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Abstract Objective: We examined
in rabbits the effects of more than
48 h of mechanical ventilation on the
contractile properties and fiber type
adaptations of the respiratory mus-
cles. Design and setting: Experimen-
tal prospective study in a university
laboratory. Animals and interven-
tions: Nineteen rabbits were random-
ly allocated to two groups: control
(n=10) or mechanically ventilated
(MV; n=9) for 51±3 h. Measurements
and results: Respiratory muscles
contractile properties were analyzed
before and after a fatigue protocol
using in vivo isometric 1-s tetanic
contraction characteristics in both
muscles: peak tetanic force, contrac-
tion time, relaxation time, and total
contraction time. Both muscle fiber
type proportions, diameter, and
cross-sectional areas were measured
using ATPase staining. The MV rab-
bits showed significant weight loss
in both muscles, accompanied by a

reduced peak tetanic force (9.96±3.2
vs. 7.44±2.2 N for diaphragm of
control and MV animals respective-
ly), fatigue resistance index, and in-
creased relaxation time (57.5±8.7 vs.
85.8±9.4 ms for diaphragm of con-
trol and MV animals) and contrac-
tion time. These impairments in the
MV group worsened after the fatigue
runs. Both muscle showed a signifi-
cant atrophy of type IIa and IIb fi-
bers but a stability in type I fibers
cross-sectional area. 
Conclusions: Mechanical ventilation
in rabbits produces alterations in
contractile properties of the dia-
phragm and 5th external intercostal
muscle, increases both muscles 
fatigue, and promotes atrophy of
type II fibers.

Keywords Diaphragm · Rib cage
muscles · Muscle contraction · 
Respiratory muscles mass · Muscle
fiber atrophy
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Introduction

Mechanical ventilation (MV) is widely used for the treat-
ment of respiratory failure. However, prolonged mechan-
ical ventilation (PMV) seems to be one of the principal
factors responsible for the difficult weanings [1, 2] en-
countered in as many as 25% of these patients [3, 4].
During controlled MV, respiratory muscle activity de-
creases dramatically, as demonstrated by the absence of
diaphragmatic electrical activity [5, 6]. Diaphragmatic
disuse during denervation and other forms of inactiva-
tion has been shown to affect contractile and morpho-

metric properties of the muscle fibers [7, 8, 9]. Only lim-
ited information is available concerning the effects of
disuse mediated by PMV on respiratory muscle mass,
contractile properties, endurance capacity, and fibers
type changes [10, 11, 12]. Le Bourdelles et al. [10] re-
ported that 48 h of MV in rats was associated with 
decreased muscle weight and altered in vitro contractile
properties of the diaphragm, while no effects were noted
on the soleus and extensor digitorum longus muscles.
Anzueto et al. [11] demonstrated that 11 days of MV re-
sulted in decreased diaphragm muscle strength and en-
durance in baboons. The external intercostal muscles of
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the upper rib cage, as in the parasternal intercostal mus-
cles, are inspiratory agonists during eupneic breathing
[13, 14]. During inspiratory loaded conditions, as seen
during difficult weanings, the relative contribution of the
rib cage muscles to the respiratory effort increases [15,
16], and predominant activation is possible. No data ex-
ist concerning the effect of PMV on rib cage muscle con-
tractile properties.

The aims of this study were to determine whether
more than 48 h of MV decreases the mass and contractile
properties, increases fatigue, and changes fiber type of
the diaphragm and 5th intercostal muscles in rabbits.

Methods

General procedures

We developed an original model of PMV in adults rabbits. Care of
the animals conformed to the recommendations of the institutional
animal care committee. Nineteen adult New Zealand rabbits
(INRA, Montpellier, France) were studied. The animals were ran-
domly divided into two groups: a group receiving MV (n=9) and a
control group (n=10). The rabbits in the MV group were premedi-
cated with intramuscular ketamine (50 mg/kg), diazepam
(2 mg/kg), and atropine (0.125 mg) [17]. They were tracheotomi-
zed under general intravenous anesthesia (ketamine 7.5 mg/kg)
and mechanically ventilated for more than 48 h with a volume-cy-
cled ventilator (RP 200, LSA, Fontenay-sous-Bois, France) with
40% FIO2, tidal volume at 8 ml/kg body weight, respiratory rate at
60 bpm, Ti/Ttot ratio at 1/1.5 and the addition of a positive end
expiratory pressure at 2 cmH2O [17]. Anesthesia was maintained
during the MV period by a continuous intravenous infusion of so-
dium thiopental (15 mg/kg per hour). Neuromuscular blocking
agents were not used. The authors established the parenteral nutri-
ents according to veterinary research protocols adapted to experi-
mental animals. Animals received 10 g proteins per day. The ani-
mals received continuous parenteral nutrition with a nutrient com-
position of 60% carbohydrate, 25% lipids, 15% proteins, and vita-
mins, minerals, and 50 mg/kg cefamandole. The daily administra-
tion was of 400 ml, equivalent to 400 kcal/day. Systolic blood
pressure was continuously measured (E1 130, Phillips, Amster-
dam, The Netherlands) through a catheter placed in the ear central
artery and maintained within a range of 90–120 mmHg. The ani-
mal’s temperature was recorded continuously and maintained at
38°C with an electric blanket. The animals in the control group
were free of intervention during the 48-h experimental period,
with access to food and water ad libitum. They received during 1 h
the same anesthetic protocol, the same instrumentation as the MV
group, and were ventilated with the same ventilatory parameters
before measurements and blood samples.

After 48 h the animals were weighed, and blood samples were
taken from the artery for blood gas values and measurement of to-
tal protein, sodium, potassium, calcium, phosphorus, and magne-
sium. A laparotomy and an external left thoracic approach were
then performed, and isometric contractile properties were mea-
sured. The costal and crural portions of the diaphragm and the 5th
external intercostal muscle were then immediately removed, dis-
sected, and weighed separately, and the animals were killed by ex-
sanguination.

In vivo measurement of respiratory muscle contractile properties

The integrated electrical activity of the diaphragm was recorded
continuously in five rabbits during the 48 h experimental period

with two needle electrodes (Nicolet Instruments, Trappes, France)
subcutaneously implanted on both sides of the lower part of the
sternum. The electrodes were connected to a preamplifier (sample
frequency 2048 Hz, band-pass filter: 10 Hz–1 KHz, attentuation
>6 db/decade). Measurements on diaphragm and rib cage muscles
were carried out in situ on muscles strips intact in their origin and
insertions on the central tendon and/or on the ribs. Dessication of
the preparation was avoided by saline humidification. For the dia-
phragm muscular strips (5 mm) from the right costal hemidia-
phragm were selected and a nonextensible thread was set at the
same location for each animal. The thread was connected to a
strain gauges force transducer (INSERM U 103, Montpellier,
France) located in the contraction axis of muscle fibers. The mus-
cle strip was adjusted to the length at which maximal tetanic ten-
sion was elicited (preliminary unpublished studies). Resting 
(precontraction) muscle length and tension of both muscles could
be altered by raising or lowering the force transducer. Direct stim-
ulation was delivered via two implanted needle electrodes. The
electrodes were connected to a current regulated electrical stimu-
lator (STIPRO 10, St Mathieu de Treviers, France) which deliv-
ered biphasic charge balanced pulses (150 mA maximal output).
Supramaximal (40 mA) square-wave pulses of 300 µs duration at
40 Hz frequency were delivered for 1 s (tetanic contraction). Five
1-s supramaximal tetanic contractions with a rest period of 5 s
were recorded. After a 5-min rest the muscle was subjected to a
fatigue run consisting of continuous stimulation at 40 Hz for 60 s.
Another sequence of five 1-s tetanic contraction were then elicited
1 min after the fatigue run. An intercostal muscle strip (5 mm
large) was adjusted to the length at witch maximal tetanic tension
was elicited. For this strip the upper rib was fixed to an upright
cork plate and the lower part of the muscle sutured to the strain
gauge force transducer. The same protocol as for the diaphragm
was used. Direct stimulation was delivered via two intramuscular
needle electrodes distant from 0.5 cm.

Tetanic contractions of 1 s were chosen for study as, due to the
contraction time (CT), relaxation time (RT), and total contraction
time (TCT), they provide a more accurate index of changes occur-
ring over the time course of contraction than the isometric twitch.
The 1-s tetanic contractions allowed for the active state, rarely at-
tained in mammalian muscle during twitch contractions, to be ful-
ly developed [18, 19]. Peak tetanic force (Po), CT (calculated
from 10% to 90% of peak force), RT (calculated from 90% to 10%
of peak force), and TCT were determined from the stored oscillo-
scope tracing of the1 s tetanic contraction (Tektronix 222, Beaver-
ton, Ore., USA) and analyzed by a personal computer (PC Pent-
ium 120 MHz). A fatigue resistance index (FRI) was calculated
using fatigue force measured after a continuous 60-s electrical
stimulation, divided by baseline force, measured prior to the fa-
tigue run [18, 19]. Software written in Labview (National Instru-
ments, Austin, Tex., USA) was used for the acquisitions. Signals
coming from the force transducer were acquired through an input-
output board for PC (12-bit resolution). Data were sampled at
1024 Hz (time acquisition window of 2 s). The signals were differ-
entially amplified and low-pass filtered (1 kHz; Tektronix M 555).

Muscle fiber type proportions, diameters and cross-sectional areas

Once the physiological measurements were completed, muscle
segments from the middle costal region of the diaphragm and 5th
external intercostal muscle of each rabbit were pinned to a cork
and quick-frozen in isopentane cooled by liquid nitrogen. Serial
10-µm-thick cross-sections were sliced from the middle of each
muscle segment using a cryostat (HN500, Microm, Heldelberg,
Germany) maintained at –20°C. The fields were cut perpendicu-
larly to the myocites axis. Alternate sections were stained for
myofibrillar adenosine triphosphatase (mATPase). Differences in
mATPase staining after preincubation at pH 10.4 were used to
classify the muscle fibers as either type I or II. Type II fibers were
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subclassified as either type IIa or IIb using mATPase staining pro-
files following preincubation at pH 4.6. Fiber type proportions,
minimal diameters, and cross-sectional areas (CSA) were then de-
termined from a sample of 200–250 fibers per muscle. Fiber diam-
eter was measured using a micrometric scale on 30 fibers of each
type. The muscle sections were magnified ×20 (Carl Zeiss, Axios-
cop, Ulm, Germany) and then digitized using an image processing
system (Panasonic, Tokyo, Japan, and Digital System, Institut de
Biologie, Montpellier, France). The area of each pixel, measured
by a stage micrometer, was 0.71 µm2. Thirty fibers of each type
were outlined, and fiber CSA was calculated from the number of
pixels counted within each fibers outlined borders. The contribu-
tion of the interstitial space to the total muscle area was not con-
sidered.

Statistical analysis

Values were means ±SEM or means ±SD. Individual comparison
between experimental and control rabbits were made using non-
parametric tests (Mann-Whitney). Bonferroni’s correction was
used where necessary. Comparisons of individual muscle contrac-
tile properties before and after the fatigue runs were performed us-
ing the paired two-tailed Student’s t test. The level of p<0.05 was
accepted as statistically significant.

Results

MV rabbits were ventilated for 51±3 h. Throughout the
study the rabbits of the MV group were afebrile, with
body temperature ranging between 36°C and 38°C. They
had an intestinal transit and urinated spontaneously.
There was no difference between control and MV ani-
mals regarding plasmatic levels of total protein (57±4 vs.
51±9 g/l), sodium (148±3 vs. 147±5 mmol/l), potassium
(4.7±0.4 vs. 4.1±0.3 mmol/l), calcium (2.7±0.2 vs.
3±0.2 mmol/l), magnesium (1.4±0.3 vs. 1.7±0.2 mmol/l),
or phosphorus (2±0.2 vs. 1.8±0.1 mmol/l). There were
also no statistical significant differences in blood gases
(PaO2, 139±25 vs. 167±33 mmHg; PaCO2, 38±4 vs.
37±7 mmHg; pH, 7.35±0.1 vs. 7.37±0.1) and hemody-
namic data (heart rate, 179±13 vs. 188±14 bpm; systolic
blood pressure, 103±17 vs. 108±21 mmHg).

Muscle and body weight

The initial body weights of the control and MV rabbits
showed no significant difference (respectively,
2.630±212 and 2.710±170 g). Following the experimen-
tal period the body weights of both group decreased,
showing no significant intergroup differences (respec-
tively, 2.510±170 and 2.570±190 g). However, the
weights of the two portions of the diaphragm and the 5th
external intercostal muscle were significantly reduced in
the MV group (p<0.05; Table 1).

Contractile properties

No electrical activity during MV was noted in the 
diaphragm. The electromyographic (EMG) tracing were
recorded before and during MV. There was an absence 
of phasic activity during MV. The contractiles properties
of the diaphragm and rib cage muscles are shown in 
Table 2.

Intergroup comparison

MV significantly decreased Po compared to controls
(25%) and increased CT, RT, and TCT of the diaphragm
before the fatigue run (Table 2). After the fatigue run the
Po of MV animals decreased by 47% and CT, RT, and
TCT significantly increased compared with the control
group. Prior to the fatigue runs the MV rabbits showed
significant decreases in Po (10%) and significant in-
creases in RT and TCT of the 5th external intercostal
muscle (Table 2) compared with the control group. After
the fatigue run the difference between MV and control
animals for Po was 19%. The FRI values were found to
be significantly higher in the control rabbits

Intragroup comparison

The control rabbits’ tetanic force 1 min after the fatigue
run was decreased by 27% (p<0.05) of the baseline val-
ue, while CT was increased by 40% (p<0.05). The MV
rabbits showed a significantly different decrease in Po
(43%, p<0.05) and increase in RT (45%, p<0.05); CT 
increased by 49% (n.s. vs. controls). The 1-s tetanic 
response tests of control rabbit 1 and MV rabbit 3 are 
reported in Fig. 1a.

In control rabbits Po generated by the 5th external in-
tercostal muscles 1 min after the fatigue run was de-
creased by 29% of the baseline value (p<0.05) while RT
was increased by 45% (p<0.05). MV rabbits’ Po was de-
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Table 1 Muscle mass in mechanically ventilated (MV) and in
control animals (means ±SD)

MV (n=9) Control (n=10) p

Costal diaphragm
Absolute value (g) 2.9±0.3 3.7±0.4 <0.01
Mass/body weight (×103) 1.12±0.2 1.57±0.2 <0.05

Crural diaphragm
Absolute value (g) 1.2±0.3 1.6±0.3 <0.05
Mass/body weight (×103) 0.49±0.1 0.65±0.1 <0.05

5th left external intercostal
Absolute value (g) 0.5±0.1 0.7±0.1 <0.05
Mass/body weight (×103) 0.19±0.03 0.27±0.07 <0.05
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Table 2 Contractile properties
in mechanically ventilated
(MV) and control (control) 
animals before and after fatigue
runs (Po peak tetanic force, 
CT contraction time, RT relax-
ation time, TCT total contrac-
tion time, FRI fatigue resis-
tance index) (means ±SEM)

Diaphragm Intercostal muscle

MV Control MV Control

Before fatigue
Po (N) 7.44±2.2* 9.96±3.2 12.5±3.47* 13.9±3.9
Po/g muscle strip (N/g) 44.5±13.3* 51.6±21 215.5±43 195±37
CT (ms) 244±54* 184±55.5 273±54.1 267.2±82.4
RT (ms) 85.8±9.4* 57.5±8.7 87.8±19.6* 77.1±26.9
TCT (ms) 930.7±83* 839.1±93 963.1±16.7* 931.7±52.1

After fatigue
Po (N) 4.3±1.5*,** 8.18±1.5** 7.53±2.98*,** 9.27±3.47**
Po/g muscle strip (N/g) 25.7±10*,** 42.4±17** 129±27** 127±19**
CT (ms) 365.6±77.7*,** 296.4±91** 379.1±76*,** 257.7±72.4
RT (ms) 124.6±19.4*,** 64.7±18.3 168.6±25.6*,** 112.5±25.6**
TCT (ms) 961.2±45.6* 888.9±58.4 1113±136*,** 831.6±151.1
FRI (%) 54±7* 79±9 58±5* 64±5

* p<0.05 MV vs. control, 
** p<0.05 before vs. after 
fatigue

Fig. 1 Diaphragmatic (a) and intercostal muscle (b) 1-s tetanic
contraction at 40 Hz before and 1 min after the fatigue protocol in
a control animal (rabbit no. 1, top panel) and a mechanically ven-
tilated (MV) animal (rabbit no. 3, bottom panel). Note the prefa-
tigue decrease in peak tetanic force in this MV rabbit acompanied

by increased contraction and relaxation times compared to the
control animal. While all contractiles properties were compro-
mised after the fatigue run in the MV rabbit, only the peak force
decreased in the control rabbit



creased by 41% (p<0.05) of baseline while CT and RT
were increased by 38% and 93% respectively (p<0.05;
Table 2). The 1-s tetanic response tests of control rabbit
1 and MV rabbit 3 are reported in Fig. 1a for the dia-
phragm and Fig. 1b for the 5th intercostal muscle.

Muscle fiber type proportions, diameter, and CSA

Data concerning muscle fibers type proportions, minimal
diameter, and CSA are reported in Table 3. Differences
were noted in the fiber type proportions of the two mus-
cles. Type I and IIa fibers accounted, respectively, for
50% and 20% of all diaphragm fibers and for 40% and
30% of 5th external intercostal muscle fibers. Type IIb
fibers accounted for 30% of all fibers in both muscles.

107

Table 3 Effects of mechanical
ventilation on fiber type pro-
portions, minimal diameters,
and cross-sectional area (CSA)
in diaphragm and 5th external
intercostal muscle (means
±SD)

Diaphragm Intercostal muscle

MV Control MV Control

Type proportion (%)
Type 1 49.±2.1 48.4±2.7 37.1±2.4 38.3±2
Type IIa 20.2±3.1 21.4±1.7 30.9±1.7 30.7±1.9
Type IIb 30.5±2.7 30.2±1.9 32±2.1 31±2.4

Minimal diameter (µm)
Type I 41±3 44±3 39±4 43±3
Type IIa 51±1* 57±3 49±5* 53±3
Type IIb 50±2* 58±2 54±2 57±4

CSA (µm2)
Type I 1356±81 1524±107 1287±211 1479±112
Type IIa 2041±117* 2540±317 1956±184* 2372±301
Type IIb 2097±119* 2620±219 2412±301* 2682±257

*p<0.05 MV vs. control

Fig. 2a–d Histochemical sec-
tions (×20) stained for myosin
ATPase after preincubation at
pH 4.6. Dark staining Type I
fibers appear dark; light stain-
ing type IIa fibers; intermediate
staining type IIb fibers. a Dia-
phragm of a MV rabbit. b Dia-
phragm of a control rabbit. 
c Intercostal muscle of a MV
rabbit. d Intercostal muscle of a
control rabbit. Note that type II
fibers appear mainly smaller in
costal diaphragm and in a less-
er manner in intercostal mus-
cle. The sections shown above
were chosen to illustrate the
preferential atrophy of type II
fibers without modification of
the selective composition of the
fiber types



After PMV the fiber type proportions of neither muscle
was significantly altered. Figure 2 presents photomicro-
graphs of typical diaphragm and rib cage muscle cross-
sections following preincubation at pH 4.6. For both
muscles the differences in diameter and CSA were noted
across fiber types in both MV and control rabbits. Type I
fibers were the smallest followed in rank order by the IIa
and IIb fibers (p<0.05). No significant differences in
type I fiber diameter or CSA were noted between the
groups in either muscle. The decrease in CSA of the type
I fibers in the MV group was 8±1.5% and 9±1% for the
diaphragm and rib cage muscle, respectively. In contrast,
the MV rabbits showed a significant decrease in the CSA
of type IIa and IIb fibers of the diaphragm and intercos-
tal muscles: respectively, IIa fibers 21±3% and 16±2%;
IIb fibers 23±4% and 11±2% (p<0.05). The decrease in
CSA of type II fibers was greater in the diaphragm than
in the rib cage muscles. 

Discussion

The principal findings of this study are that 51±3 h of
MV in an original model of PMV rabbits leads itself to
significant changes in the diaphragm and 5th external in-
tercostal muscles: reduced weights, reduced force gener-
ating capacities and fatigue resistance, and atrophy of
type IIa and IIb fibers. In accordance with similar find-
ings reported in the literature [10, 11], MV appears to 
alter diaphragmatic and rib cage muscle function in rab-
bits. Using in vitro twitch and force frequency curves, 
Le Bourdelles et al. [10] showed that 48 h of MV was
associated with significant decreases in diaphragm force
but without alterations in half-RT or modifications in
muscle protein concentrations and enzymatic activities.
These findings were not observed in the extensor digito-
rum longus (fast twitch) and soleus (slow twitch) mus-
cles. However, comparing in vivo and in vitro contractile
properties is difficult, involving alterations in anatomical
shape and thermolability of the contractile properties
[20]. Anzueto et al. [11] found a decrease in transdia-
phragmatic pressure and in diaphragm muscle endurance
after 12 days of MV in three baboons. However, as the
authors measured diaphragm contractility by indirect bi-
lateral phrenic nerve rather than direct muscle stimula-
tion, it has been suggested that the neural command was
altered [18], and end-plate failure was present in the dis-
used muscle [9]. Furthermore, their use of long lasting
neuromuscular blockers may have contributed to the de-
creased diaphragmatic force.

The present study found that MV in an in vivo rabbit
model was associated with a significant reduction in Po
and slowing of CT, RT, and TCT. These alterations, as
demonstrated in other diaphragmatic denervation models
[7, 8, 9], significantly worsened after a fatigue run.
While confirming the reduced diaphragmatic force fol-

lowing MV found in other animal models [10, 11], our
results demonstrate alterations in rib cage muscle force,
where contractile properties are of particular clinical in-
terest. Rib cage muscles act as force generators during
resistive loaded ventilation [15, 16]. During difficult
weanings following PMV [2, 21] a preferential activa-
tion of the rib cage muscles has been demonstrated. A
period of PMV should promote alterations in the con-
tractile properties of rib cage muscles in such situations.

Respiratory muscle inactivity during MV should alter
contractile properties. As observed in our MV group,
respiratory muscle activity has been shown totally to
cease during controlled MV, as revealed by the absence
of respiratory muscle EMG signals during respiratory
support [5, 6]. While MV should reverse respiratory
muscle fatigue by allowing them to rest, it may also re-
sult in their impaired contractility. Marked alterations in
diaphragmatic contractile properties have been observed
in several models of diaphragm muscle inactivation [7,
8, 9, 22]. Most notably, decreases in specific force and
increases in twitch contraction and half-RT were demon-
strated. Muscular inactivity in our MV group may have
had an effect on the excitation-contraction coupling of
both diaphragm and rib cage muscles, but we have no
data to support this hypothesis. Diaphragm contractility
is also thought to depend on extracellular Ca2+ concen-
tration [23]. However, no effect on rib cage muscles was
observed, and no significant differences were noted in
our study’s plasma Ca2+ levels between the control and
MV animals.

Respiratory muscle contractile impairment could be
related to starvation leading to weight loss and hydration
or metabolic alterations. Decreases in diaphragm weight
mediated by acute nutritional deprivation remain uncer-
tain [24, 25]. When compared with control animals, 
diaphragms weighed 25% more following 2 weeks of
denervation, but the diaphragm weight decreased with
the association denervation-malnutrition [26]. In accor-
dance with the findings of Le Bourdelles et al. [10], we
found a significant decrease in the muscle mass of the
two parts of the diaphragm tested and 5th external inter-
costal muscle in the MV group. No changes in dia-
phragm water content have been reported following den-
ervation or muscular inactivity [27] that could explain
changes in diaphragm weight. In our animals the force
reduction for the diaphragm appears to be almost com-
pletely related to change in mass. For the intercostal
muscle the MV group had 5–10% more force/g muscle
strip than did the control group. We have no clear expla-
nation for the difference between the muscles concerning
force generation per gram. Diaphragmatic impairment
related to weight and intercostal muscle impairment not
related to weight in MV animals could be related to the
prior history of activation of both muscles. Optimal and
total length of these muscles may differ between control
and MV groups [10].
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During a 40 Hz electrical stimulation both slow (type I)
and fast (type II) twitch motor units are recruited [9]. The
respiratory muscles fatigue resistance index noted in our
MV rabbits decreased despite the reduction of the type II
fiber CSA, without changes in either the type I 
fiber CSA or the fiber type ratio, yielded a larger propor-
tional area of type I fibers. These results are contradictory
with those of 2-week denervation models [7, 8, 20, 28].
Two weeks of hemidiaphragm inactivity, induced by ei-
ther tetrodotoxin or phrenic transection, left the propor-
tions of type I and II fibers unaffected while the type I fi-
bers hypertrophied, the type II fibers atrophied, and the
fatigue resistance increased. Three days of denervation in
a rat model is reported to be associated with an initial hy-
pertrophy of all fiber types [22, 25, 29], without changes
in fiber type proportions. This difference with the present
study, involving an acute period of disuse, may be ex-
plained by the employed diaphragm muscle inactivity
model. In hemidiaphragm denervation models the fiber
type changes may result from the passive stretching and
consequent mechanical loading imposed on the muscle fi-
bers by the increased inspiratory motion of the intact con-
tralateral side of the diaphragm [7]. In denervation mod-
els communication between motoneuron and muscle is
completely abolished, and when tetrodotoxin is used, the
phrenic nerve increases its activity by approximately 60%
[9]. In contrast, when using PMV, the communication be-
tween motoneuron and muscles persists while both are in-
activated. These differences are of importance as most
theories concerning fiber type disuse adaptations involve
actions of transported neurotrophic substances and syn-
thesized myotrophic factors [28]. It has been demonstrat-
ed that the diaphragm’s type I fibers hypertrophied while
the type II fibers atrophied in tetrodotoxin and denerva-
tion models [30]. In humans these results would differ,
but diaphragm and rib cage muscles have similar fiber
type compositions [31]. Furthermore, it has been demon-

strated that the percentage of type I fibers decreases while
that of type II fibers increases in the rostrocaudal direc-
tion from the 1st through 6th intercostal spaces [32]. As
such, the result in fiber type proportions depends of
which intercostal muscle is studied.

A relationship has been demonstrated between myo-
sin heavy chain phenotypes and the contractile properties
of muscle fibers [9]. Modifications in the myosin iso-
form composition have been associated with 3–7 days of
MV in rats [33]. Hybrid fibers expressing both type I and
II myosin heavy chains increased (12.5% vs. 3% in con-
trol) at the expense of the type II fiber population. These
alterations may modify the maximal specific force and
fatigue resistance seen in our MV group.

Finally, respiratory muscle contractile functions could
be altered by the use of pentobarbital. In vitro studies on
skeletal muscles demonstrated that the drug potentiated
twitch amplitude, increased the rate of twitch tension de-
velopment, and reduced the rate of twitch relaxation
[34]. Pentobarbital was also shown to affect external in-
tercostal activation without altering peak diaphragm
EMGs in dogs [35]. In the present study all rabbits re-
ceived thiopental anesthesia, and both muscles showed
reduced tetanic strength, and increased RT. The data sug-
gest that thiopental was not involved in the genesis of
respiratory muscle contractile alterations.

In summary, 51 h of MV in rabbits were associated
with changes in the contractile properties and fiber type
of the respiratory muscles. These adaptations may affect
the ability to wean some patients from MV. Further stud-
ies are needed to determine the role of PMV on respira-
tory muscle performance.
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