration
is in accordance with data obtained from patients with
CIM [39]. In addition, one would expect a further
decrease in CSA of these fibers after methylprednisolone
since corticosteroids are known to affect mainly the type
II fibers [9, 40]. Interestingly, a study by Hermans et al.
[29] in ICU patients showed a protective effect of corti-
costeroids on the occurrence of CIM, which is in line with
the present findings. In the gastrocnemius muscle, how-
ever, no atrophy was observed after NMBAs alone or in
combination with methylprednisolone. This observation
might be useful in the clinical setting where biopsies from
peripheral muscles are considered as a gold standard for
the involvement of muscles in the development of CIM.
These differences between the diaphragm and the gas-
trocnemius may be attributed to the relatively short
duration (24 h) of muscle inactivity or to the relatively
moderate dose, and/or duration of NMBAs infusion, and
this despite a high dose of corticosteroids.

In the present study we observed an increase in the
three proteolytic systems, more specifically the ubiquitin
proteasome pathway, the calpain and the caspase-3 sys-
tem, in the diaphragm after rocuronium infusion during

CMV, which can explain the contractile force deficits and
atrophy present in the diaphragm of these animals. After
methylprednisolone administration, we observed a sig-
nificant inhibition of calpain and caspase-3 activity, while
the proteasome activity did not change. This is in line
with our previous studies showing inhibition of calpain
and caspase-3 activity after treatment with high doses of
corticosteroids [11, 41]. Proteolytic activity of the gas-
trocnemius muscle was unchanged in all groups,
emphasizing again that the diaphragm seems to be more
susceptible than the gastrocnemius.

An important feature of CIM is selective myosin loss
[7], which is used to confirm the diagnosis obtained by
electromyography (EMG). In this model, selective myo-
sin loss was not present since we did not observe changes
in the MyHC/actin ratio in the gastrocnemius or the dia-
phragm in any of the groups. This might be attributed to
the short duration of the study, and the fact that both
myosin and actin have turnover rates longer than 5 days.
As we did not perform EMG measurements, we cannot
rule out that CIM was present in this model. However, if
CIM had been present we would have expected an addi-
tional effect on diaphragm function.

We should, however, keep in mind that in the present
study a single high dose of corticosteroids was adminis-
tered to naive healthy rats never treated with
corticosteroids or NMBAs. In the clinical situation,
patients are mostly treated with multiple doses of corti-
costeroids, which may result into more harmful effects,
especially in combination with NMBAs. In addition, the
underlying disease and the patients’ background, in terms
of repeated administration of drugs, may lead to different
conclusions than the one obtained in our raw model of
CMV combined with corticosteroids and NMBAs.

Conclusions

In summary, this study indicates that the additional neg-
ative effects of rocuronium infusion with CMV are
abolished with administration of a high dose of cortico-
steroids. The beneficial effects of corticosteroids are most
likely due to an inhibition of the calpain and caspase-3
system. Furthermore, proteolysis and atrophy were only
affected in the diaphragm and not in the gastrocnemius,
which might be an important finding to keep in mind
when defining ‘‘muscle weakness’’ in the clinical setting.
Finally, despite high doses of corticosteroids in combi-
nation with NMBAs during mechanical ventilation,
selective myosin loss did not develop yet in this study.
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