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ORIGINAL ARTICLE

Prolonged controlled mechanical ventilation in
humans triggers myofibrillar contractile dysfunction
and myofilament protein loss in the diaphragm

Sabah N A Hussain, >3 Anabelle S Cornachione,* Céline Guichon,’

Auday Al Khunaizi," Felipe de Souza Leite,”

Basil J Petrof,3> Mahroo Mofarrahi,’

Nikolay Moroz,' Benoit de Varennes,® Peter Goldberg, "> Dilson E Rassier’

ABSTRACT

Background Prolonged controlled mechanical
ventilation (CMV) in humans and experimental animals
results in diaphragm fibre atrophy and injury. In animals,
prolonged CMV also triggers significant declines in
diaphragm myofibril contractility. In humans, the impact
of prolonged CMV on myofibril contractility remains
unknown. The objective of this study was to evaluate
the effects of prolonged CMV on active and passive
human diaphragm myofibrillar force generation and
myofilament protein levels.

Methods and results Diaphragm biopsies were
obtained from 13 subjects undergoing cardiac surgery
(control group) and 12 brain-dead organ donors (CMV
group). Subjects in each group had been mechanically
ventilated for 2—4 and 12-74 h, respectively. Specific
force generation of diaphragm myofibrils was measured
with atomic force cantilevers. Rates of force development
(Kyep), force redevelopment after a shortening protocol
(Ky) and relaxation (Ky) in fully activated myofibrils
(pCa®*=4.5) were calculated to assess myosin cross-
bridge kinetics. Myofilament protein levels were
measured with immunoblotting and specific antibodies.
Prolonged CMV significantly decreased active and
passive diaphragm myofibrillar force generation, Ky,
Ky and K. Myosin heavy chain (slow), troponin-C,
troponin-I, troponin-T, tropomyosin and titin protein
levels significantly decreased in response to prolonged
CMV, but no effects on a-actin, a-actinin or nebulin
levels were observed.

Conclusions Prolonged CMV in humans triggers
significant decreases in active and passive diaphragm
myofibrillar force generation. This response is mediated,
in part, by impaired myosin cross-bridge kinetics and
decreased myofibrillar protein levels.

INTRODUCTION

Mechanical ventilation (MV) is a two-edged sword.
On one hand, it is a life-saving procedure that is
used in intensive care units to manage patients with
respiratory failure and other pathologies such as
cardiac failure and stroke. On the other hand, MV
is associated with numerous complications, includ-
ing ventilator-induced lung injury." In the past
several years, many studies have indicated that use
of the controlled mode of MV (CMYV), where
spontaneous diaphragm activity is inhibited for

What is the key question?

» Does prolonged controlled mechanical
ventilation (CMV) in humans alter the
contractile performance and myofilament
protein expression in diaphragm myofibrils?

What is the bottom line?

» Prolonged CMV in humans significantly
decreases active and passive diaphragm
myofibrillar force generation and significantly
attenuates myofilament protein levels including
those of myosin heavy chain, myosin light
chain, troponin-C, | and T as well as titin.

Why read on?

» This study implies that prolonged CMV in
humans elicits significant impairment of active
and passive performance by diaphragm
myofibrils as a result of increased degradation
of essential myofilament proteins by the
proteasome and autophagy proteolytic
pathways.

relatively long periods of time, results in the devel-
opment of a condition known as ventilator-induced
diaphragm dysfunction (VIDD).? VIDD is asso-
ciated with diaphragm muscle fibre atrophy, ultra-
structure  injury and  depressed = muscle
force-generating capacity. Clinically, VIDD is a dis-
tinct entity from other causes of diaphragm dys-
function such as critical illness myopathy, reduced
O, delivery, electrolyte imbalance and steroid
administration. For patients with acute respiratory
failure, successful weaning from MV is largely
determined by the work of breathing (dependent
on lung mechanics) and the ability of the inspira-
tory muscles in general, and the diaphragm in par-
ticular, to cope with the work of breathing.’™
Therefore, the development of VIDD is likely to
contribute to weaning failure and results in pro-
longed durations of stay in intensive care units.
Animal studies have revealed that the severity of
VIDD is dependent on the mode of MV and the
levels of spontaneous diaphragm activity. By using
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the assist-control mode or by allowing intermittent spontaneous
breathing during prolonged CMYV, the severity of VIDD is miti-
gated.® 7 Prolonged CMV in animals, however, results in
decreased isometric force and endurance, muscle fibre atrophy,
morphological anomalies of the sarcomere and various
mitochondrial-specific dysfunctions.®”” These pathologies have
been attributed to the joint effects of increased protein degrad-
ation and decreased protein synthesis.'®~!

In brain-dead human organ donors undergoing prolonged
MYV, several authors have reported the development of dia-
phragm fibre atrophy, sarcomeric injuries and mitochondrial
dysfunction.’® ' 2! 22 Despite this recent progress in human
studies of VIDD, little information is as yet available regarding
the effects of prolonged CMV on diaphragm muscle fibre con-
tractile performance. Although it has been reported that signifi-
cantly lower airway occlusion pressure values are generated in
response to phrenic nerve stimulation in intensive care patients
undergoing long-term MV (>S5 days) as compared with those
undergoing short-term MV (0.5 h),"® impaired occlusion pres-
sure merely hints at diminished diaphragm contractility in
response to prolonged ventilation.

Similarly, in vitro measurements of isometric force generation
of permeabilised single muscle fibre samples from the dia-
phragms of brain-dead organ donors who had been mechanic-
ally ventilated for an average of 26 h were compared with those
of control subjects who had been mechanically ventilated for
less than 2h** and no significant differences were observed
between the two groups. But all these indicate that 26 h of
CMV is not a sufficient period for sarcomeric contractile dys-
function to develop in humans. The question of whether longer
periods of CMV might influence contractility remains untested.
Further experimentation is necessary before definitive conclu-
sions can be made, so the first objective of this study is to test
the hypothesis that human diaphragmatic sarcomere contractility
is negatively affected by CMV administration for periods longer
than 26 h. To test this, we used atomic force cantilevers to
compare active and passive force generation of diaphragm myo-
fibrils in samples obtained from brain-dead organ donors under-
going prolonged CMV and control subjects who had
experienced short periods of MV during cardiac surgery. While
active force generation is a result of myofibrillar contraction
upon activation, passive force generation is directly associated
with the stiffness of titin molecules, which are of special import-
ance for myofibrillar structure and stability. An isolated myofib-
ril is the smallest muscle preparation that has an intact
three-dimensional lattice structure, with all relevant proteins
present and without the confounding effects that arise from the
presence of other intracellular structures. It is also experimen-
tally advantageous to use myofibrils instead of entire muscle
fibres because they are of considerably smaller diameter with
faster diffusion rates. This prevents the generation of activation
gradients during force development and relaxation and allows
for clear evaluation of the kinds of potential damage that might
unexpectedly affect force development in an intact muscle fibre
preparation.

The ability of skeletal muscle fibres to generate active or
passive force is determined by levels and post-translational mod-
ifications of contractile proteins. While little general information
is as yet available on the human diaphragm with regard to fluc-
tuations in contractile protein levels in response to prolonged
CMY, significant decreases in myosin heavy chain (MyHC) and
actin levels have been reported in rats>*2° and in brain-dead
organ donors.>® >* These decreases tend to be attributed to
increased protein degradation.'®=>!

To the best of our knowledge, no existing studies have
addressed the effects of prolonged MV on any other contractile
proteins although fluctuations in myosin light chain (MyLC),
troponin, tropomyosin and titin levels are likely to exert a
major impact on force generation. Therefore, the second object-
ive of this study is to test the hypothesis that MyLC,
troponin-C, troponin-I and troponin-T, tropomyosin and titin
levels are all significantly decreased in the diaphragm in
response to prolonged CMV and to link these decreases to acti-
vation of several proteolytic pathways.

METHODS

Experimental subjects

All protocols were approved by the appropriate Ethics
Committees of the McGill University Health Centre. All biop-
sies were performed after written informed consent had been
obtained. Full-thickness diaphragm biopsies from 13 normal
pulmonary function subjects who were undergoing cardiac
surgery (aortic or mitral valve replacement, coronary artery
bypass graft) constituted the control group. Biopsies were
obtained 30 min after MV was initiated and prior to surgery.
Full-thickness diaphragm biopsies from 12 brain-dead organ
donors undergoing prolonged CMV constituted the CMV
group. Biopsies were obtained prior to circulatory arrest or
removal of any organ. All biopsies were obtained from the
anterior costal diaphragm, lateral to the insertion of the phrenic
nerve. Biopsy samples were immediately frozen in liquid nitro-
gen, and stored at —80°C until used in immunoblotting and
mRNA analyses.

Diaphragm myofibrillar contractile performance

Small muscle bundles were dissected out, tied to wooden sticks

and chemically permeabilised according to our laboratory’s

standard procedures”’*° (see online supplementary file). Briefly,
muscle samples were incubated in rigour solution (pH=7.0) for

approximately 4 h, after which they were transferred to a

rigour:glycerol (50:50) solution for 15 h containing complete

protease inhibitor cocktail and then stored at —20°C for at least

7 days. A small piece of muscle (~1 mm®) was homogenised in

rigour solution to isolate myofibrils. Myofibrils were then trans-

ferred into a temperature-controlled chamber (15°C) on the
stage of an inverted microscope and attached at one end to an
atomic force microscope cantilever and at the other to a glass
microneedle connected to a piezoelectric motor (see online sup-
plementary file). A multichannel perfusion system connected to

a double-barrelled pipette was used to change solutions sur-

rounding the myofibrils to those containing high (pCa®*=4.5)

or low (pCa®**=9.0) Ca**concentrations. When a myofibril
contracts, the degree of deflection of the cantilever is detected
by a laser beam that is shone onto the back of the cantilever.

When the laser light reflects, it is collected and quantified by a

specialised photodetection system. Since the stiffness (K) of the

cantilever is known, force (F) can be calculated based on its dis-
placement (Ad) during myofibril contractions (F=KxAd).

Three procedures were performed on each myofibril:

1. Active isometric force generation: Myofibrils were isometric-
ally activated for 20s at an average sarcomere length of
2.4 um. Maximal force was measured for each contraction.

2. Rate of force redevelopment: To evaluate cross-bridge
kinetics, a slack test to disengage force-generating cross-
bridges from actin filaments was performed.’® Myofibrils
were activated as they were in the first procedure, but once
they achieved maximal force they were shortened (amplitude
30% of sarcomere length; speed of 10 pm/s). Force
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declined, and then rapidly redeveloped to reach a new
steady state. This shortening procedure was performed at
varying sarcomere lengths to evaluate cross-bridge kinetics
with different degrees of myosin—actin overlap. For each
contraction, rates of force development (K,.) and redevelop-
ment (K) were analysed using a double-exponential equa-
tion (aX(1—exp(—Kxt)—exp (—1Xxt))+b), and the fast phase
rate of relaxation (K.) was analysed using a single-
exponential equation (aXexp (—KX(t—c))+b). For both
equations, t is the time, K the rate constant of force develop-
ment, a the amplitude of the exponential, and b and ¢ are
constants.

3. Passive force generation: Myofibrils were passively stretched
from a sarcomere length of 2.2-3.0 pm in 0.2 pm incre-
ments in a low Ca®>* concentration buffer (pCa®"=9.0). In
total, each myofibril underwent five to eight contractions,
including isometric contractions and shortening contractions
at different sarcomere lengths, and was passively stretched
1-2 times. Individual values were recorded for statistical
comparisons between groups.

RNA extraction

Total RNA was extracted from biopsy samples using a commer-
cial kit. mRNA expressions of four E3 ligases involved in skel-
etal muscle protein ubiquitination (FBOX32 (Atrogin-1),
TRIM36 (MuRF1), TRIM32 and FBOX30 (MUSA1)) were
measured with real-time PCR and appropriate primers as previ-
ously described.?"

Immunoblotting

Samples were loaded onto tris-glycine sodium dodecyl sulfate
(SDS)—polyacrylamide gel electrophoresis. Proteins were electro-
phoretically transferred onto polyvinylidene difluoride mem-
branes, blocked with non-fat dry milk, then incubated overnight
with primary antibodies to MyHC-f (fast isoform), MyHC-s
(slow isoform), MyLC, o-actin, o-actinin, troponin-C,
troponin-I, troponin-T, tropomyosin, LC3B (autophagy marker)
and B-tubulin. Proteins were detected using a commercial kit
and optical densities (OD) were measured as previously
described.*’ For a given sample, each protein level was
expressed as a ratio of that protein to B-tubulin.

Detection of titin and nebulin proteins

Titin and nebulin isoforms were detected using SDS-agarose
electrophoresis as previously described.’? 33 Briefly, biopsy
samples were pulverised using a mortar and pestle and the yield
was solubilised in equal volumes of urea buffer (see online sup-
plementary file). Gels (1% agarose) were run for 3 h 20 min at
40°C and were stained using a Silver Stain Plus kit and digitally
photographed. OD were measured and expressed as fold change
from control values.

20S proteasome activity assay

Frozen biopsy samples were homogenised in homogenisation
buffer and centrifuged at 5000 rpm. Supernatants were incu-
bated in a special buffer containing luminogenic Suc-
LLVY-aminoluciferin for 30 min at 37°C in the presence and

Table 1 Demographic data, duration of mechanical ventilation, reason for surgery/cause of brain death and relevant medical history for subject

diaphragm biopsies in control and case groups

Subject (years) Age (kg/m?) Sex BMI (h) MV duration Reason for surgery/cause of brain death Relevant medical history
Control group
1 77 F 233 Mitral valve replacement Depression
2 75 F 26.6 Mitral valve replacement Hypothyroidism
3 73 M 23.6 Mitral valve replacement Knee surgery
4 45 M 233 Mitral valve replacement Peptic ulcer
5 n M 26.6 Mitral valve replacement Dyslipidaemia, pulmonary hypertension
6 74 F 253 Aortic valve replacement Osteoporosis
7 50 M 394 Aortic valve replacement Diabetes, hypertension
8 63 M 26.0 Coronary artery bypass graft Dyslipidaemia, hypertension
9 67 F 31.1 Mitral valve replacement Hypertension, hyperlipidaemia
10 55 M 45.2 Coronary artery bypass graft Diabetes
1 n F 41.0 Coronary artery bypass graft Hypothyroidism
12 45 M 23.2 Aortic valve replacement Diabetes, sarcoidosis
13 86 M 23.0 Coronary artery bypass graft Hypertension
CMV group
1 58 F 26.1 51 Cardiac arrest Ex-smoker
2 63 M 23.0 72 Cerebrovascular accident Hyperlipidaemia, diabetes
3 43 M 241 12 Cerebrovascular accident Epilepsy
4 69 M 36.2 48 Cerebrovascular accident None
5 75 F 243 40 Cerebrovascular accident Smoker
6 41 F 26.5 48 Cerebrovascular accident Diabetes
7 53 F 342 63 Cerebrovascular accident Hypertension
8 51 M 26.8 49 Cerebrovascular accident None
9 65 M 28.6 34 Cerebrovascular accident Smoker
10 64 M 36.3 32 Cerebrovascular accident None
1" 55 M 28.2 49 Cerebrovascular accident Smoker
12 59 M 31.3 74 Cerebrovascular accident Diabetes, smoker

BMI, body mass index; CMV, controlled mechanical ventilation; F, female; M, male; MV, mechanical ventilation.
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Table 2 Summary of ventilator settings, arterial blood gases and
vital signs for control and CMV groups

Control group CMV group

Ventilator settings (n=13) (n=12)
Tidal volume (mL/kg) 7.4+0.4 7.5+0.3
Ventilation frequency (breaths/min) 11.4+0.4 12.4+0.8
PEEP (cm H,0) 5 5
Sa0, (%) 98.1£1.0 99.2+0.3
pH 7.42+0.01 7.37£0.02
Pa0, (mm Hg) 234.6+36.2 210.7+41.2
PaC0, (mm Hg) 41.2+1.3 43.3+2.1
Vital signs

Systolic pressure (mm Hg) 100+2 119+6*

Diastolic pressure (mm Hg) 53+3 59+4

Values are means + SEM.

*p<0.05, compared with the control group.

CMV, controlled mechanical ventilation; PEEP, positive end-expiratory pressure;
Sa0,, arterial O, saturation.

absence of the proteasome inhibitor lactocystin. Substrate cleav-
age generates a ‘glow-type’ luminescent signal produced by the
luciferase reaction; the signal is proportional to proteasome
activity. Signals were calibrated using pure 20S proteasome
protein and were normalised per microgram muscle protein per
min.

Statistical analysis

Continuous measurements that did not follow a normal distribu-
tion were compared using a Mann—Whitney test where statistical
significance is set at p<0.05. Data are presented using
box-and-whisker plots. Continuous measurements that did
follow a normal distribution were compared with group t tests
and are presented as means=SEM. Statistical analyses were per-
formed with SigmaStat software (Systat Software, Chicago,

limited, certain analyses could not be performed for all subjects
so the number of subjects for each variable is specifically indi-
cated in each figure legend.

For detailed descriptions of all experimental methods, materi-
als and models, see online supplementary file.

RESULTS

Demographic data, duration of CMV, reason for surgery or
cause of brain death, relevant medical histories, ventilator set-
tings, arterial blood gases, vital signs and other clinical data for
control and CMV groups are listed in tables 1 and 2, and in the
online supplementary file. There were no significant differences
in age (65.5+3.6 vs 58.0%2.9 years) or body mass index (29.1
+2.4 vs 28.8+1.3 kg/m?) between the two groups (table 1).
The control group consisted of five females and eight males,
while the CMV group consisted of four females and eight
males. The duration of MV in the control group was 2—4 h. The
duration of MV in the CMV group was 47.6%5.0 h. Systolic
blood pressure was the only vital sign that was significantly
higher in the CMV group (table 2).

Figure 1A shows typical contractions produced by myofibrils
isolated from control and CMYV subjects. The active myofibrillar
force value in the representative CMV sample was markedly
lower than that in the representative control sample, both in
terms of absolute value and in terms of specific force, which is
force normalised to cross-sectional area (figure 1A, B). For all
subjects, specific force generated by myofibrils from the CMV
group was significantly lower than that generated by the control
group (figure 1C, D, p<0.05).

To determine myosin cross-bridge kinetics, we used a modi-
fied protocol to measure rates of force development and
redevelopment in response to fast shortening of fully activated
myofibrils.”® 2 Rates of force development (K,.) and redevel-
opment (K) during the initial activation were lower in the
CMV myofibrils, independent of sarcomere length (figure 2).
This finding suggests that the rates at which myosin—actin cross-

Illinois, USA). Because the supply of biopsy material was bridge formations occur during activation or during
Figure 1 Active isometric force A activation (pCa2* 4.5) deactivation (pCa2* 9.0) C
eneration. (A and B) Representative
g|0ts of absolute (A) andpspecific (B) 450 * Control * 1200 7 Absolute Force
force generation by diaphragm 375 __ 1000
myofibrils isolated from a control — Z .00
subject and a brain-dead organ donor E 3001 o T
(CMV groug) in response to exposure © 225 © 600
to high Ca”* concentration buffer S 150 it 400 T
(activation) followed by exposure to w
low Ca®* concentration (deactivation). 751 200
Myofibrillar force was measured with 04 0 J. L
an atomic force cantilever at a 0 5 10 165 20 25 Control cMV
sarcomere length of 2.2 um. (C and D) Time (s) (n=10) (n=8)
Absolute (C) and specific (D) force B D
generation by diaphragm myofibrils Specific Force
isolated from control and CMV groups. 120 20
*p<0.05, as compared with the control Control 160
group. CMV, controlled mechanical o‘g %0 N‘E\ T
ventilation. = 21 120
Z o < *
‘g',’ g o i T
2 2 4]
0 . . 0 !
0 5 10 15 20 25 Control cmv
Time (s) (n=10) (n=8)
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Figure 2 Cross-bridge kinetics. Representative plots of force
generation by diaphragm myofibrils isolated from a control subject and
a brain-dead organ donor (CMV group) in response to exposure to high
Ca** concentration buffer (activation). Once maximal force was
reached, myofibrils were exposed to a shortening procedure (amplitude
30% of sarcomere length; speed 10 m/s) during which force declined
then rapidly redeveloped to reach a new steady state. Shortening
procedure was performed at varying sarcomere lengths. Experiments
were conducted at sarcomere lengths of 2.2 um (top panel) and

2.8 um (bottom panel). Red lines indicate how Ky, Ky and K. were
determined. CMV, controlled mechanical ventilation.

redevelopment of force under full activation (avoiding Ca®"
kinetic effects) are significantly impaired in the CMV group
(table 3). It should be emphasised that relaxation (K.) rates
remained unchanged, indicating that prolonged CMV does not
adversely affect myosin—actin dissociation.

To assess passive force generation by diaphragm myofibrils,
incremental stretches were applied to rested myofibrils bathed in
a low Ca®" concentration buffer (pCa®T=9.0) (figure 3A).
Specific forces generated during passive stretching were signifi-
cantly lower in myofibrils from the CMV group, as compared
with that of the control group (figure 3B).

Slow MyHC isoform protein levels were significantly lower in
CMV subjects as compared with the control group (figure 4).
No differences were observed between the two groups in levels

Table 3 Summary of changes in diaphragm myofibrillar force
development/relaxation in control and CMV groups

Parameters Control group CMV group
Kace 577 5.1+0.4 3.9+0.2*
Ke (57 5.0+0.5 4.1+0.3*
Kret (57") 6.4+1.4 5.8+1.2

Values are means +SEM.
*p<0.05, compared with the control group.
CMV, controlled mechanical ventilation.

A passive stretches (pCaz"' 9.0)
P T I
S- 3.0pm
4
£
[
o
1
L
(]
2
7]
7]
©
o
0 10 20 30 40
Time (s
B (s)
—~ 60 1
£
el 50 1
Z 0]
[
g 30 1
L=
o 20 1
2
@ 10 ;
© *
o o

2.2 24 2.6 2.8 3.0
Sarcomere length (um)

Figure 3  Passive force generation. (A) Representative plot of passive
force generation by diaphragm myofibrils isolated from a control
subject and a brain-dead organ donor. Myofibrils were progressively
stretched at different sarcomere lengths (indicated by arrows and
numbers) at increments of 0.2 um. (B) Passive force generation by
diaphragm myofibrils isolated from control (n=10) and CMV (n=8)
groups at different sarcomere lengths. Values are means+SEM.

*p<0.05, as compared with the control group. CMV, controlled
mechanical ventilation.

of fast MyHC or o-actin (figure 4). Fast and slow isoforms of
MyLC 1-3 and 2 proteins were detected with four different
antibodies (see online supplementary file). Both isoforms of
MyLC1-3 were significantly lower in the CMV group (figure 5).
No significant differences in MyLC-2 (figure 5), a-actinin or
troponin-C were observed (figure 6). Troponin-T, tropomyosin
(figure 6) and troponin-I (figure 7) were significantly lower in
the CMV group. Titin levels were significantly lower in the dia-
phragms of the CMV group but no significant differences in
nebulin levels were observed (figure 8).

Compared with the control group, chymotrypsine-like 20S
proteasome activity significantly increased in the diaphragms of
the CMV group (figure 9A). mRNA expressions of three E3
ligases involved in skeletal muscle protein ubiquitination
(FBOX32, TRIM36 and FBOX30) significantly increased in the
CMV group (figure 9B). Levels of the lipidated form of LC3B
(LC3B-II) significantly increased in the CMV group, indicating
that autophagy had been induced (figure 9C, D).

DISCUSSION

In this study, we investigated the relationship between myofibril-
lar contractility, myofilament protein level and prolonged CMV
in the human diaphragm. Our results indicate that prolonged
CMYV s associated with the following changes: (1) reduced
maximal active and passive specific force generation in myofi-
brils; (2) reduced force redevelopment during activation and in
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response to imposed shortening; (3) reduced levels of the myofi-
lament proteins MyHC (slow), MyLC 1, tropomyosin,
troponin-I, troponin-T and titin; (4) induction of 20S prote-
asome activity and mRNA expressions of E3 ubiquitin ligases;
and (5) induction of the autophagy-lysosome pathway.

CMV-induced impairment of diaphragm contractility

Several animal studies have confirmed that prolonged CMV is
associated with a significant decline in diaphragm contractile
performance.® 1% 12 17 3473¢ Ty the best of our knowledge, no
studies have been published that document the same effect in
non-critically ill humans.®” As an indirect indicator of dia-
phragm strength, Jaber et al'® measured tracheal occlusion pres-
sure in response to bilateral phrenic nerve stimulation in
intensive care patients undergoing prolonged MV. They reported
a progressive decline in pressure with a mean reduction of 32%
after 6 days. However, the observed decline in occlusion pres-
sure is just as likely to have been caused by any number of other
factors, such as defective phrenic nerve conduction or neuro-
muscular transmission, impaired excitation—contraction coupling
within diaphragm muscle fibres and/or actin-myosin interaction
abnormalities.

Hooijman et al*® recently performed an elegant study in
which they compared contractile performance (maximum iso-
metric force, cross-bridge kinetics and Ca®* sensitivity) of per-
meabilised single muscle fibres derived from diaphragms
of brain-dead organ donors undergoing an average of 26 h of
CMV to those derived from control subjects exposed to 2 h
of MV while undergoing lung cancer surgery. They failed to
detect any differences between the two groups and concluded
that 26 h of CMV in humans does not affect contractile per-
formance of sarcomeres. The discrepancy between their results
and ours may be due to several factors relating to differences in
the methods and preparations used for measuring contractile
performance measurements in each study. First, we used individ-
ual myofibrils isolated from muscle samples, whereas Hooijman
et al used whole fibres. The isolated myofibril preparation
allows for more accurate measurements of protein contractile
activity by avoiding the kinds of artefactual effects of non-
contractile intracellular elements that occur in single fibre pre-
parations. Second, the duration and mode of ventilation applied

to the CMV group were different in each study. In the
Hooijman et al study, the average duration of MV was 26 h,
whereas in our study it was 47 h. In fact, they suggested that
this relatively short duration of CMV might explain the lack of
diaphragm muscle atrophy and relatively normal (or event ele-
vated) MyHC content that was observed in their CMV group.®
We should emphasise, however, that the duration of MV indi-
cated in various studies using brain-dead organ donors is pri-
marily based on clinical information that was recorded after the
subject was declared brain dead and therefore may not reflect
the actual total duration of MV that these subjects experienced.
Third, differences in patient characteristics (age, cause of death,
past medical history, medication use and nutritional status) can
result in varying conclusions being made about contractile per-
formance. Fourth, the control groups in each study are signifi-
cantly different in terms of smoking history and reason for
thoracic surgery. In our study, the control group consists of
patients with cardiac valvular disease who were undergoing
surgery for valve replacements. These patients had no history or
current manifestations of skeletal muscle dysfunction or atrophy.
In addition, we avoided the confounding effects of prolonged
anaesthesia by obtaining diaphragm biopsies within very short
time periods following initiation of anaesthesia. In the
Hooijman et al study, the control group consisted of current or
ex-smokers who were undergoing thoracic surgery for resection
of lung nodules. Some of them might have already had abnor-
mally low diaphragm sarcomeric contractile function as a conse-
quence of chronic smoking and/or lung cancer.

Mechanisms of impaired diaphragm myofibrillar contractility

The molecular mechanisms that underpin the impaired active
force generation of diaphragm myofibrils isolated from the
CMV group have not yet been identified. Active force gener-
ation is determined by the proportion of cross-bridges strongly
bound to actin in a given time period during activation, or the
force generated by individual cross-bridges while attached to
actin.*® Measurements of the rates of force development (K,
and force redevelopment following imposed shortening (Ky)
during active force generation provide relevant information
regarding the rates of cross-bridge attachment and detachment,
which are, in turn, reflective of the fraction of strongly bound
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cross-bridges. Analyses of these rates have commonly been used
to detect changes in cross-bridge kinetics in several different dis-
eases that affect muscles.*” %

In this study, we observed significant decreases in K, and Ky,
in myofibrils from the CMV group (table 3), suggesting a
slowing down of cross-bridge kinetics and a reduction in the
proportion of cross-bridges strongly bound to actin. We also
found changes in the content of slow MyHC, known to be a
major determinant of maximum specific force generation in dia-
phragm muscle fibres.*” In comparison, Hooijman et al,”> who
found no differences in MyHC levels between brain-dead organ
donors and control subjects, used a shorter duration of MV
than what was used by either Levine et al or by our group. With
current technology, we cannot measure a relationship between
impairment of force and changes in MyHC content in individ-
ual myofibrils, and it is possible that myofibrils with the slow

Figure 6 Protein expressions of A CMV

MyHC isoform were more affected than myofibrils with the fast
MyHC isoform. Such a relationship should be investigated in
the near future although our overall results would still indicate a
decrease in diaphragm contractility.

One likely mechanism for the decline in active force gener-
ation in response to CMYV relates to decreases in the levels of
several regulatory contractile proteins including MyLC,
troponin-I, troponin-T and tropomyosin. We detected fast and
slow MyLC1 and MyLC2 isoforms by immunoblotting with
two separate antibodies. This revealed significantly lower levels
of MyLC1 in the CMV group, but no difference in MyLC2
levels between the two groups (figure 5). These results suggest
that MyLC1 is particularly sensitive to the effects of prolonged
MV as compared with MyLC2. Tropomyosin, which is a
dimeric coiled-coil acting-binding protein that acts as a ‘gate-
keeper’ of thin filament Ca®" activation and thereby regulates
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Figure 7 Protein expression of troponin-I. (A) Representative protein
immunoblots of slow (s) and fast (f) isoforms of troponin-I and tubulin
in the diaphragms of control and CMV groups. (B) Troponin-I-s and
troponin-I-f protein levels in control and CMV groups. *p<0.05, as
compared with the control group. CMV, controlled mechanical
ventilation.

active force generation in striated sarcomeres, was also signifi-
cantly decreased in the diaphragms of the CMV group, as were
the levels of troponin-T and troponin-l (figures 6 and 7).
Troponin-T is a protein that links the troponin complex to
tropomyosin and actin while troponin-I is a protein that holds
other troponins together and onto actin by directly binding to
actin. Troponin-I exerts a negative influence on the binding of
myosin and on activation of actomyosin ATPase activity.*!

We also observed that passive force generation of diaphragm
myofibrils was significantly lower at a given sarcomere length in
response to CMV. van Hees et al* reported significant impair-
ment of passive force generation by diaphragm fibres in
response to MV in rats. Since the protein titin is the most
important determinant of passive elastic properties of skeletal
muscle,*” we suggest that reduction in passive force generation
in the CMV group might be due to reduction in titin levels
(figure 8). We do not exclude, however, the possibility that
alterations in titin phosphorylation®> might have contributed to
lower passive force generation in the CMV group. It should be
noted that decreased titin levels may not just affect passive force
generation but may also affect sarcomere stability and active
force generation. Since titin is anchored to thick filaments, a
reduction in titin would significantly increase the instability of
sarcomeres.*?

Significant decreases in contractile protein levels in the
CMV group are likely due to increased degradation and/or
decreased synthesis. Prolonged MV has been linked to signifi-
cant induction of four proteolytic pathways (ubiquitin-26S
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Figure 8 Protein expressions of titin and nebulin. (A) Representative
protein gel blots of titin and nebulin proteins in the diaphragms of
control and CMV groups. (B) Titin and nebulin protein levels in control
and CMV groups. Expressed as fold change from control. *p<0.05, as
compared with the control group. CMV, controlled mechanical
ventilation; OD, optical densities.

proteasome, calpain, caspase-3 and autophagy-lysosome
pathways).'8721 2* 4% In this study, we confirmed that the
ubiquitin-26S proteasome and autophagy pathways are induced
in the CMV group. This observation suggests that increased pro-
teolysis might be the reason for lower contractile protein levels.
It is unclear from this study, however, whether decreased synthe-
sis might also have contributed to the decline. We would like to
emphasise that mechanisms other than those that relate to
decreased myofilament protein levels might have contributed to
the impairment of diaphragm myofibrillar contractility in the
CMV group. These mechanisms include ultrastructural sarco-
mere injury,'® decreased mitochondrial biogenesis and dysfunc-
tion,** lipid accumulation®* and oxidative injury.®® ! *°

Limitations of the study

One limitation of our study relates to the use of brain-dead
organ donors as a model to study the effects of prolonged MV
on diaphragm function in humans and caution should be exer-
cised when extrapolating findings obtained from this model to
critically ill patients undergoing prolonged MV.'"*=** Currently,
the best available model is that of Hooijman et al*” in which
diaphragm and abdominal muscle biopsies are obtained from
critically ill patients undergoing prolonged MV. The weakness
of the brain-dead organ donor model is related to several
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Figure 9 Activation of the ubiquitin-26S proteasome and autophagy-lysosome pathways. (A) Chymotrypsine-like activity of the 20S proteasome in
the diaphragms of the control and the controlled mechanical ventilation (CMV) groups. Values are means+SEM and are expressed as pg/min/ug
total muscle protein. *p<0.05, as compared with the control group. (B) Expression of FBOX32 (Atrogin-1), TRIM36 (MuRF1), TRIM32 and FBOX30
(MUSA1) mRNA levels in diaphragms of the control and the CMV group. Values are means+SEM and are expressed as fold change from the control
group. *p<0.05, as compared with the control group. (C) Representative immunoblots of LC3B and tubulin proteins in the diaphragms of control
and CMV groups. LC3B-I refers to cytosolic form of LC3B protein. LC3B-Il refers to lipidated form of LC3B protein, which is incorporated into
autophagosome membranes. (D) Optical densities (OD) of LC3B-I and LC3B-II detected in the diaphragms of the control and the CMV groups.
Values are means+SEM and are expressed as a ratio of OD of protein to OD of tubulin. *p<0.05, compared with the control subjects.

factors, among which is the mode of ventilation. In brain-dead
organ donors, CMV is the standard mode of ventilation.
Pressure-support ventilation or modes that allow for spontan-
eous diaphragm activity are used for critically ill patients and
likely elicit milder forms of VIDD than those described in brain-
dead organ donors. Brain death may also trigger nutrition-
related biochemical defects and hormonal abnormalities that
may influence skeletal muscle structure and function.*® *’
Although the contribution of these abnormalities to the impair-
ment of contractile performance or reductions in protein level
in the CMV group cannot be excluded in our study, previous
reports indicate that muscle fibre atrophy and induction of pro-
teolysis via the ubiquitin-26S proteasome and autophagy path-
ways in brain-dead organ donors undergoing prolonged CMV
are limited to the diaphragm.'® 2! 22 In this study, therefore,
unloading and disuse are very likely to have been crucial deter-
minants in the development of impaired contractility and
decreased protein expression.
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