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Abstract Objective: To investigate
in rabbits whether prolonged 
mechanical ventilation (PMV) leads
to ultrastructural changes in respira-
tory muscles and alters diaphragm
mitochondrial respiration. Design
and setting: Experimental prospec-
tive study in a university laboratory.
Animals and interventions: We 
studied respiratory muscles of seven
rabbits after 49±1 h of controlled
mechanical ventilation. Ten non-
ventilated rabbits were used as a
control group. Measurements and 
results: After mechanical ventilation
electron-microscopic observations of
the diaphragm and the external inter-
costal muscles revealed disrupted
myofibrils, increased number of lipid
vacuoles in the sarcoplasm, and
smaller mitochondria with focal
membrane disruptions. Volumetric
and numerical densities of the mito-
chondria were significantly lower in
the PMV group than the control
group. Mitochondrial respiration was

quantified in isolated diaphragm
muscle-cell mitochondria using two
respiratory substrates. There was no
difference in oxygen consumption
values in the three states of mito-
chondrial respiration between the
two groups except for state 2 (basal
state) with pyruvate/malate parame-
ter (53.5±20 for the ventilated group
vs. 33.8±10.2 nmol atom O/mg 
per minute for the control group).
There was no significant difference
between groups in ADP/O ratio 
or respiratory control ratio. 
Conclusions: PMV leads to respira-
tory muscle cell degeneration and
minor changes in oxidative phos-
phorylation coupling in diaphrag-
matic mitochondria. These phenome-
na may mediate part of damage of
respiratory muscles after inactivity
related to PMV.
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Introduction

Mechanical ventilation (MV) is widely used to manage
respiratory failure [1]. During controlled MV respiratory
muscle activity stops, as demonstrated by the absence of
diaphragmatic electrical activity [2]. The contribution of
respiratory muscles weakness to respiratory failure, and
the possible causative role of muscle inactivity in con-
tributing to this weakness, remains unknown [3, 4, 5, 6].
Many skeletal muscle changes have been found after im-
mobilization, hypokinesia, or denervation. These chang-

es include atrophy [7], alterations in contractile proper-
ties with decrease in fatigue resistance indexes [8, 9], al-
terations in mitochondrial respiration, affecting primarily
complex 1 of the electron transport chain [10, 11, 12,
13], and modifications in muscle cell ultrastructure [14,
15, 16]. In the same way diaphragmatic disuse caused by
denervation, cervical spinal cord isolation, and tetrodo-
toxin blockade of nerve impulses have been shown to 
affect contractile and morphometric properties, endur-
ance capacities [2, 17, 18, 19, 20], and ultrastructural
morphology [17, 21].

N. Bernard · S. Lopez · X. Capdevila (✉)
Département d’Anesthésie Réanimation A,
Hôpital Lapeyronie and UPRES EA 701,
371 avenue du Doyen Giraud, 
34295 Montpellier, France
e-mail: x-capdevila@chu-montpellier.fr
Tel.: +33-4-67338256
Fax: +33-4-67337960

S. Matecki · G. Py · J. Mercier
Laboratoire de Physiologie des Interactions
and UPRES EA 701, 
Hôpital Arnaud de Villeneuve, 
371 avenue du Doyen Giraud, 
34295 Montpellier, France

Verwendete Distiller 5.0.x Joboptions
Dieser Report wurde automatisch mit Hilfe der Adobe Acrobat Distiller Erweiterung "Distiller Secrets v1.0.5" der IMPRESSED GmbH erstellt.
Sie koennen diese Startup-Datei für die Distiller Versionen 4.0.5 und 5.0.x kostenlos unter http://www.impressed.de herunterladen.

ALLGEMEIN ----------------------------------------
Dateioptionen:
     Kompatibilität: PDF 1.2
     Für schnelle Web-Anzeige optimieren: Ja
     Piktogramme einbetten: Ja
     Seiten automatisch drehen: Nein
     Seiten von: 1
     Seiten bis: Alle Seiten
     Bund: Links
     Auflösung: [ 600 600 ] dpi
     Papierformat: [ 595 785 ] Punkt

KOMPRIMIERUNG ----------------------------------------
Farbbilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 150 dpi
     Downsampling für Bilder über: 225 dpi
     Komprimieren: Ja
     Automatische Bestimmung der Komprimierungsart: Ja
     JPEG-Qualität: Mittel
     Bitanzahl pro Pixel: Wie Original Bit
Graustufenbilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 150 dpi
     Downsampling für Bilder über: 225 dpi
     Komprimieren: Ja
     Automatische Bestimmung der Komprimierungsart: Ja
     JPEG-Qualität: Mittel
     Bitanzahl pro Pixel: Wie Original Bit
Schwarzweiß-Bilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 600 dpi
     Downsampling für Bilder über: 900 dpi
     Komprimieren: Ja
     Komprimierungsart: CCITT
     CCITT-Gruppe: 4
     Graustufen glätten: Nein

     Text und Vektorgrafiken komprimieren: Ja

SCHRIFTEN ----------------------------------------
     Alle Schriften einbetten: Ja
     Untergruppen aller eingebetteten Schriften: Nein
     Wenn Einbetten fehlschlägt: Warnen und weiter
Einbetten:
     Immer einbetten: [ ]
     Nie einbetten: [ ]

FARBE(N) ----------------------------------------
Farbmanagement:
     Farbumrechnungsmethode: Alle Farben zu sRGB konvertieren
     Methode: Standard
Arbeitsbereiche:
     Graustufen ICC-Profil: 
     RGB ICC-Profil: sRGB IEC61966-2.1
     CMYK ICC-Profil: U.S. Web Coated (SWOP) v2
Geräteabhängige Daten:
     Einstellungen für Überdrucken beibehalten: Ja
     Unterfarbreduktion und Schwarzaufbau beibehalten: Ja
     Transferfunktionen: Anwenden
     Rastereinstellungen beibehalten: Ja

ERWEITERT ----------------------------------------
Optionen:
     Prolog/Epilog verwenden: Nein
     PostScript-Datei darf Einstellungen überschreiben: Ja
     Level 2 copypage-Semantik beibehalten: Ja
     Portable Job Ticket in PDF-Datei speichern: Nein
     Illustrator-Überdruckmodus: Ja
     Farbverläufe zu weichen Nuancen konvertieren: Nein
     ASCII-Format: Nein
Document Structuring Conventions (DSC):
     DSC-Kommentare verarbeiten: Nein

ANDERE ----------------------------------------
     Distiller-Kern Version: 5000
     ZIP-Komprimierung verwenden: Ja
     Optimierungen deaktivieren: Nein
     Bildspeicher: 524288 Byte
     Farbbilder glätten: Nein
     Graustufenbilder glätten: Nein
     Bilder (< 257 Farben) in indizierten Farbraum konvertieren: Ja
     sRGB ICC-Profil: sRGB IEC61966-2.1

ENDE DES REPORTS ----------------------------------------

IMPRESSED GmbH
Bahrenfelder Chaussee 49
22761 Hamburg, Germany
Tel. +49 40 897189-0
Fax +49 40 897189-71
Email: info@impressed.de
Web: www.impressed.de

Adobe Acrobat Distiller 5.0.x Joboption Datei
<<
     /ColorSettingsFile ()
     /AntiAliasMonoImages false
     /CannotEmbedFontPolicy /Warning
     /ParseDSCComments false
     /DoThumbnails true
     /CompressPages true
     /CalRGBProfile (sRGB IEC61966-2.1)
     /MaxSubsetPct 100
     /EncodeColorImages true
     /GrayImageFilter /DCTEncode
     /Optimize true
     /ParseDSCCommentsForDocInfo false
     /EmitDSCWarnings false
     /CalGrayProfile ()
     /NeverEmbed [ ]
     /GrayImageDownsampleThreshold 1.5
     /UsePrologue false
     /GrayImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>
     /AutoFilterColorImages true
     /sRGBProfile (sRGB IEC61966-2.1)
     /ColorImageDepth -1
     /PreserveOverprintSettings true
     /AutoRotatePages /None
     /UCRandBGInfo /Preserve
     /EmbedAllFonts true
     /CompatibilityLevel 1.2
     /StartPage 1
     /AntiAliasColorImages false
     /CreateJobTicket false
     /ConvertImagesToIndexed true
     /ColorImageDownsampleType /Bicubic
     /ColorImageDownsampleThreshold 1.5
     /MonoImageDownsampleType /Bicubic
     /DetectBlends false
     /GrayImageDownsampleType /Bicubic
     /PreserveEPSInfo false
     /GrayACSImageDict << /VSamples [ 2 1 1 2 ] /QFactor 0.76 /Blend 1 /HSamples [ 2 1 1 2 ] /ColorTransform 1 >>
     /ColorACSImageDict << /VSamples [ 2 1 1 2 ] /QFactor 0.76 /Blend 1 /HSamples [ 2 1 1 2 ] /ColorTransform 1 >>
     /PreserveCopyPage true
     /EncodeMonoImages true
     /ColorConversionStrategy /sRGB
     /PreserveOPIComments false
     /AntiAliasGrayImages false
     /GrayImageDepth -1
     /ColorImageResolution 150
     /EndPage -1
     /AutoPositionEPSFiles false
     /MonoImageDepth -1
     /TransferFunctionInfo /Apply
     /EncodeGrayImages true
     /DownsampleGrayImages true
     /DownsampleMonoImages true
     /DownsampleColorImages true
     /MonoImageDownsampleThreshold 1.5
     /MonoImageDict << /K -1 >>
     /Binding /Left
     /CalCMYKProfile (U.S. Web Coated (SWOP) v2)
     /MonoImageResolution 600
     /AutoFilterGrayImages true
     /AlwaysEmbed [ ]
     /ImageMemory 524288
     /SubsetFonts false
     /DefaultRenderingIntent /Default
     /OPM 1
     /MonoImageFilter /CCITTFaxEncode
     /GrayImageResolution 150
     /ColorImageFilter /DCTEncode
     /PreserveHalftoneInfo true
     /ColorImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>
     /ASCII85EncodePages false
     /LockDistillerParams false
>> setdistillerparams
<<
     /PageSize [ 595.276 841.890 ]
     /HWResolution [ 600 600 ]
>> setpagedevice



Only limited information is available concerning the
effects of respiratory muscle disuse caused by prolonged
MV (PMV). Le Bourdelles et al. [22] reported that MV
for 48 h in rats was correlated with decreased muscle
weight and altered in vitro contractile properties of the
diaphragm. Anzueto et al. [23] demonstrated that MV for
11 days resulted in decreased diaphragm muscle strength
and endurance in baboons. Modifications in myosin
heavy chain distribution have also been reported in rats
after 3–7 days of MV [24]. To our knowledge, there are
no reports in the literature directly concerning the effects
of PMV on the oxidative capacities of respiratory mus-
cles. Muscle endurance is known to be dependent on 
mitochondrial activity [25], and oxidative capacities are
highly altered in skeletal muscle disuse. Furthermore,
mitochondria seems to be the main target of cellular
damages and partially mediates mechanisms which lead
to cellular apoptosis [26]. Similarly, we found no studies
of ultrastructural repercussions of PMV on muscle cells,
even though substantial ultrastructural modifications
have been shown after diaphragm denervation [17, 21]
or skeletal muscle immobilization [14, 15, 16]. We 
hypothesized that inactivity induced by PMV has a detri-
mental effect on respiratory muscle ultrastructure and
mitochondrial respiration.

The purpose of this study conducted on rabbits was to
evaluate the impact of MV for 48 h on both electron-
microscopic ultrastructure of respiratory muscle cells and
respiration of mitochondria isolated from the diaphragm.

Materials and methods

Experimental model

We developed an original model of PMV in rabbits. Care of the
animals conformed to the recommendations of the institutional
Animal Care Committee and the French Ministry of Agriculture.
Seventeen adult New Zealand rabbits (INRA, Montpellier, France)
were studied. Following overnight fasting to empty the stomach
the animals were randomly divided into two groups, a PMV group
(n=7) and a control group (n=10). PMV rabbits were ventilated for
49±1 h. They remained afebrile with body temperature ranging
from 37° to 38.5°C, urinated spontaneously, and maintained gas-
trointestinal transit throughout the study. No significant difference
was noted between PMV and control rabbits in terms of weight
before experimentation (3236±585 g in the PMV group vs.
2911±192 g in the control group, p=0.34).

PMV rabbits were premedicated with intramuscular ketamine
(50 mg/kg), diazepam (2.5 mg/kg), and atropine (0.125 mg) [27].
They were tracheotomized after local (2% subcutaneous lidocaine,
Astra-Zaneca, France) and general anesthesia (7.5 mg/kg intrave-
nous ketamine) and mechanically ventilated for more than 48 h
using a volume-cycled ventilator (RP 200, Fontenay-sous-bois,
France) with 50% FIO2, tidal volume at 8 ml/kg, respiratory rate at
60/min, ratio of inspiratory time to total respiratory time at 1/1.5,
and a positive end-expiratory pressure of 2 cmH2O. During MV an
intravenous femoral catheter was used for both anesthesia by con-
tinuous infusion of sodium thiopental (15 mg/kg per hour), and
continuous parenteral nutrition with a nutrient composition of
60% carbohydrate, 25% lipids, 15% proteins, vitamins and miner-
als (100 ml/kg per 24 hour, corresponding to 42 kcal/kg per day).

To prevent infection and thromboembolic events cefamandole
(50 mg/kg) and heparin (2 mg/kg per 24 hour) were administered
intravenously. Neuromuscular blocking agents were not used. The
animal’s temperature was recorded and maintained at 38°C by an
electric blanket. Four needle electrodes were subcutaneously im-
planted in the abdomen and connected to a cardioscope (E1 130,
Philips, Amsterdam, The Netherlands) allowing continuous elec-
trocardiographic and heart rate measurements. The control group
animals were anesthetized according to the same protocol and
ventilated for 30 min using the same parameters previously de-
scribed for the PMV group. At the end of the MV period in each
group a costal portion of the diaphragm and the 5th and 6th exter-
nal intercostal muscles were removed through a laparotomy before
killing the animal by exsanguination.

Electron microscopy

A costal portion of the diaphragm (2×2 mm) and the 5th and 6th
external intercostal muscles were excised and quickly placed in
2.5% glutaraldehyde in 0.2 M phosphate-buffered saline at room
temperature for 2 h. The samples were then rinsed three times in
cacodylate buffer (pH=7.4), 10 min per rinse and postfixed in 1%
buffered osmium tetroxide, dehydrated in a graded alcohol series,
immersed in 100% propylene oxide, and embedded in Spurr’s res-
in (Epon). Thin 70-nm longitudinal sections from the samples
were cut using an ultramicrotome and stained with lead citrate and
uranyl citrate. Four rabbits randomly chosen in both groups were
studied, and in an effort to avoid inadequate sampling four pieces
of each kind of muscle (diaphragm and intercostal muscles) were
examined per animal. The sections were examined in a transmis-
sion electron microscope (Hitachi H 7100, Japan), and photomi-
crographs were taken.

The morphometric analysis was performed at a magnification
of ×15,000. The sections were studied on a grid of square ele-
ments to permit counting the total number of points per cell sec-
tion (tp), the number of points included on the mitochondria area
(mp), or on the myofibrils (mfp) and the number of mitochondrial
sections per cell slice (mn). These parameters permit determina-
tion of the volumetric density (Vd) and numeric density (Nd) of
the mitochondria and myofibrils:

VD mito=mp/tp Nd mito=mn/tp Vd myof=mfp/tp

Whole muscle mitochondrial isolation

The muscle sample was immediately placed in ice-cold isolation
medium (IM) containing 250 mM mannitol, 10 mM EDTA, 45 mM
Tris-HCl, and 5 mM Tris base, pH 7.4 at 4°C [25]. The mitochon-
dria were isolated from the costal diaphragm according to the
method described by Davies et al. [25]. The diaphragm was free of
fat and connective tissue, transferred into fresh IM, and weighed.
All further procedures were carried out between 0° and 5°C. The
diaphragm sample was next minced with triple scissors in a 1:9 di-
lution of fresh IM, and homogenized with a Thomas tissue homog-
enizer (Poly Labo, Strasbourg, France) using four slow passes of
the pestle. A first centrifugation at 500 g (Jouan, model KR 4.22,
Saint-Herblain, France) for 10 min separated the mitochondria. The
homogenate was then centrifuged twice (8000 g) for 10 min each
time and the final mitochondrial pellets were suspended in 1 ml
IM. Mitochondria were kept on ice until mitochondria respiration
measurements were performed. The final mitochondria protein
concentration was determined using a Bradford protein assay (Bio-
Rad) with bovine serum albumin as standard [28].

Mitochondrial respiration study

Mitochondrial oxygen consumption measurements were deter-
mined using a complete oxygen measurement system consisting of
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an oxygen meter (Strathkelvin system, model 781), a microcath-
ode oxygen electrode (Clark type polarographic electrode), and a
respiration chamber (3 ml) set at 37°C. When the electrode was
assembled, it was calibrated, the zero value being obtained with a
sodium borate solution (2.0 ml of a 0.01 M solution) added to the
chamber with crystals of sodium sulfite. The maximal value was
calibrated with respiration medium alone (1.87 ml) containing
15 mM KCl, 30 mM K2HPO4, 25 mM Tris base, 45 mM sucrose,
12 mM mannitol, 5 mM MgCl2, 7 mM EDTA, 0.2% bovine serum
albumin, and 20 mM glucose, pH 7.4; this value corresponded to
780.0 mol atomic oxygen. One of the two substrates was added to
the respiration chamber: 10 mM pyruvate and 2.5 mM malate, or
10 mM succinate with 5.0 µM rotenone added to inhibit complex 1
(NADH reductase) of the electron transport chain. A capillary-
shaped opening in the electrode allowed sequential addition of
substrate with no risk of air diffusing into the chamber. Then 1 mg
of isolated mitochondria was loaded into the chamber with a mag-
netic stirring apparatus to ensure complete mixing of mitochondria
and substrate. ADP at 250 µM final concentration was added to
initiate state 3 of mitochondrial respiration (ADP-stimulated).
State 4 was defined as oxygen consumption of mitochondria after
the depletion of exogenous ADP. The respiratory control ratio
(RCR) was obtained by dividing state 3 respiration by the recov-
ery rate in state 4. Oxygen consumption was determined as the
amount of oxygen disappearing from the respiration chamber over
time per 1 mg mitochondrial protein. The ADP/O ratio was calcu-
lated, corresponding to the amount of ADP phosphorylated to ATP
divided by the oxygen consumed during state 3 respiration [29].

Statistical analysis

Statistical analysis was performed using SigmaStat statistical soft-
ware (Jandel, Chicago, Ill., USA). Data are reported as mean 
values ±SEM or median and 10, 25, 75 and 90th percentiles. Sig-
nificance of differences in mean values for animal weight, MV du-
ration, and mitochondrial respiration data between the two groups
were assessed by Student’s paired t test and by the Mann-Whitney
nonparametric test as appropriate. A p value of 0.05 was taken as
indicating statistical significance.

Results

Ultrastructural study

Electron-microscopic observations revealed evidence of
altered ultrastructure indicative of fiber injury in the
PMV group muscles but not in the control group muscles.

Respiratory muscles of control rabbits

The control group rabbit respiratory muscles showed
normal myofibrillar ultrastructure, with Z, I, A and M
bands (composed of thin and thick myofilaments;
Fig. 1a, c). The myofibrils were separated by small
bands of sarcoplasm (Fig. 1a) containing normal mito-
chondria with evenly arranged cristae and narrow matrix
spaces between cristae, sarcoplasmic reticulum, glyco-
gen, lipids, and ribosomes (Fig. 1b). There were no ultra-
structural abnormalities in the control muscles. In partic-
ular, there were no anomalies of mitochondrial morphol-

ogy, indicating that the handling and preparation proce-
dures for the muscle samples did not induce morphologi-
cal artifacts.

Costal diaphragm of ventilated animals

After 49±1 h of MV we observed disruption and frag-
mentation of myofibrils, which consisted of normal
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Fig. 1a–c Control rabbit respiratory muscle ultrastructure. Longi-
tudinal sections. a Diaphragm control rabbit, ×6,000. Normal ultra-
structure of myofibrils. 1 Normal sarcomeric structure; 2 small
band of sarcoplasm. b Diaphragm of control rabbit, ×30,000. 3 The
mitochondrial architecture is normal. c External intercostal muscles
of a control rabbit, ×6,000; 4 normal myofibrillar ultrastructure; 
5 normal mitochondria



sarcomeric structure containing well preserved myofila-
ments adjacent to sarcomeres in various stages of disin-
tegration. The fibers exhibited a normal arrangement of
contractile filaments and Z-line pattern, even though the
myofibrils were fragmented. Z bands, thick A-band, and
thin I-band myofilaments remained unchanged (Fig. 2a).

However, we observed a large interfibrillar space 
containing increased amounts of granular material, 
cisternae with glycogen and many sarcoplasmic vacu-
oles probably corresponding in part to degenerated 
triads of sarcoplasmic reticulum (Fig. 2b). There were
fewer mitochondria and they were smaller and less
regularly arranged than control diaphragms. They were

located next to the Z-bands. They were very electron
dense, as was the case in the control diaphragms. 
At higher magnification (×40,000) the mitochondrial
external membrane appeared disrupted and the internal
cristae blurred, perhaps beginning to disintegrate
(Fig. 2b). We did not observe vacuolated or swollen 
mitochondria.

External intercostal muscles of ventilated rabbits

Fragmentation of myofibrils with disrupted sarcomeres
was observed. There was a substantial increase in the
number and size of sarcoplasmic lipid vacuoles and con-
nective tissue, with large irregularly shaped areas of dis-
organized sarcoplasm. Mitochondrial outer membranes
were in part disrupted (Fig. 2c).

Morphometric study

Morphometric analysis of the diaphragm showed that
the volumetric density of the mitochondria was lower 
in the PMV group than in the control group (0.219±
0.07 and 0.410±0.03 respectively, p=0.02) and also the
numerical density (0.082±0.03 and 0.168±0.02 respec-
tively, p=0.05). The volumetric density of the myofibrils
did not differ significantly between the two groups
(0.807±0.05 vs. 0.861±0.08 in the control group,
p=0.42).

Mitochondrial respiration study

For both substrates Table 1 reports the values of mito-
chondrial oxygen consumption for each state in both
groups. With pyruvate/malate there was no significant
difference between the control and the PMV groups 
for oxygen consumption values in states 3 and 4. How-
ever, state 2 values were significantly higher (p=0.01) 
in the PMV group than in the control group. With 
succinate/rotenone as respiratory substrate, despite a
tendency toward an increase in respiratory rate, no 
significant difference in mitochondrial respiration rates
were found between groups for the three states. No 
statistically significant difference was found for either
respiratory substrate regarding ADP/O ratio and RCR
(Table 2). 
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Fig. 2a–c Ventilated rabbit respiratory muscle ultrastructure. Lon-
gitudinal sections. a Diaphragm of ventilated rabbit, ×6,000. Dis-
ruption and fragmentation of myofibrils, with large interfibrillar
space. 1 Disintegrated sarcomere; 2 preserved sarcomere; 3 sarco-
plasmic disorganization. b Diaphragm-ventilated rabbit, ×40,000.
4 Smaller mitochondria, disruption of outer membranes; 5 in-
crease in sarcoplasmic granular material and cytoplasmic lipid
vacuoles. c External intercostal muscle of ventilated rabbit.
×6,000; 6 increase in sarcoplasm lipid vacuoles and in connective
tissue



Discussion

The main findings of this study are that 49±1 h of MV
led to disruption of respiratory muscle myofibrils and to
an increase in the size of the interfibrillar space and in
the number and size of sarcoplasmic lipid vacuoles.
Smaller mitochondria with focal disruption of their outer
membrane were also observed in respiratory muscle
cells, confirmed by the lower numerical and volumetric
densities. Concerning diaphragm mitochondrial oxygen
consumption, only the basal state with pyruvate/malate
as respiratory substrate was significantly increased. No
significant difference in ADP/O ratio or RCR with either
respiratory substrate was found after MV.

One-week immobilization models in rabbits have
shown evidence of myofibril alterations with large irreg-
ularly shaped areas of disorganized sarcoplasm, multifo-
cal loss of cross-striations, breaking-up of Z-bands, and
an increase in the number and size of sarcoplasmic lipid
vacuoles, granular material, and connective tissue in
skeletal muscles [14, 15, 30, 31, 32, 33]. Regarding 
mitochondria, as little as 10 h of immobilization has
been shown to lead to cystlike structures in the cristae
and to reduced density, rounding, and slight swelling 
of mitochondria. Few studies have focused on ultrastruc-
tural modifications after diaphragm disuse. Miledi and
Slater [34] conducted an electron-microscopic study of
the mitochondria in normal and denervated rat hemidia-
phragms. Less than 24 h after denervation the mitochon-
dria were found to be smaller and less regularly 
arranged, with small circular shapes. At 72 h after dia-

phragm denervation alterations in Z-line and sarcomeric
structure, cellular infiltration, and segmental fiber necro-
sis have been found [22]. Satellite cell mitotic activity
was 5.5 times greater in denervated diaphragm than in-
tact diaphragm. The authors concluded that acute unilat-
eral diaphragm denervation by phrenic transection result-
ed in muscle fiber injury that induced satellite cell acti-
vation. In accordance with these previous studies, we
found disruption of myofibrils, with preserved areas 
adjacent to disintegrated sarcomers [15, 30, 31, 33] and
increased amounts of lipid vacuoles, glycogen granules,
and connective tissue [14, 15, 31, 33]. As in the denerva-
tion studies, we observed changes in triads and sarco-
plasmic reticulum [33, 35]. Concerning mitochondria,
we did not observe swelling or alterations in cristae and
matrix [14, 15, 32] but only smaller rounded mitochon-
dria, which were irregularly located near the Z-bands.
Alterations concerning cristae and matrix have previous-
ly been observed between 10 and 36 h after immobiliza-
tion. Such changes may have disappeared by 48 h [15].
Our electron-microscopic observations were made at
48 h and the consistent differences between the muscles
of the two rabbit groups processed under identical condi-
tions attest to the validity of the results.

The present diaphragm muscle inactivity model using
PMV differed from previous models of diaphragmatic
inactivation. In denervation models communication be-
tween motoneurons and muscle is completely abolished.
Furthermore, in the latter models there is passive stretch-
ing and consequent mechanical loading imposed on the
denervated muscle fibers by the increased inspiratory
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Table 1 Oxygen consumption in the three states in the prolonged mechanical ventilation group (PMV) and controls; oxygen consump-
tion (nmol atom O/mg per minute) with the two respiratory substrates. Median (Med) and interquartile (IQ) range

Pyruvate-malate Succinate-rotenone

PMV Control PMV Control

Med IQ range Med IQ range Med IQ range Med IQ range

Basal state 46* 37.5–69.3 33.6 27.3–42 105.9 90.5–220.7 113.5 84.3–129.5
ADP-stimulated state 221 184.8–409.8 207.4 190.7–258 238.2 163.8–594.3 259 198.6–282.7
Recovery state 56.5 36.1–91 51.4 31.8–61 118.2 100.1–231.7 137.9 117.2–166.7

* p<0.05 vs. control

Table 2 Phosphorylated/oxygen consumed ratio (ADP/O) and respiratory control ratio (RCR) values in prolonged mechanical ventila-
tion group (PMV) and controls with both respiratory substrates. Median (Med) and interquartile (IQ) range

Pyruvate-malate Succinate-rotenone

PMV Control PMV Control

Med IQ range Med IQ range Med IQ range Med IQ range

ADP/O 2.8 2.2–3.2 3.2 3.1–3.3 1.5 1.4–1.8 1.6 1.4–1.7
RCR 4.8 3.4–5.1 4.4 4–4.7 2.1 1.9–2.3 1.9 1.6–2.1



motion of the intact, contralateral side of the diaphragm
[20]. Fiber-type disuse adaptations involve the action of
transported neurotrophic substances and synthesized
myotrophic factors. When using PMV models the com-
munication between motoneurons and muscles persists
while both are inactivated. The matched motoneuron and
muscle activity may influence the adaptive response to
disuse [19, 20]. Disuse of muscle after immobilization
leads to focal autophagic activity of muscle cells. The
mechanisms that initiate muscle degeneration are still
unknown. Altered blood supply caused by immobility,
variations in tension in different fibers, and lack of affer-
ent stimuli in reflex arcs could be factors [32]. The myo-
fibril fragmentation that we observed was similar to that
reported in muscle injuries after anomalous contractions
in human muscular dystrophy or in passive stretching
[32]. The authors of the latter study hypothesized that as
contractile elements disappear, massive production of
energy is no longer necessary, and the mitochondria 
degenerate [32, 35]. The dilated and fragmented sarco-
plasmic reticulum found in a variety of disorders also re-
flects the morphological disintegration that accompanies
loss of function.

Despite the fact that the isolation procedure used in
this study allowed us to obtain mitochondrial oxidation
well coupled with ADP phosphorylation, as shown by
the high RCR values, our results showed marked differ-
ences with those obtained by other authors after skeletal
muscle immobilization. In studies of rat gastrocnemius
muscles Max [12] showed that the ADP/O ratio and
RCR decreased markedly from 1 to 6 days after skeletal
fixation, indicating decreased phosphorylation efficien-
cy. A significant decrease in state 3 respiration rate and
RCR was observed in rats by Krieger et al. [11] after
2 days of hindlimb immobilization, Yajid et al. [13] after
4 weeks of hindlimb suspension, and Joffe et al. [10] 
using denervated rat soleus muscles. However, the mito-
chondria in the latter study displayed significantly higher
state 4 respiratory rates than controls [10]. This implies
that these mitochondria had poorly coupled oxidation
and phosphorylation processes. No mitochondrial respi-
ration measurements have been performed in respiratory
muscles after immobilization or disuse. Diaphragm is not
comparable to skeletal muscle. Its daily duty cycle rang-
es from 40% to 45% with continuous, repetitive activa-
tion [22], in contrast with the soleus and extensor digito-
rum longus muscles, having duty cycles of 14% and 2%,
respectively [17]. The diaphragm may be particularly
susceptible to disuse. In our study the significant in-
crease in oxygen consumption in state 2 as measured by
pyruvate/malate and the tendency to increase in states 3
and 4 could be explained by alterations in mitochondrial
oxidative phosphorylation coupling [36]. According to
the chemiosmotic theory, the driving force for mitochon-
drial ATP synthesis is the proton-motive force across the
inner mitochondrial membrane, which is developed at

the expense of electron transport and oxygen consump-
tion. Inner membrane integrity allows protons to reenter
the mitochondrial matrix only at sites where reentry is
coupled to ATP synthesis, the F0F1-ATP synthase com-
plex. Our results showed that mitochrondria after PMV
have morphometric and ultrastructural alterations which
could lead to functional abnormalities. We hypothesized
that PMV compromises the permselectivity of the inner
mitochondrial membrane permitting protons to leak back
at nonspecific sites [36]. This phenomenon would in-
crease oxygen consumption in the three states and de-
crease the efficiency of coupling from oxygen consump-
tion to ATP production. We did not observe a decrease 
in the ADP/O ratio which would have confirmed this hy-
pothesis. However, with pyruvate/malate as respiratory
substrate the decreased ADP/O ratio values in the PMV
group nearly reached significance (p=0.07).

We cannot exclude an effect of sodium thiopental.
Several authors have shown that in vitro barbiturates in-
hibit mitochondrial electron transport and energy transfer
and exert rotenonelike action (by inhibiting electron
transport in the area of nicotinamide adenine nucleotide
dehydrogenase) [37, 38, 39]. However, spectrophotomet-
ric studies have localized the site of action at several 
other parts of the electron transport chain [40]. The 
authors of various studies have concluded that barbitu-
rates lead to in vitro uncoupling of oxidation and phos-
phorylation [37, 40, 41, 42]. In vitro studies of isolated
liver or brain mitochondria have been reported in which
the mitochondria were exposed directly at low tempera-
tures [40] to high concentrations of barbiturates (largely
exceeding those required to produce clinical anesthesia)
[39]. Takaki et al. [43] investigated the respiratory func-
tion of mitochondria isolated from hearts of anesthetized
rats with two different high doses of sodium pentobar-
bital (50 and 100 mg/kg). Respiratory function and elec-
tron transport were not suppressed in the isolated myo-
cardial mitochondria of rat hearts after high-dose pento-
barbital anesthesia, although the sodium pentobarbital
blood concentration was of the same order as that which
exerts mitochondrial uncoupling in rat isolated mito-
chondrial preparations. The authors concluded that sodi-
um pentobarbital anesthesia up to 100 mg/kg is applica-
ble for mechanoenergetic studies. Other variables could
have caused the observed alterations. Prolonged anesthe-
sia over 48 h can induce hemodynamic effects that may
impair diaphragmatic blood flow. Acidosis or hypoxia
may cause diaphragm ultrastructure changes. In a previ-
ous study we measured blood gases and hemodynamic
parameters in nine ventilated rabbits (for 51±3 h, with
the same ventilatory parameters as our study) and in ten
control rabbits (ventilated for 30 min). We found no sig-
nificant difference at the end of the ventilatory period
between the two groups, concerning heart rate, systolic
blood pressure, oxygen arterial pressure, carbonic gas 
arterial pressure, or pH.
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When cells are subjected to aggression, mitochon-
dria react in a limited stereotypical manner by a change
in the conformation of mitochondrial proteins permit-
ting entry of water from the matrix into the intermem-
brane space [44]. This early phase of mitochondrial
contraction corresponds to the smaller and denser mito-
chondria observed after PMV. If the aggressive condi-
tions persist, changes in the internal membrane appear
and culminate in swelling of the mitochondria and
clearing of the matrix, which can begin as early as the
10th h [14, 15]. The coupling of the flux of electrons to
the synthesis of ATP depends more on the stability of
the energetic state of the mitochondrial cristae mem-
branes than on the integrity of the external membrane
[45].

In conclusion, cell ultrastructural changes indicate res-
piratory muscle degeneration caused by muscular inactivi-
ty during MV. Mitochondria are the cell organelle most
susceptible to aggression. We observed a moderate ten-
dency toward a decreased efficiency of mitochondrial oxi-
dative phosphorylation coupling in the PMV group, prob-
ably by generating an unstable energized state in the cris-
tae membrane. After PMV such muscle damage probably
contributes in parts to difficulties in weaning the patients.
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