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Abstract

Introduction: Immobilization of hindlimb muscles in a shortened position results in an accelerated rate of
inactivity-induced muscle atrophy and contractile dysfunction. Similarly, prolonged controlled mechanical
ventilation (CMV) results in diaphragm inactivity and induces diaphragm muscle atrophy and contractile
dysfunction. Further, the application of positive end-expiratory airway pressure (PEEP) during mechanical
ventilation would result in shortened diaphragm muscle fibers throughout the respiratory cycle. Therefore, we
tested the hypothesis that, compared to CMV without PEEP, the combination of PEEP and CMV would accelerate
CMV-induced diaphragm muscle atrophy and contractile dysfunction. To test this hypothesis, we combined PEEP
with CMV or with assist-control mechanical ventilation (AMV) and determined the effects on diaphragm muscle
atrophy and contractile properties.

Methods: The PEEP level (8 cmH,0) that did not induce lung overdistension or compromise circulation was
determined. /n vivo segmental length changes of diaphragm muscle fiber were then measured using
sonomicrometry. Sedated rabbits were randomized into seven groups: surgical controls and those receiving

CMV, AMV or continuous positive airway pressure (CPAP) with or without PEEP for 2 days. We measured in vitro
diaphragmatic force, diaphragm muscle morphometry, myosin heavy-chain (MyHC) protein isoforms, caspase 3,
insulin-like growth factor 1 (IGF-1), muscle atrophy F-box (MAFbx) and muscle ring finger protein 1 (MuRF1) mRNA.

Results: PEEP shortened end-expiratory diaphragm muscle length by 15%, 14% and 12% with CMV, AMV and

CPAP, respectively. Combined PEEP and CMV reduced tidal excursion of segmental diaphragm muscle length;
consequently, tidal volume (VT) decreased. VT was maintained with combined PEEP and AMV. CMV alone decreased
maximum tetanic force (Po) production by 35% versus control (P < 0.01). Combined PEEP and CMV did not decrease
Po further. Po was preserved with AMV, with or without PEEP. Diaphragm muscle atrophy did not occur in any fiber
types. Diaphragm MyHC shifted to the fast isoform in the combined PEEP and CMV group. In both the CMV and
combined PEEP and CMV groups compared to controls, IGF-1 mRNAs were suppressed, whereas Caspase-3,

MAFbx and MuRF1 mRNA expression were elevated.

Conclusions: Two days of diaphragm muscle fiber shortening with PEEP did not exacerbate CMV-induced
diaphragm muscle dysfunction.
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Introduction

Studies in both animals [1,2] and humans [3,4] have
demonstrated that complete diaphragm muscle inactivity
due to controlled mechanical ventilation (CMV) induces
a rapid decline in diaphragm muscle function associ-
ated with muscle fiber injury [1] and fiber atrophy [3,5].
This phenomenon is commonly termed ventilator-indu-
ced diaphragmatic dysfunction (VIDD) [6]. Conversely,
partial diaphragm muscle activation with assist-control
mechanical ventilation (AMV) [7] or adaptive servo-
ventilation (ASV) [8] preserves diaphragmatic function
and mitigates CMV-induced diaphragm muscle injury [9]
and atrophy [8].

In addition to CMV-induced diaphragm muscle in-
activity, it is unknown whether shortening of diaphragm
muscle fiber from the application of positive-end expira-
tory airway pressure (PEEP) during mechanical ventilation
influences diaphragm muscle structural and contractile
properties. This is important because, in rat hindlimb skel-
etal muscle immobilized with the muscle in a shortened
position, protein synthesis has been observed to decrease
more rapidly than when the muscle was stretched beyond
its resting length [10]. Further, in other studies of hind-
limb immobilization with plaster cast [11] or suspension
[12], researchers have reported that greater muscle at-
rophy occurs when muscles are immobilized at a fiber
length less than the resting length.

In the diaphragm, PEEP application increases lung
volume above its equilibrium volume and shortens dia-
phragm muscle fiber [13]. PEEP is an important compo-
nent in the management of patients receiving mechanical
ventilation. In patients with acute respiratory distress
syndrome (ARDS), PEEP improves oxygenation and
mitigates lung injury by preventing the closing and
opening of the collapsed alveoli [14,15]. In patients with
chronic obstructive pulmonary disease, PEEP decreases
the work of breathing by counteracting the threshold
load [16]. However, the benefits of PEEP might be offset
by its possible deleterious effect of shortened diaphragm
muscle fiber. When PEEP is applied with CMYV, the dia-
phragm constantly cycles passively from its shortened
muscle fiber length. With AMYV, the application of PEEP
leads to diaphragm muscle contractions, also from a
shortened muscle fiber length above its resting lung
volume.

The mechanisms responsible for CMV-induced diaphrag-
matic dysfunction are complex. Nonetheless, CMV-induced
oxidative stress increases in the diaphragm [17-20], leading
to myonuclear apoptosis [21,22] and protein degradation
via numerous proteolytic systems, including autophagy
[23], calpains [4,5,24], caspases [24] and the ubiquitin
proteasome system [4,25,26]. CMV-induced molecular
changes in the diaphragm include the overexpression
of genes associated with protein degradation—muscle
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atrophy F-box (MAFbx or atrogin 1) and muscle ring finger
protein 1 (MuRF1)—are accompanied by simultaneous
suppression of genes associated with protein synthesis
(insulin-like growth factor 1 (IGF-1)) [25,27].

It is established that immobilization of hindlimb skeletal
muscles in a shortened position accelerates fiber atrophy;
however, it is unclear whether the application of PEEP
will exaggerate the diaphragm muscle changes induced
by CMV or AMYV alone. Therefore, in this investigation,
we tested the hypothesis that, compared to CMV or AMV
without PEEP, the combination of PEEP and CMV or
AMYV would accelerate ventilator-induced activation of
proteolytic activity, resulting in a more rapid deve-
lopment of diaphragm muscle atrophy and contractile
dysfunction.

Material and methods

Subjects, animal preparation, surgical procedures and
experimental protocol

The study received approval of the Research and Develop-
ment Subcommittee on Animal Studies of the Veterans
Affairs Long Beach Healthcare System. A total of 50 patho-
gen-free male New Zealand White rabbits were studied.
Four animals were employed for PEEP titration, four ani-
mals for determination of segmental length changes of
diaphragm muscle fiber with PEEP application and forty-
two animals for 2 days of mechanical ventilation with or
without PEEP.

Surgeries were performed while the animals were
under general anesthesia with an intramuscular mixture
of ketamine hydrochloride 35 mg/kg and xylazine 5 mg/
kg. Maintenance of anesthesia (intramuscular ketamine
hydrochloride 2 mg/kg and xylazine 0.2 mg/kg) was pro-
vided every 20 minutes as needed. Monitoring of the
depth of anesthesia was based on the absence of jaw tone.
The trachea was cannulated with a tracheostomy tube
(4 mm inner diameter, 6 cm long). The external jugular
vein was cannulated for continuous infusion of fluids
and intravenous medications. The common carotid
artery was cannulated for blood pressure monitoring
(Grass model P23XL; Astro-Med, West Warwick, RI,
USA) and for heart rate monitoring and arterial blood
sampling, as previously reported [1,7]. For animals re-
ceiving 2 days of mechanical ventilation, a feeding tube
was inserted into the stomach via a small incision in the
esophagus.

For PEEP titration, animals were paralyzed with
cisatracurium (0.1 mg/kg intravenously followed by
infusion of 3 ug/kg/min). PEEP was titrated to its
physiological limits, defined as pressure applied without
the induction of lung overdistension or circulatory com-
promise in a paralyzed animal. For the PEEP titration
protocol, pressure-cycled CMV (Puritan Bennett model
840 ventilator; Covidien, Carlsbad, CA, USA) was applied
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with set inspiratory pressure (IP) to deliver a very small
tidal volume (VT) of about 4 ml/kg (animal resting
breathing V'T; see Table 1). VT was obtained by integrat-
ing the flow signal, measured using a heated pneumo-
tachograph (model 8300B; Hans Rudolph, Shawnee, KS,
USA) connected to the tracheostomy tube. The inspira-
tory time (TI) was set to approximately that of an average
TI of spontaneous breaths, and the ventilator rate was set
at 40 breaths/min. PEEP was applied at increasing incre-
ments of 2 cmH,0 for 5 minutes each until static compli-
ance of the respiratory system (Cstgrs) decreased below
that of control (Figure 1A). Cstrgs was calculated as the
ratio of changes in volume to changes in airway plateau
pressure (P, minus applied PEEP. P, was obtained
using the end-inspiratory occlusion technique held for
1 second by pressing the inspiratory hold button of the
ventilator. An average of three P, values obtained at
1-minute intervals and average VTs measured prior to
airway occlusion were used for Cstrs calculation. As
shown in Figure 1A, Cstps decreased significantly at
PEEP of 10 cmH,O; therefore, for the subsequent exper-
iments carried out to assess the effects of PEEP on dia-
phragm muscle function (see below), we applied a PEEP
of 8 cmH,0 combined with CMV or AMYV for 2 days,
taking into account the set VT above PEEP of 6 to 8 ml/kg
body weight, similar to that used in clinical practice but
higher than that used for PEEP titration. Mean arterial
pressure (MAP) was maintained at 70 mmHg, if necessary
by boluses of intravenous fluid infusion.
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Determination of in vivo segmental length changes of
diaphragm muscle fiber

In vivo end-expiratory and tidal excursion of segmental
length changes of diaphragm muscle fibers at various
levels of applied PEEP were estimated using sonomicro-
metry (model 120; Triton Technology, San Diego, CA,
USA). While the animals were under general anesthesia,
a pair of wire electrodes were implanted into the left
costal hemidiaphragm using a midline laparotomy to
monitor diaphragm muscle electrical activity (Grass;
Astro-Med) to ensure its complete suppression during
CMV. A pair of piezoelectric crystals (1 mm in diameter;
Triton Technology) were positioned about 1 cm apart in
the midcostal region of the right hemidiaphragm. Care-
fully aligned along the longitudinal axis of muscle fi-
bers, the crystals were held in place with purse-string
sutures. After implantation of the length transducers,
the abdomen was tightly sutured in two layers [28].
The distance between the transducer pair was sampled
at a rate of 1,537 Hz using a sonomicrometer. The output
from the sonomicrometer was a DC signal proportional to
length [29].

For three modes of ventilation (spontaneous breathing
(CPAP), AMV or CMV), PEEP levels of 0, 2, 4, 6 and 8
c¢cmH,0O were applied in random order for 5 minutes
each. Ventilator settings were as previously described
[1,7]. Briefly, a pressure-cycled ventilator (840 Puritan
Bennett; Covidien) equipped with a neonatal ventilator
circuit and humidified inspired gas was employed. The

Table 1 Peak inspiratory airway pressure, applied positive end-expiratory airway pressure, breathing pattern and timing

on various modes of mechanical ventilation®

Control CPAP CPAP-8 AMV AMV-8 cmMv CMV-8
Peak inspiratory airway pressure (cmH,0) above PEEP
08402 32+03 37406 82+03° 77+03° 81+02° 74+£03°
Applied positive end-expiratory airway pressure (cmH-0)
N/A N/A 83+02 N/A 8.1+0.1 N/A 84+03
Tidal volume (ml/kg)
36+0.1° 58+06 64+06 75+03 74+05 75+£04 5.1+0.2°
Respiratory frequency (breaths/min)

516+48° 366+22 29828 304+29 287+29 40.1+£0.1 40.0£0.1
Minute ventilation (L/min)

06+0.1 08+0.1 0.7+0.1 08+0.1 0.7+£0.1 12+0.1¢ 0.7+£00
Inspiratory time (seconds)

040+ 0.04 0.58 +0.02° 051+003 047 +001 048001 048+ 0.01 047 +001

Duty cycle
0.35+0.07 035+0.02 025+0.03 024+002 023+0.03 032+001 032+001

#Values are mean + SE average of those after 1 and 2 days of various modes of mechanical ventilation (n =6 animals in each group). AMV, Assist-control mechanical
ventilation; CMV, Controlled mechanical ventilation (numerical value of 8 next to the ventilatory mode denotes the set CPAP or PEEP of 8 cmH,0); CPAP, Continuous
positive airway pressure; N/A, Not applicable; PEEP, Positive end-expiratory airway pressure; VT, Tidal volume. Peak inspiratory airway pressure: °P < 0.01 compared with
CPAP and CPAP-8; VT: °P < 0.01 compared with CPAP, CPAP-8, AMV, AMV-8 and CMV. P < 0.05 compared with CMV, AMV-8 and AMV. Respiratory frequency: °P < 0.01
compared with CPAP, CPAP-8, AMV and AMV-8. Total minute ventilation: “P < 0.05 compared with control, CPAP-8, AMV-8 and CMV-8. Ti: P < 0.05 compared with

control, AMV, AMV-8, CMV and CMV-8.
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Figure 1 Data gathered at varying positive end-expiratory
pressure levels. (A) Static compliance of the respiratory system
(Cstgs) and volume normalized for body weight. (B) Changes of
costal segmental diaphragm muscle length at end expiration
expressed as a percentage of that at positive end-expiratory airway
pressure (PEEP) of 0 cmH,0 (Lzgep). (C) Tidal excursion of segmental
diaphragm muscle length expressed as a percentage of that at Lgep.
AMV, Assist-control mechanical ventilation; CMV, Controlled mechanical
ventilation; CPAP, Continuous positive airway pressure. Paralysis was
incorporated only in experimental results shown in (A). Values are
mean + SE (n =4 animals in each experiment). (A) *P < 0.05 PEEP of 10
c¢mH,0 compared with 8, 6, 4 and 2 cmH,0. (B) P < 0.01 CPAP of 8
cmH,0 compared with CPAP of 6, 4, 2 and 0 cmH->0; TP < 0.01 AMV
with PEEP of 8 cmH,O compared with PEEP of 6, 4, 2 and 0 cmH,0;

*P <001 CMV with PEEP of 8 cmH,0 compared with PEEP of 6, 4, 2
and 0 cmH-0. (O) *P<0.01 CMV with PEEP of 8 cmH,O compared with
AMV with PEEP of 8 cmH,0 and with various PEEP and CPAP levels

(0 to 6 cmH50).

inspired oxygen fraction was set to maintain arterial
oxygen tension of 60 mmHg or greater. With CMV and
AMYV, with and without PEED, the IP was set to produce
a volume of approximately 6 to 8 ml/kg. TI was set
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approximate to that of spontaneous breathing. For CMV,
the respiratory rate was adjusted to completely suppress
spontaneous diaphragm muscle contractions based on
monitoring of electrical activity. With AMYV, the respira-
tory rate was set at 4 breaths/min. Flow trigger sensitivity
was set at 1 L/min. For a given PEEP, end-expiratory and
tidal excursion of segmental diaphragm muscle fiber
length were expressed as the percentage of that measured
at PEEP of 0 cmH,0O (Lzggp) (Figures 1B and 1C).

Mechanical ventilation: positive end-expiratory pressure
Animals were randomized into seven groups with six
animals in each group: CMV and AMV with and with-
out PEEP of 8 cmH,O to contrast between complete
and partial diaphragm inactivation, respectively; CPAP
of 0 and 8 cmH,O as controls, respectively; and a sham
surgical control group. The ventilator settings for CMV
and AMV were identical to those employed for determin-
ation of segmental length changes of diaphragm muscle
fiber. The surgical control mice were killed on the day of
surgical procedures, and the other mice were killed after
2 days of ventilation.

Animal monitoring during mechanical ventilation

In those animals that underwent 2 days of mechanical
ventilation, a continuous sedation with intravenous diaze-
pam was administered [1]. In the CMV group, suppression
of diaphragm muscle activity was monitored via airway
pressure and flow waveform as previously described [1]
and reconfirmed in sonomicrometry experiments in which
diaphragm electrical activity was monitored. Ringer lactate
(80 ml/kg/day) was infused intravenously; however, with
the application of 8 cmH,O PEEP, administration of
additional fluids was necessary to maintain a MAP of
70 mmHg or greater. The lungs of animals without
PEEP application were inflated with a set of IP to pro-
duce a volume of 12 ml/kg for five consecutive breaths
every 15 minutes to prevent atelectasis. Liquid nutrition
(100 kcal/kg/day, F3978SP; BioServ, Frenchtown, NJ,
USA) was administered via a feeding tube. Blood pres-
sure, heart rate and rectal temperature, as well as airway
pressure, flow and volume, were monitored continuously
as previously reported [1,7]. End-tidal partial pressure of
carbon dioxide (PaCO,) was monitored at the proximal
end of the tracheostomy tube (Capstar-100; CWE,
Ardmore, PA, USA). At the end of 24 hours and 48 hours,
breathing pattern and timing were measured and averaged
over 30 seconds. Respiratory timing was obtained from
the flow signal. Respiratory frequency was calculated as 60
divided by total breath cycle (Ttot) duration, total minute
ventilation (VE) as the product of VT and respiratory
frequency, and duty cycle as the ratio of TI to Ttot. Arterial
blood was withdrawn for blood gas analyses every 12 hours
and as needed as dictated by the end-tidal PaCO,. A
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physician or research scientist provided round-the-clock
observation and animal care for the duration of the study.

In vitro measurements of diaphragm muscle contractile
properties

At the end of the experiments, the animals were killed
with an overdose of pentobarbital sodium (100 mg/kg
intravenously). The diaphragm muscle was rapidly ex-
cised from the midcostal region, with the insertion of
fibers at the ribs and central tendon intact for isometric
contractile measurements. Briefly, a muscle strip (approxi-
mately 5 mm wide) was obtained and mounted vertically
between two platinum plate electrodes that covered the
entire length of the muscle strip in a 26°C bath containing
Rees-Simpson solution, through which 95% O,/5% CO,
was continuously aerated, maintaining a pH of 7.40 [1].
The rib end of the muscle was clamped, and its central
tendon was attached to the lever arm of a Cambridge sys-
tem (model 300B; Aurora Scientific, Aurora, ON, Canada)
to allow adjustment of muscle length. The muscle was
stimulated using 1.5-ms monophasic rectangular pulses
delivered via a current amplifier (Mayo Foundation,
Engineering Section, Rochester, MN, USA) controlled
by a Grass stimulator (model S88; Astro-Med). Once
the maximal stimulus intensity and optimal muscle length
(Lo) for force production were determined (at 50 Hz and
train of 500 milliseconds), peak twitch tension (Ptw),
time-to-peak twitch tension (TPT) and RT% (the time for
Ptw to relax to one-half Ptw) were determined at Lo from
a series of contractions induced by single-pulse stimuli.
Isometric forces were determined using the Cambridge
system, and the signals were acquired with a data acquisi-
tion system (MetraByte DAC-16; Keithley Instruments,
Cleveland, OH, USA). Force outputs were sampled at a
frequency of 1,000 Hz/channel. To determine maximum
isometric tetanic force (Po), the muscle strip was stimu-
lated using 1-second trains at 10, 20, 40, 50, 75 and
100 Hz with at least a 2-minute interval between each
stimulus train. Forces were normalized for muscle cross-
sectional area (CSA), which was estimated using the fol-
lowing formula:

Muscle mass(g) + [Lo (cm) x Muscle density (g/cm?)],
using 1.056 g/cm? for muscle density.

Determination of myofiber cross-sectional area and
contractile proteins

Myofiber cross-sectional area

A diaphragm muscle strip was prepared and stretched
to 1.5 times the resting excised muscle length and rap-
idly frozen in isopentane cooled to its melting point by
liquid nitrogen. Ten pm serial muscle sections were cut
by using a cryostat kept at -20°C (model CM1850; Leica
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Microsystems, Buffalo Grove, IL, USA). Immunohisto-
chemistry was performed to identify muscle fiber types
[1]. Fiber CSAs of each fiber type were measured using
image-processing software (Image Pro Plus v. 4.0; Media
Cybernetics, Rockville, MD, USA). Fiber proportions were
then calculated for specific MyHC.

Contractile protein fractions

An additional segment of diaphragm muscle strip was
homogenized and denatured. The homogenates were
loaded into the wells of a 4% to 15% gradient Tris-HCI
polyacrylamide gels (Bio-Rad Laboratories, Hercules, CA,
USA) at a protein concentration of 2 pg/well. The relative
proportions of myosin and actin were obtained by meas-
uring the density of each contractile protein band and
expressing it as a percentage of the total density of all
proteins in that sample [7].

Myosin heavy-chain isoform expression

MyHC protein isoforms were separated using techniques
described previously [7]. This method separates fast,
MyHC, 4, MyHC,x (MyHC,p was not identified in rabbits
diaphragm muscle) and slow (MyHCy,,,) isoforms. At the
completion of electrophoresis, gels were stained for 1 hour
with R-250 Coomassie Blue and then destained using a
40% methanol/10% acetic acid solution. Gels were then
digitally imaged and analyzed using ImageQuant software
(Molecular Dynamics, Sunnyvale, CA, USA).

Molecular analysis of genes associated with protein
degradation

Using reverse transcription coupled with quantitative RT-
PCR, we measured caspase 3, IGF-1, MAFbx, and MuRF1
mRNA together with 18S as an alternate housekeeping
gene with the Bio-Rad iQ cycler system (Bio-Rad Labora-
tories). The sequences, respectively, for primers of rabbit
oligonucleotide (Eurofins MWG Operon) for 3’-region
sense and 5'-region antisense were as follows: GCT GGA
CAG TGG CAT CGA GA and AAT TCA AGG GAC
GGG TCA TG for caspase 3; CCG GAG CTG TGA TCT
GAG GAG and CTG AGT CTT GGG CAT GTC GGT
GTG for IGF-1; CAG AAC AGC AAA ACC AAA ACT
CAG and GCG ATG CCA CTCA GGG ATG T for
MAFbx; and GAC TCG TGC AGA GTG ACC AA and
GTG GAC TTT TCC AGC TGC TC for MuRF1.

Statistical analysis

Group size was determined on the basis of change in
diaphragmatic function (that is, Po). On the basis of our
previous study [1], for minimum differences in a mean
of 0.30 and expected standard deviation of residuals of
0.10, we required five animals per group to achieve a
power of 0.80 and a = 0.05 (analysis of variance (ANOVA);
SigmaStat version 3.01, SPSS, Chicago, IL, USA). All values
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are expressed as mean + SE, unless specifically indicated.
Two-way ANOVA was used to compare diaphragmatic
force, MAP and arterial blood gas (ABG) among groups
using the appropriate grouping variables of frequency of
stimulation (diaphragmatic force) or timing (MAP, ABG)
with modes of ventilation (CPAP, AMV, CMV with and
without PEEP). For other variables, one-way ANOVA was
used for comparisons between groups. When the F-value
was significant, post hoc analysis was performed using the
Tukey test for pairwise multiple comparisons. Group dif-
ferences were considered significant at P < 0.05.

Results

Diaphragmatic segmental length changes with positive
end-expiratory application

The application of 8 cmH,O PEEP or CPAP shortened
end-expiratory diaphragm muscle fiber significantly, by
15%, 14% and 12% from Lyppp with CMV, AMYV and CPAP,
respectively (Figure 1B). When PEEP was applied to CMV
(CMV-8), it markedly reduced tidal excursion of segmental
diaphragm muscle length (Figure 1C). Consequently, at a
set peak inspiratory airway pressure similar to that used
with CMV, VT was significantly reduced with CMV-8
(Table 1). In contrast, VT was preserved with AMV-8
(Table 1). The maintenance of tidal excursion of segmen-
tal diaphragm muscle length with AMV-8 is likely due to
abdominal muscle recruitment to optimize diaphragmatic
function, a form of load compensation to defend VT
[30,31]. In controls, the small VT was accompanied by an
elevated respiratory frequency to maintain a constant VE.
With CMV-8, the preset frequency was adequate to main-
tain a constant VE, despite the reduced VT. In contrast,
with CMV alone, the preset frequency increased VE
significantly because, without PEEP, tidal excursion of
segmental diaphragm muscle length was unaffected, and
therefore its delivered VT (Table 1).

As shown in Table 2, to maintain the target MAP,
the groups with CMV and AMV combined with PEEP
received significantly larger amounts of intravenous
fluids compared with the corresponding mode of ven-
tilation without PEEP. In fact, blood pressure and gas
exchange were stable throughout the 2-day study
(Table 2).

Isometric diaphragm muscle contractile properties

After 2 days of CMV or CMV-8, Po was significantly
reduced compared with AMV or CPAP without or with
PEEP (AMV-8, CPAP-8), respectively (Table 3). The
combined CMV and PEEP did not aggravate the already-
reduced Po with CMV alone. Also, PEEP did not have
any effects on diaphragmatic force-generating capacity
when combined with AMV or CPAP. Likewise, at all
stimulation frequencies, PEEP had no additional effects
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on the already-reduced force with CMV alone or on the
force preserved with AMV and CPAP (Figure 2).

Fiber cross-sectional area, and contractile proteins

Table 4 shows that after 2 days of CMV or AMYV, with or
without applied PEEP, fiber CSA was unchanged com-
pared with CPAP or CPAP-8, respectively, or with control,
although a trend of reduced CSA for all fiber types was
demonstrated with CMV and CMV-8. The proportion of
all fiber types was not significantly different between
groups (Table 4).

The average total myosin pool with various modes of
mechanical ventilation was similar to control, except for
the CMV and AMV-8 groups, in which myosin was
reduced. With the combined CMV and PEEP, MyHC
isoform expressions were altered with a shift toward fast
myosin (MyHC,x) compared with control, AMV-8 and
CPAP-8 (Table 5).

Levels of transcripts associated with protein degradation
and synthesis

Caspase 3 mRNA tended to be elevated for all modes of
mechanical ventilation, but attained statistical significance
only with CMV and CMV-8 (fivefold increase compared
with control). IGF-1 mRNA, transcripts of protein synthe-
sis, were markedly reduced with CMV and CMV-8. On
the contrary, molecular markers of protein degradation,
MAFbx (tenfold and sevenfold increases for CMV-8 and
CMYV, respectively) and MuRF1 (a fivefold increase for
both CMV-8 and CMV) mRNA, were markedly elevated
with CMV, with and without PEEP (Figure 3).

Discussion

PEEP is an important treatment modality in acute
hypoxic respiratory failure. Most patients receiving me-
chanical ventilation for ARDS require PEEP of 5 to 12
c¢cmH,O combined with a lung-protective ventilatory
strategy to improve oxygenation and to prevent atelec-
trauma, which is the repetitive opening and closing of
lung units [32,33]. The results of the present study con-
firm the rapid and profound diaphragm muscle force
loss with short-term CMYV, and our novel results reveal
that the use of PEEP combined with CMV or AMV does
not exacerbate VIDD. More specifically, our major find-
ings are that (1) the application of 8 cmH,O PEEP does
not exacerbate (CMV) inactivity-induced diaphragm
muscle dysfunction (Table 3, Figure 2), (2) combined
CMV and PEEP neither produced diaphragm muscle
fiber atrophy nor enhanced the overexpression of tran-
scripts responsible for protein degradation as previously
reported with CMV alone (Figure 3) [3,27] and (3) PEEP
combined with AMV does not adversely affect diaphragm
muscle function following 2 days of AMV. A detailed
discussion of each point follows.
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Table 2 Body weight, diazepam dose, total volume of fluid infused, mean arterial pressure and arterial blood gas at
baseline and after 2 days with various modes of mechanical ventilation, with and without applied positive

end-expiratory airway pressure®

Control CPAP CPAP-8 AMV AMV-8 cmv CMV-8
Body weight (kg)
Baseline 34+0.1 37+03 3.6+04 37+03 34+02 38+04 35+02
Diazepam dose (mg/kg/h)
12+00 13+£0.1 12+£0.1 13+00 12+£0.1 1300
Total volume of fluid infused (ml/24 h)
408 + 14 499 + 30 402+ 14 517 +34° 421420 545+ 7°
Mean arterial pressure (mmHg)“
Baseline 840+14 880+39 799+40 872141 90.1+58 868 +44 825+1.2
2 days 979+23 914+49 956+4.2 934+43 884 +t4.1 836+38
Arterial blood gas (pH units)
Baseline? 745+ 001 743+0.02 746+ 0.02 743 +0.02 745+0.02 746+ 0.03 747 +0.03
2 days 750+ 0.04 748+ 0.03 746 +0.02 748+ 0.01 751 +0.03 749+ 0.02
PaCO, (mmHg)
Baseline? 435420 443+35 464+15 476+2.1 421+£28 477+29 420432
2 days 372+33 40.7+29 358+36 394+22 305+29 420+12
HCO3™ (mEg/L)
Baseline? 323+18 285+24 351+13 323422 306+18 33.6+06 330+£20
2 days 288+ 1.7 297+13 260+30 296+ 16 243+20 322+1.7
Pa0,/FIO, (mmHg)

Baseline® 379+ 24 322+10 375+18 354+17 367+13 354+ 21 371+£20
2 days 384+13 389+ 13 389+ 15 384+6 387+12 383+12

#Values are mean + SE, except mean + SD for body weight (n =6 animals in each group). AMV, Assist-control mechanical ventilation; CMV, Controlled mechanical
ventilation (numerical value of 8 next to ventilatory mode denotes the set CPAP or PEEP of 8 cmH,0); CPAP, Continuous positive airway pressure; HCOs™, Bicarbonate;
PaCO,, Partial pressure of carbon dioxide in arterial blood; PaO,/FIO,, Ratio of partial pressure of oxygen in arterial blood to fraction of inspired oxygen; PEEP, Positive
end-expiratory airway pressure. °P < 0.01 for AMV-8 and CMV-8 compared with the corresponding mode without PEEP. “Data obtained at 12 hours, 24 hours and

36 hours are not shown, but they were included in statistical analysis. “Baseline arterial blood gas values were obtained during spontaneous breathing while the animals

were under general anesthesia.

Positive end-expiratory pressure did not exacerbate
diaphragm muscle dysfunction induced by controlled
mechanical ventilation

Similar to previous studies [1-4], the present study
confirms the deleterious effects of CMV on diaphragm
contractile properties. Potential explanation for the lack

of interactive effects of PEEP and CMV on diaphrag-
matic force production is that diaphragm muscle fiber
length was not sufficiently shortened with PEEP applied
or that CMV exerted maximal deleterious effects on the
diaphragm, such that the use of PEEP application had
no additional effects. To our knowledge, we are the first

Table 3 In vitro diaphragm muscle contractile properties with various modes of mechanical ventilation, with and without

applied positive end-expiratory airway pressure®

Control CPAP CPAP-8 AMV AMV-8 cmv CMV-8
Lo (cm) 32+0.1 3.1+£0.1 34+0.1 32+0.1 32+02 29+0.2 32+0.1
TPT (ms) 67+3 68+ 3 73+£9 71+£3 71£2 70+ 4 66+ 6
RTy /> (ms) 84+4 1M6+11 115+17 98+5 96 +5 118+8 89+ 11
Ptw (N/cm?) 74+05 59+05 6.0+£08 62+08 72+06 57+09 37+04°
Po (N/cm?) 243+04 233+10 230+16 226+08 230+ 1.1 158+ 1.0 150+ 1.1¢

#Values are mean + SE (n = 6 animals in each group). Ptw and Po are normalized for cross-sectional area (see Material and methods for calculation). AMV, Assist-control
mechanical ventilation; CMV, Controlled mechanical ventilation (numerical value of 8 next to ventilatory mode denotes the set CPAP or PEEP of 8 cmH,0); CPAP,
Continuous positive airway pressure; Lo, Length at which diaphragm muscle strip produced maximal isometric tension; Po, Maximum tetanic force; Ptw, Peak twitch
force; RT; 5, Time required for peak twitch force to relax to one-half of peak twitch force; TPT, Time from onset of muscle contraction to peak twitch force. °For Ptw,
P<0.01 for CMV-8 compared with control and AMV-8. “For Po, P < 0.01 for CMV compared with control, CPAP and AMV, as well as for CMV-8 compared with control,

CPAP-8 and AMV-8.
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Figure 2 Diaphragm muscle force-frequency relationships in
control and mechanical ventilation with and without applied
positive end-expiratory airway pressure. Values are mean + SE
(n=6 animals in each group). *P < 0.01 for controlled mechanical
ventilation (CMV-8) compared with control and assist-control
mechanical ventilation (AMV-8) for twitch force; CMV and CMV-8
versus corresponding modes of mechanical ventilation without and
with positive end-expiratory pressure (PEEP), respectively, at stimulation
frequencies of 10 to 100 Hz. The number 8 next to the mode of
ventilation denotes the set CPAP or PEEP of 8 cmH,0. Force was
normalized for muscle cross-sectional area (see Material and methods
for calculation).

to employ a PEEP level commonly applied clinically in
combination with diaphragm muscle inactivity. Therefore,
only comparisons with inactive hindlimb muscles can be
made. In the immobilized rat soleus and gastrocnemius
muscles maintained in the shortened position for 4 weeks,
muscle length decreased by 20% and 26%, respectively,
from that in the neutral position [34]. Clearly, the decrease
in diaphragm fiber length with the PEEP applied was less
than that in the shortened rat hindlimb muscles [34]. In
the present study, we observed that the combined CMV
and 8 ¢cmH,O PEEP decreased diaphragm muscle fiber
length by 15% from that of Lzggp. In a study to assess
diaphragmatic shortening with lung inflation in an
anesthetized, paralyzed, vagotomized dog model, Road
and Leevers [13] achieved a similar degree of diaphragm
muscle fiber shortening at the highest positive airway
pressure applied. The application of 18 cmH,O positive
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airway pressure decreased diaphragm muscle fiber length
by 13% from that of Lrggy [13]. Differences in the level
of positive airway pressure applied to achieve a similar
degree of diaphragm muscle fiber length depends on the
applied load and respiratory system mechanics [13], and
the latter is a function of the logarithmic value of body
weight [35]. Despite species differences, the study of
Road and Leevers [13] suggests that diaphragm muscle
fiber shortening in our rabbit model achieved its limit.
To this extent, contrasts to hindlimb muscles, potential
lung overdistension and circulatory compromise constrain
diaphragm muscle fiber shortening with PEEP application.
A threshold of shortened diaphragm muscle fiber length
may be necessary to induce alterations in contractile prop-
erties in the diaphragm, an attractive hypothesis that may
be arduous to test because of the physiological limitations
mentioned above.

The lack of effects of PEEP on diaphragmatic function
may be due to the fact that CMV alone results in a large
and significant negative impact on diaphragmatic con-
tractile properties. This phenomenon is supported by
our observation on the interactive effects of 2 days of
CMV and methylprednisolone [36], as well as that of
Ochala et al. [37] in pigs after 5 days of combined CMV
with corticosteroid, neuromuscular blockade or lipopoly-
saccharide. In our previous study [36], Po decreased by
36% with CMV alone and by 43% with combined CMV
and methylprednisolone (P > 0.05).

Positive end-expiratory pressure effects on diaphragm
muscle structural properties and myosin heavy-chain
isoform protein expression

In the rat diaphragm, atrophy of all muscle fiber types
occurred as early as 18 hours of CMV and contributed
to the reduced force [5]. However, in pigs, diaphragm
muscle fiber structure was intact after 5 days of CMV
[37]. Likewise, in rabbits, we did not demonstrate dia-
phragm muscle fiber atrophy after 3 days of CMV [1];
hence, after 2 days of CMV, muscle fiber atrophy is less
likely to occur, as shown in the present study. The
CMV-induced loss of force in rabbits was attributed

Table 4 Diaphragm muscle fiber cross-sectional area and proportion with various modes of mechanical ventilation with
and without applied positive end-expiratory airway pressure®

Control CPAP CPAP-8 AMV AMV-8 cmv CMV-8
Fiber cross-sectional areas (um?)

MyHCqjow 1,725+ 80 1,581+£79 1,922 £ 146 1,778 £180 1,658 £ 150 1404 +£174 1,407 £ 60
MyHCe 2,565+ 214 2478 +108 2416+113 2,606 = 156 2872+193 2,016+ 284 2,302+ 143
Fiber proportion (%)

MyHCqjow 448+30 41.0+48 363+18 415+37 459+35 376+25 39.1+20
MyHCe 552+30 59.0+48 637+18 585+3.7 541 +£35 624+25 609+20

Values + SE (n =4 animals in each group). AMV, Assist-control mechanical ventilation; CMV, Controlled mechanical ventilation (numerical value of 8 next to ventilatory
mode denotes the set CPAP or PEEP of 8 cmH,0); CPAP, Continuous positive airway pressure; MyHC, Myosin heavy chain.
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Table 5 Diaphragm muscle contractile proteins with various modes mechanical ventilation, with and without applied

positive end-expiratory airway pressure®

Control CPAP CPAP-8 AMV AMV-8 cmv CMV-8
Myosin and actin (% of total protein pool)

Myosin 412+10 445+16 413+£16 41+14 375+09° 385+13° 416+15
Actin 202+10 181+13 191+10 189+ 16 21.7£20 180+15 173+14
Myosin heavy-chain isoform expression (%)

MyHCsjow 353+£33 344+13 299+23 33716 305£21 353£20 295+£19
MyHCoA 544+28 539+18 603£3.0 547+ 14 500+28 509+23 556+22
MyHCox 103+06 11.7+06 98+1.1 116+09 104+12 138+ 04 149+09°

“Values are mean + SE (n =6 animals in each group). AMV, Assist-control mechanical ventilation; CMV, Controlled mechanical ventilation (numerical value of 8 next
to ventilatory mode denotes the set CPAP or PEEP of 8 cmH,0); CPAP, Continuous positive airway pressure; MyHC, Myosin heavy chain; PEEP, Positive end-expiratory
pressure. °For myosin, P < 0.05 compared with CPAP; bfor MyHC,x isoform, P < 0.05 compared with control, CPAP-8 and AMV-8.

to diaphragm muscle fiber injury rather than to atro-
phy [1,36].

Hindlimb immobilization in the shortened position
leads to relatively rapid adaptation of MyHC isoform
expression [38]. For the reasons mentioned above, com-
parison was only possible with immobilized, shortened
hindlimb muscles. In rat gastrocnemius muscle, at the
mRNA level, MyHCg,,, and MyHC,, isoform expres-
sions decreased, whereas MyHC,x mRNA levels were
unchanged. In the soleus muscle with predominant
slow twitch fibers, MyHCj,,, expression did not change;
however, MyHC,x increased as early as 2 days of immo-
bilization in the shortened position [39]. Our findings
in the combined CMV and PEEP, MyHC isoform trans-
formation mimicked that for the shortened, immobilized

rat soleus muscle (Table 5). Whereas fiber-type compos-
ition of diaphragm muscle differs from that of soleus,
90% of the rabbit diaphragm muscle fibers (MyHCslow
plus MyHC2A isoform) are composed predominantly of
fatigue-resistant fibers, and PEEP led to a measurable
transition toward the fast MyHC isoform.

Positive end-expiratory pressure effects on molecular
markers of protein synthesis and degradation

Oxidative stress in skeletal muscle fibers has been shown
to depress protein synthesis and to promote proteolysis
[40]. Oxidation of diaphragm protein at a molecular
weight of 200 kDa (that is, myosin heavy chain oxidation)
increased with CMV, with and without PEEP (data not
shown), with concomitant suppression of IGF-1 mRNA

A Caspase-3 mRNA

Fold increase/decrease

B IGF-1 mRNA

C MAFbx mRNA

Caspase 3: *P <001 compared with control. IGF-1

Figure 3 Mechanical ventilation and applled positive end-expiratory airway pressure effects on mRNA levels. (A) Caspase 3. (B) Insulin-like
growth factor 1 (IGF-1). (C) Muscle atrophy F-box (MAFbx). (D) Muscle ring finger protein 1
TP <005 for CMV compared with CPAP; and for CMV-8 compared with AMV-8. MAFbx: *P < 0.01 for
CMV compared with control, CPAP and AMV; and for CMV-8 compared with control. MuRF1:
and for CMV-8 compared with control, CPAP-8 and AMV-8. AMV, Assist-control mechanical ventilation; CMV, Controlled mechanical ventilation
(numerical value of 8 next to the ventilatory mode denotes the set CPAP or PEEP of 8 cmH,0); CPAP, Continuous positive airway pressure.

D MuRF1 mRNA

] %
('P\& (‘ﬁvgvg \”‘x\\&\% \k\\‘\

=

(MuRF1). Values are mean + SE (n =6 animals per group).

*P <001 for CMV compared with control, CPAP and AMV;
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[27], the gene responsible for protein synthesis via the
Akt/mTOR signaling pathway [41]. Activation of proteoly-
sis was evidenced by the overexpression of caspase 3
mRNA [42] (Figure 3). Caspase 3 plays an important role
in CMV-induced protein degradation. The disrupted
myofibrils resulting from the activation of proteases
(lysosomal, caspase and calpain) are susceptible to en-
hanced proteolysis by the ubiquitin-proteasome system
[43]. PEEP had no additional effects on protein oxida-
tion, suppression of protein synthesis or upregulation of
proteolysis.

Positive end-expiratory pressure effects in partially
contracting diaphragm

After 2 days of AMV, diaphragm muscle force was
preserved. As with CMV, PEEP had no deleterious effect
on preserved force. The results of our present study are
consistent with our previously reported data, in which
diaphragmatic force was preserved after 3 days of AMV
in comparison to CMV [7]. Diaphragm muscle electrical
activity was maintained between 30% and 80% of control
[44]. Similarly, in pigs subjected to adaptive servo-ventila-
tion (ASV) for 3 days, diaphragmatic force was preserved
[8]. Conversely, Hudson et al. [45] showed that, in rats,
18 hours of high-level pressure supported decreased dia-
phragmatic force, but at a slower rate than with CMV.
High-level pressure support also activated calpain, caspase
3 and 20S proteasome [45]. In the present study, caspase
3 mRNA tended to increase after 2 days of AMV with and
without PEEP. Differences between our study and that of
Hudson et al. [45] may be due to differences in the degree
of diaphragm muscle activation or in the animal species
utilized.

Critique of the experimental methods

Diaphragm muscle fiber shortening was not measured
continuously for 2 days. Prolonged placement of the
sonomicrometer transducers was not technically feasible,
because manipulation of the animals for animal care en-
hanced the noise-to-signal ratio and accurate measurement
of segmental length changes was impossible. However,
PEEP of 8 cmH,O shortened diaphragm muscle fibers to
their physiological limits as Cstrs decreased, and, in all
of the animals, application of PEEP to CMV and AMV
required significantly larger amounts of fluids to main-
tain the target MAP. PEEP was applied for a short time
(2 days only); the effects of long-term PEEP for more
than 2 days, even at the modest level employed in this
study, are unknown.

This study was performed in healthy animals only. By
using a healthy animal model, confounding factors (for
example, cytokines) [46] on the effect of PEEP on dia-
phragmatic function can be isolated. In the present study,
we employed one level of 8 cmH,O PEEP. This level of
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PEEP shortened diaphragm muscle fiber comparable to 18
c¢cmH,O of PEEP in dogs [13]; yet, when combined with
either CMV or AMYV, PEEP had no detectable harmful
effects on diaphragmatic function. Studying low PEEP
levels is unlikely to show any influence on diaphragm
contractile properties, whereas very high PEEP levels may
induce volutrauma.

Conclusions

In this observational study, short-term application of 8
cmH>O PEEP to CMV or AMV did not exacerbate dia-
phragmatic dysfunction or induce diaphragmatic force
loss, respectively. Similarly, PEEP by itself did not produce
alterations in structural or molecular properties. The lack
of PEEP effects on the diaphragm is likely related to insuf-
ficient diaphragm muscle fiber shortening due to the asso-
ciated physiological limitations of alveolar overdistension
and circulatory compromise at higher PEEP levels or that
CMYV induced profound effects on the diaphragm such
that additional insult of PEEP was undetectable.

The rapid and profound development of diaphragm
muscle weakness remains problematic following diaphragm
muscle disuse with CMV. In view of the inconsistent results
between studies regarding partial diaphragm muscle acti-
vation, the degree of diaphragm muscle activity sufficient
to preserve diaphragm muscle function or its long-term
effects remains to be investigated.

In clinical practice, PEEP of 8 to 10 cmH,O is consid-
ered a modest level of PEEP. A high levels of PEEP (mean
15 ¢cmH,O0, range 18 to 24 cmH,0) has been applied in
the management of patients with ARDS [47], but, to our
knowledge, the degree of diaphragm muscle fiber shorten-
ing or the effects on diaphragm muscle function has not
been evaluated. In the present study, we demonstrate that
the application of 8 cmH,O PEEP to conventional modes
of mechanical ventilation appears safe and has no delete-
rious influence on diaphragm muscle force-generating
capacity.

Key messages

o At the level of physiological limits, PEEP did not
aggravate CMV-induced diaphragmatic dysfunction
or proteolysis.

o At the level of physiological limits, PEEP had no
effect on diaphragm function in partially contracting
diaphragm with AMV.
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