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Rationale: Unloading the diaphragm via mechanical ventilation

(MV) results in rapid diaphragmatic fiber atrophy. It is unknown

whether the myonuclear domain (cytoplasmic myofiber volume/

myonucleus) of diaphragm myofibers is altered during MV.

Objective:We tested the hypothesis that MV-induced diaphragmatic

atrophy is associated with a loss of myonuclei via a caspase-3–

mediated, apoptotic-like mechanism resulting in a constant myo-

nuclear domain.

Methods: To test this postulate, Sprague-Dawley rats were randomly

assigned to a control group or to experimental groups exposed to

6 or 12 h of MV with or without administration of a caspase-3

inhibitor.

Measurements and Main Results: After 12 h of MV, type I and type

IIa diaphragm myofiber areas were decreased by 17 and 23%, re-

spectively, and caspase-3 inhibition attenuated this decrease. Dia-

phragmatic myonuclear content decreased after 12 h of MV and

resulted in the maintenance of a constant myonuclear domain in all

fiber types. Both 6 and 12 h of MV resulted in caspase-3–dependent

increases in apoptotic markers in the diaphragm (e.g., number of

terminal deoxynucleotidyl transferase-mediated dUTP nick-end la-

beling positive nuclei and DNA fragmentation). Caspase-3–

dependent increases in apoptotic markers occurred after 6 h of MV,

before the onset of myofiber atrophy.

Conclusions: Collectively, these data support the hypothesis that the

myonuclear domain of diaphragm myofibers is maintained during

prolonged MV and that caspase-3–mediated myonuclear apoptosis

contributes to this process.
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Mechanical ventilation (MV) is a clinical intervention for pa-
tients who are unable to maintain adequate alveolar ventilation.
Recent evidence reveals that controlled MV results in a swift
progression of diaphragmatic atrophy and weakness (1–6). It
seems that this diaphragmatic atrophy and weakness contributes
to difficulty in weaning patients from the ventilator (7). The
mechanism(s) responsible for the rapid onset of diaphragmatic
atrophy andweakness are not fully understood. Therefore, delin-
eating these mechanisms is a prerequisite for the development
of therapeutic strategies to circumvent weaning difficulties.
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Although mechanical ventilation–induced diaphragm inac-
tivity results in fiber atrophy, it is unknown if prolonged
mechanical ventilation is associatedwith alterations inmyo-
nuclear domain via apoptotic mechanisms.

What This Study Adds to the Field

Our results reveal that inhibiting caspase-3 activation and
myonuclear loss during mechanical ventilation attenuates
diaphragmatic muscle atrophy.

Mechanical ventilation–induced diaphragmatic atrophy and
contractile dysfunction is characterized by oxidative stress and
stress-related gene expression in myofibers that occurs within a
matter of hours (7, 8). In addition to myofibrillar protein loss,
extracellular matrix expansion, and metabolic enzyme alter-
ations (9–11), prolonged disuse of skeletal muscle results in the
selective loss of myonuclei (12–16). Myonuclear loss may be a
strategy used by the fiber to maintain a constant ratio of cyto-
plasmic myofiber volume per myonucleus (i.e., myonuclear do-
main) (16). The biological significance of themyonuclear domain
is based on the theory that a single myonucleus can sustain
necessary gene expression for limited area of cytoplasm. This
notion is supported by the observations that new nuclei are
incorporated into locomotor skeletalmuscle fibers during growth
and that nuclei are lost during atrophy (12, 14, 16). Although it
is known that controlled MV decreases protein synthesis and
induces proteolysis and myofiber atrophy across all fiber types
(6, 17, 18), it is unknown whether the myonuclear domain of
diaphragm myofibers is altered during the fiber atrophy associ-
ated with MV.
Regulation of myonuclear loss in skeletal muscle could occur

through extrinsic death receptor and intrinsic (sarcoplasmic re-
ticulum and mitochondrial) mediated pathways (19). Caspase
(cysteine-dependent, aspartate-directed protease) activation re-
sults in protein cleavage and functions in intrinsic and extrinsic
pathways of apoptosis. Caspase-3 has been extensively character-
ized as a regulator of cellular DNA fragmentation in numerous
models of skeletal muscle atrophy, including burn injury, heart
failure cachexia, and hindlimb suspension (16). Numerous cellu-
lar mechanisms lead to caspase-3 activation, includingmitochon-
drial-dependent (cytochrome c release) and mitochondrial-inde-
pendent (e.g., Ca2� activation of calpain) pathways resulting in
the stimulation of DNases responsible for cellular DNA frag-
mentation and protein degradation (19). Oxidative stress occurs
rapidly in the diaphragm during mechanical ventilation (18), and
oxidant stress can promote cytochrome c release and cellular
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Ca2� overload in cells (10, 20). This fact suggests a potential
role for caspase-3 activation in the regulation of myonuclear
number during the rapid atrophy that occurs in the diaphragm
after prolonged MV.
Although it is clear that MV-induced diaphragm inactivity

results in fiber atrophy (3, 5, 6), it is unknown if prolonged MV
is associated with alterations in diaphragmatic myonuclei via
apoptotic mechanisms. Based on reports investigating locomotor
skeletal muscle atrophy (12, 14–16), we hypothesized that dia-
phragmatic inactivity during prolongedMVwould result in myo-
fiber atrophy and myonuclear loss, resulting in the maintenance
of a constant myonuclear domain. Moreover, we postulated that
the MV-induced loss of myonuclei occurs via caspase-3–
regulated, apoptotic-like mechanisms. We also predicted that
the initiation of myonuclear apoptosis is critically linked to MV-
induced disuse atrophy. Our results support these hypotheses
and establish that 12 h of MV promotes myofiber atrophy and
a caspase-3–mediated proportional decrease in myonuclear
number, thereby maintaining a constant myonuclear domain.
Our data reveal that inhibiting caspase-3 activation and myo-
nuclear loss in the diaphragm during MV attenuates myofiber
atrophy, establishing a critical link between caspase-3 activation/
myonuclear apoptosis and diaphragmatic atrophy that occurs
during MV.

METHODS

Experimental Design

This experiment was approved by the University of Florida Animal
Care and Use Committee. Adult female Sprague-Dawley rats were
assigned to an acutely anesthetized control group (n � 6), a 12-h MV
group (n � 6), and a 12-h MV group administered a specific caspase-3
inhibitor (Asp-Glu-Val-Asp-CHO [DEVD-CHO]) (n � 6). Based on
our results from this initial study, to investigate the time course of MV-
induced loss of myonuclei, we performed a second series of experiments
and randomly assigned rats to one of three experimental groups: acute
anesthesia control (n � 6), 6 h of MV (n � 6), and 6 h of MV with
DEVD-CHO administration (n � 6).

Acutely Anesthetized Control Animals

Control animals were subjected to an acute plane of surgical anesthesia
with an intraperitoneal injection of sodium pentobarbital (60 mg/kg
body weight).

Mechanical Ventilation

All surgical procedures were performed using aseptic techniques. MV
animals were anesthetized with an intraperitoneal injection of sodium
pentobarbital (60 mg/kg body weight), tracheostomized, and mechani-
cally ventilated using a volume-driven small animal ventilator (Harvard
Apparatus, Cambridge, MA). An arterial catheter was inserted into
the carotid artery for constant measurement of blood pressure and
periodic blood sampling for analysis of arterial pH and blood gases.
Upon completion of MV, segments of the costal diaphragm and the
plantaris muscle were removed for analysis.

Myofiber Cross-sectional Area and Morphologic Analyses

Serial sections from frozen diaphragm and plantaris samples were cut
at 10 �m using a cryotome (Shandon Inc., Pittsburgh, PA) and stained
for dystrophin and myosin heavy chain (MHC) type I and MHC type
IIa proteins for fiber cross-sectional area analysis. Myonuclear domain
(�m3 cytoplasmic myofiber volume/myonucleus) was determined in the
corresponding serial sections stained with hematoxylin and eosin.

In Situ TdT-mediated dUTP Nick-End Labeling

The nuclei with DNA strand breaks were assessed using a fluorometric
TdT-mediated dUTP nick-end labeling (TUNEL) detection kit
(1684795; Roche Applied Science, Indianapolis, IN).

Genomic DNA Isolation

A section of the costal diaphragm was homogenized in 1 ml DNAzol
reagent (Molecular Research Inc., Cincinnati, OH), and genomic DNA
was isolated.

Ligation-mediated Polymerase Chain Reaction Ladder Assay

The detection of nucleosomal DNA ladders of apoptotic nuclei was
performed using a ligation-mediated polymerase chain reaction ladder
assay kit (Maxim Biotech, Inc., San Francisco, CA).

Cytosolic Protein Isolation

To assay the levels of caspase-3 activation in the diaphragm, a section
of the ventral costal diaphragm was homogenized in Tris-HCl buffer
and centrifuged for the isolation of cytosolic proteins.

Western Blot Analysis

Proteins (100 �g) from the cytosolic fraction were separated via poly-
acrylamide gel electrophoresis, transferred to a nitrocellulose mem-
brane, and incubated with primary antibodies against procaspase-3 and
cleaved active caspase-3. Membranes were exposed to horseradish per-
oxidase–conjugated secondary and chemiluminescence and were devel-
oped using autoradiography film.

Statistical Design

Comparisons between groups for each dependent variable measured
were made by one-way analysis of variance. When significant differ-
ences were observed, a Tukey honestly significantly different test was
implemented post hoc. Significance was established at p � 0.05.

RESULTS

12 h of MV

Systemic and biological response. Initial and final body weights
of the animals did not differ (p� 0.05) between treatment groups
(data not shown). Cardiovascular dynamics duringMVwasmon-
itored via measurement of heart rate and systolic blood pressure.
Heart rate (365 � 9 beats/min) and mean blood pressure (90 �

4 mm Hg) homeostasis were maintained during MV across all
treatment groups. Blood gas homeostasis and pH (data not
shown) were maintained within physiologic levels during the
experiment as reported previously (1, 4, 6, 18). Because sepsis
is associated with diaphragmatic contractile dysfunction, strict
aseptic techniques were followed throughout the experiments
(1, 4, 6, 18). The colonic temperature of allMV animals remained
constant at 37 � 0.5�C during the experiments.

Myofiber Cross-sectional Area and Morphologic Analyses of

Nuclear Content

To characterize the response of diaphragm myofibers and myo-
nuclei to MV, we chose a 12-h treatment period because we have
previously demonstrated this duration as the early occurrence of
contractile dysfunction in this model (4). Diaphragmatic myo-
fiber cross-sectional area was determined for individual fiber
types in cross sections obtained from 12 h MV and 12 h MV
with caspase-3 inhibition via DEVD-CHO. Mechanical ventila-
tion for 12h resulted in significant atrophy of type I (17%) and
type IIa (23%) diaphragm myofibers (Figures 1A and 1B).
DEVD-CHO administration attenuated atrophy of type I and
type IIa diaphragm myofibers during 12 h of MV (Figure 1B).
The plantaris muscle was analyzed to investigate the presence
of the potential confounding effects of anesthesia on myonuclei
loss in locomotor skeletal muscle. Muscle atrophy did not occur
in type I, type IIa, or type IIb/IIx plantaris muscle myofibers
after 12 h of MV with or without DEVD-CHO administration
(Figure 1C).
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Figure 1. Fiber cross-sectional area (CSA) in dia-

phragm and plantaris skeletal muscle myofibers

expressing myosin heavy chain (MHC) I (type I),

MHC IIa (type IIa), and MHC IIb/IIx (type IIb/

IIx). (A ) Representative fluorescent staining of

MHC I (DAPI filter/blue), MHC IIa (FITC filter/

green), and dystrophin (Rhodamine filter/red)

proteins in diaphragm and plantaris skeletal

muscles. (B ) Mean CSA (�m2) of type I, type

IIa, and type IIB/IIX diaphragm skeletal muscle

myofibers. (C ) Mean CSA (�m2) of type I, type

IIa, and type IIb/IIx plantaris skeletalmusclemyo-

fibers. Con � acutely anesthetized control

group; 12hr MV � 12 h of mechanical ventila-

tion; DEVD-CHO � 12 h of mechanical ventila-

tion with caspase-3 inhibition. Values are means

� SE. *Significantly (p � 0.05) different from

myofiber type matched controls. Bar � 30 �m.

The nuclear content of the diaphragm and plantaris muscles
was determined in cross-sections obtained from 12-h MV treat-
ment groups (Figure 2A). Myonuclear domain (�m3 cytoplasm/
nucleus) remained constant across all fiber types in diaphragm
(Figure 2B) and plantaris (Figure 2C) muscle myofibers after
12 h of MV with or without DEVD-CHO administration. Nuclei
were classified as myonuclei, nonmyonuclei (including all extra-
cellular matrix nuclei), and total muscle nuclei (myonuclei and
nonmyonuclei). Diaphragm muscle total nuclear content (total
nuclei/mm3) significantly decreased by 6% with 12 h MV (Figure
3A). Myonuclear content was decreased 11% (myonuclei/mm3)

with 12 h MV (Figure 3B). DEVD-CHO administration pre-
vented the decrease in total nuclear and myonuclear content in
the diaphragm associated with prolonged MV. There were no
MV- or DEVD-CHO–associated alterations in plantaris muscle
total nuclei, myonuclei, or nonmyonuclei content (Figures
3A–3C).

In Situ Cell Death (TUNEL) and Biochemical Markers

of Apoptosis

Nuclei withDNA strand breaks were assessed using fluorometric
TUNEL (Figure 4A). Comparedwith control values (0.13� 0.06%),
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Figure 2. Myonuclear domain size in diaphragm and

plantaris skeletal muscle myofibers expressing heavy

chain (MHC) I (type I), MHC IIa (type IIa), and MHC IIb/

IIx (type IIb/IIx). (A ) Representative hematoxylin–eosin

staining of diaphragm and plantaris skeletal muscles. (B )

Myonuclear domain size (�m3 cytoplasm/myonucleus)

of type I, type IIa, and type IIb/IIx diaphragm skeletal

muscle myofibers. (C ) Myonuclear domain size of type

I, type IIa, and type IIb/IIx plantaris skeletal muscle myo-

fibers. Con � acutely anesthetized control group; 12 h

MV � 12 h of mechanical ventilation; DEVD-CHO � 12 h

of mechanical ventilation with caspase-3 inhibition. Val-

ues are means � SE. Bar � 30 �m.

the ratio of TUNEL-positive total muscle nuclei to total muscle
nuclei increased with MV (0.88 � 0.13%) and was attenuated
by DEVD-CHO administration (0.18 � 0.03%). Twelve hours
of MV increased the incidence of TUNEL-positive myonuclei
in the diaphragm (Figure 4B), whereasDEVD-CHOadministra-
tion returned the incidence of TUNEL-positive myonuclei base-
line control values (Figure 4B). Twelve hours of MV with or
without DEVD-CHO administration did not influence the inci-
dence of TUNEL-positive myonuclei in the plantaris muscle
(Figure 4B).
Further evidence of DNA fragmentation in the 12-h MV

diaphragm was investigated by ethidium-bromide agarose gel
electrophoresis. Figure 5A illustrates electrophoretic separation
of the DNA fragments extracted from control (Lane 3), MV
diaphragm (Lane 4), and MV-administered DEVD-CHO (Lane
5) diaphragms. Twelve hours of MV increased 200 kb DNA

fragmentation by 136% above control values. DEVD-CHO ad-
ministration decreased DNA fragmentation 35% from MV val-
ues alone.
Western blot analysis was performed to determine the expres-

sion and activity levels of caspase-3 protein (Figure 6A). Twelve
hours of MV did not alter the expression of procaspase-3 protein
(Figure 6B). However, active caspase-3 significantly increased
(45%) after 12 h of MV, and DEVD-CHO administration atten-
uated this increase (Figure 6C).

6 h of MV

Myofiber and myonuclear response.We investigated whether 6 h
ofMValteredmyonuclear domain. Furthermore, we determined
whether inhibition of caspase-3 activity at 6 h would alter the
myonuclear response of the diaphragm to ventilation. We chose
to investigate 6 h of MV because we have previously established



154 AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 175 2007

Figure 3. Morphologic analysis of nuclear localization.

The number of diaphragm and plantaris muscle total,

myofiber-associated, and non–myofiber-associated (ex-

tracellular matrix and blood vessel–associated) nuclei

(nuclei/mm3) in the acutely anesthetized control group

(Con), the group receiving 12-hMV, and the group receiv-

ing 12-h MV with DEVD-CHO. (A ) Total nuclei (nuclei/

mm3). (B )Myonuclei (nuclei/mm3). (C)Non–myofiber nuclei

(nuclei/mm3). Con � acutely anesthetized control group,

12hr MV � 12 h of mechanical ventilation, DEVD-CHO �

12-h of mechanical ventilation with caspase-3 inhibition.

Values are means � SE. *Significantly (p � 0.05) different

from muscle-matched controls.

that 6 h is the earliest time period that diaphragmatic oxidative
injury can be detected after the initiation of MV (18). Six hours
of MV with or without DEVD-CHO administration resulted in
no diaphragmatic myofiber atrophy (Figure 7A) and no alter-
ations in myonuclear domain (Figure 7B) of type I, type IIa, or
type IIb/IIx diaphragm myofibers. In addition, compared with
control, 6 h of MV did not promote alterations in total nuclear
(control � 10,271 � 207 nuclei/mm3 versus MV � 10,083 � 205
nuclei/mm3), myonuclear (control � 3,529 � 100 nuclei/mm3

versusMV� 3,445� 61 nuclei/mm3), or nonmyonuclear content
(control � 6,742 � 125 nuclei/mm3 versus MV � 6,638 � 197
nuclei/mm3) in the diaphragm. Furthermore, comparedwith con-
trol and MV, 6 h of MV with DEVD-CHO administration did
not alter total nuclear (9,993 � 468 nuclei/mm3), myonuclear
(3,426 � 101 nuclei/mm3), or nonmyonuclear content (7,145 �

223 nuclei/mm3) in the diaphragm.

In situ cell death (TUNEL) and biochemical markers of apopto-

sis. Compared with control, DNA strand breaks assessed using
fluorometric TUNEL revealed an increased incidence of TU-
NEL-positive total nuclei in diaphragm muscle from animals
exposed to 6 h of MV (control � 0.06 � 0.07% vs. MV �

0.33 � 0.04%), whereas this increase in MV-induced TUNEL-
positive total nuclei was attenuated by DEVD-CHO administra-
tion (0.09 � 0.03%). TUNEL-positive myonuclei increased in
the diaphragm with 6 h of MV (Figure 8A), and DEVD-CHO
administration attenuated this increase. Six hours of MV (1.77 �

0.30 integrated optical density [IOD]) increased 200 kb DNA
fragmentation 77% from control values (1.00 � 0.21 IOD). Due
to variation in the results, a DEVD-CHO–induced decrease
(25%) in 200 kb DNA fragmentation (1.34 � 0.13 IOD) as
compared with 6-h MV values (p � 0.09) was not found to be
significant. Compared with control values, 6 h of MV did not
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Figure 4. Fluorescence labeling of diaphragm

and plantaris skeletal muscle with dystrophin

(Rhodamine filter/red), terminal deoxynucleoti-

dyl transferase-mediated dUTP nick-end labeling

(TUNEL) (FITC filter/green), and nuclei (DAPI

filter/blue). (A ) Representative images of dia-

phragm and plantaris control (Con), 12-h MV,

and 12-h MV with DEVD-CHO caspase-3 treat-

ment skeletal muscle (DEVD-CHO). Arrow indi-

cates a TUNEL-positive myonucleus. (B ) TUNEL

index (% TUNEL-labeled myonuclei). Values are

means � SE. *Significantly (p � 0.05) different

from muscle matched controls. Bar � 30 �m.

alter procaspase-3 protein expression (Figure 8B) but was associ-
ated with a 73.0% increase (p � 0.05) in cleaved caspase-3
activity (Figure 8C). DEVD-CHOadministration attenuated the
increase in caspase-3 activity.

DISCUSSION

Overview of Principal Findings

We have previously shown that diaphragmatic atrophy and con-
tractile dysfunction occurs with as little as 18 h of controlled
MV (4, 6). The current study expands on these previous findings
and reveals that atrophy of diaphragm (MHC type I and MHC
type IIa) myofibers occurs after 12 h of MV. These experiments
demonstrate for the first time that the myonuclear domain of
atrophying diaphragm myofibers expressing MHC type I and
MHC type IIa is maintained during MV. Moreover, the MV-
induced loss of diaphragmatic myonuclei occurred in parallel
with the increased number of TUNEL-positive myonuclei and
DNA fragmentation; this observation is consistent with the con-
cept that apoptotic mechanisms are responsible for the loss of
diaphragmatic myonuclei during prolonged MV. Our experi-
ments provide new and mechanistic evidence that caspase-3 acti-
vation is a requirement for MV-induced diaphragmatic myofiber
atrophy and myonuclear apoptosis. A detailed discussion of
these findings is presented in the following sections.

MV-induced Alterations in Myonuclear Domain

Skeletal muscle is unique in that it is capable of modulating its
size in response to alterations in functional demand. Skeletal
muscle fibers are multinucleated cells, and each myonulei is
thought to control a portion of the muscle fiber; a relationship
known as the myonuclear domain (21). The ability of skeletal

muscle to hypertrophy seems to be tightly coupled to the addition
of myonuclei via satellite and myogenic cell fusion with existing
myofibers (21). For example, the myonuclear domain of muscle
fibers is maintained during muscle fiber hypertrophy due to
postnatal growth (22–24), synergistic muscle ablation (25, 26),
stretch (27), or exercise (28, 29). Muscle disuse atrophy due to
a variety of experimental models results in the concurrent loss
of myonuclei (14, 21, 30–34). An important finding in the current
study is that MV results in the loss of diaphragm myonuclei in
a manner that is proportional to the degree of type I and type
IIa fiber atrophy, resulting in the maintenance of a constant
myonuclear domain. This finding is consistentwith previous stud-
ies investigating locomotor skeletal muscle atrophy during space
flight–induced atrophy of type I and type II myofibers (14). In
contrast, skeletal muscle myonuclear domain is decreased after
spinal cord isolation (35) and unloading via hindlimb suspension
(36). It has been theorized that differences in the response of
skeletal muscle myonuclear domain size could be explained by
differences in the degree of atrophy, neural influence, muscle
fiber type, or the duration of the disuse intervention (37). In
this context, the diaphragm is a mixed muscle including type I,
IIa, IIb, and IIx fiber types that are not stimulated to contract
during controlled MV (4). During MV, specific atrophy of type
I and type IIa fiber types transpires in a matter of hours. In
addition, type II diaphragmmusclemyofibers atrophy by approx-
imately 30% after 18 h of MV (6). Taken into context with
the current study, these data suggest that type II fibers in the
diaphragm predominantly atrophy between 12 and 18 h of MV.
It is possible that longer periods of MV, resulting in greater total
muscle myofiber atrophy, could result in proportionately greater
cross-sectional area loss than myonuclear loss, thereby decreasing
myonuclear domain. Therefore, the maintenance of myonuclear
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Figure 5. Nucleosomal DNA laddering in 12-h mechanically ventilated

diaphragm skeletal muscle. (A ) Agarose gel electrophoresis depicting

nucleosomal DNA ladders after amplification by ligation-mediated poly-

merase chain reaction. M � molecular weight marker, 100-bp ladder;

� � positive control DNA provided in the DNA Ladder Assay PCR kit

(Roche Applied Science, Indianapolis, IN). Con � control; 12hr MV �

12 h of mechanical ventilation; DEVD � 12 h of mechanical ventilation

with DEVD-CHO administration. (B ) Fold change of 200-kbp laddered

DNA. Values are means � SE and normalized to controls. *Significantly

(p � 0.05) different from controls.

domain during MV may, at least in part, be a factor inherent to
the unique rapid nature of this model. Additional experiments
are required to determine the effects of longer duration MV on
myonuclear domain.

MV-induced Myonuclear Apoptosis

Myonuclear apoptosis has been documented in a variety of mus-
cle-wasting conditions, such as muscular dystrophy (38), dener-
vation-induced atrophy (31), aging (39, 40), and hindlimb un-
loading (12, 13, 21), and could provide a mechanism for the
maintenance of myonuclear domain during MV. Apoptosis re-
sults from the activation of endonucleases (e.g., caspase-3–
mediated activation of nucleases) that cleave double-stranded
DNA between nucleosomes. Detection of DNA fragments by
measurement of nucleosomal DNA ladders or TUNEL are
widely used and well-accepted techniques of apoptosis detection
(41). In the current experiments, the presence of nucleosomal
DNA ladders and a greater number of TUNEL-positive myo-
nuclei suggests that myonuclear apoptosis occurred in the dia-
phragm during MV. In accordance with previous investigations,
our findings may represent a modified form of “apoptosis” that
results in death of myonuclei without ensuing myofiber death
(12, 42). This form of apoptosis seems to be responsible for the
elimination of myonuclei from diaphragm fibers during MV. Six
hours of MV resulted in an increased number of TUNEL-posi-
tive myounuclei without corresponding alterations in myofiber
area or myonuclear domain. This time point may represent the

Figure 6. Western blot analysis for procaspase-3 and active caspase-3

in 12 h mechanically ventilated diaphragm skeletal muscle. (A ) Repre-

sentative Western blot stained with total and active caspase-3 primary

antibodies and representative Ponceau-stained nitrocellulose membrane.

Con � control; 12hr MV � 12 h of mechanical ventilation; DEVD � 12 h

of mechanical ventilation with DEVD-CHO administration.(B ) Mean

densitometry data for procaspase-3. (C ) Mean densitometry data for

active caspase-3. Values are means � SE and normalized to controls.

*Significantly different from controls.

initiation of apoptotic-like mechanisms responsible for myo-
nuclear loss and subsequent muscle atrophy.
Apoptosis of skeletal muscle myonuclei seems to occur in

parallel with muscle wasting in several models of disuse atrophy.
It is unknown whether myonuclear apoptosis is critically linked
to skeletal muscle atrophy. In this regard, Dupont-Versteegden
and colleagues (13) recently demonstrated that the early initia-
tion of myonuclear apoptosis occurs before fiber atrophy in the
soleus muscle during hindlimb unloading and suggested that this
myonuclear apoptosis is a contributing mechanism to atrophy.
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Figure 7. Fiber CSA and myonuclear domain in control

(Con), 6 h mechanically ventilated (6hr MV), and 6 h MV

with DEVD-CHO administration (DEVD-CHO) diaphragm

skeletal muscle myofibers expressing MHC I (type I), MHC

IIa (type IIa), and MHC IIb/IIx (type IIb/IIx). (A ) Mean CSA

(�m2) of type I, type IIa, and type IIb/IIx diaphragm skeletal

muscle myofibers. (B ) Myonuclear domain size (�m3 cyto-

plasm/myonucleus) of type I, type IIa, and type IIb/IIx dia-

phragm skeletal muscle myofibers. Values are means� SE.

In this article, we provide further evidence for the occurrence
of myonuclear apoptosis before the onset of myofiber atrophy
and demonstrate for the first time that the inhibition of signaling
pathways involved in apoptosis (i.e., inhibition of caspase-3 activ-
ity) results in the attenuation of myofiber atrophy during disuse.
Although numerous signaling pathways have been theorized to
be important in the regulation of myonuclear apoptosis in skele-
talmuscle, the current study indicates that caspase-3 is the critical
component of myonuclear apoptotic signaling in MV-induced
diaphragmatic myonuclear apoptosis. In contrast, Dupont-Vers-
teegden and colleagues (13) have reported a key role for endonu-
clease G in a caspase-independent pathway for myonuclear apo-
ptosis in the soleus muscle during hindlimb suspension. The
muscle wasting that occurs in the diaphragm during prolonged
MV represents a highly accelerated form of muscle fiber atrophy
as comparedwith othermodels of disuse skeletalmuscle atrophy.
It follows that the apoptotic signaling pathways active in the
diaphragm during prolonged MV may differ from the apoptotic
signaling pathways responsible formyonuclear apoptosis in loco-
motor skeletal muscle in a model of reduced-use muscle atrophy.
Consistent with previous reports (5, 6, 20), the current data

indicate that MV results in significant atrophy of the costal dia-
phragm. Furthermore, atrophy of MHC type I and MHC type
IIa fibers corresponds with previous data demonstrating deficits
in force production after 12 h of MV (4). This rapid rate of MV-
induced diaphragmatic atrophy greatly exceeds the time course
of atrophy observed in locomotor muscles during periods of
disuse (43). For example, it would take at least 96 h to achieve
the same level of atrophy in unloaded locomotor muscle as
observed in the diaphragm after 12 h of MV (44). Specifically,
the 2 d required to induce a 17% decrease in soleus muscle
myofiber cross-sectional area reported by Dupont-Versteegden
and colleagues (13) occurs in diaphragm myofibers expressing
type I MHC after only 12 h of mechanical ventilation. In fact,

the diaphragm loses 16 to 23% of its mean cross-sectional area
in only 6 h (between 6 and 12 h of ventilation). In addition,
the rate of MV-induced atrophy exceeds that reported in the
diaphragm with denervation (45), spinal cord hemisection (46),
and corticosteroid administration (37). These facts suggest that
the signaling associated with myofiber atrophy in this model may
involve different or accelerated signaling mechanisms that are
normally associated with slower models of myofiber wasting.
Caspase-3 represents a complex atrophic signaling protein

in skeletal muscle. In addition to its role in mitochondrial-
dependent and mitochondrial-independent mediated apoptosis,
caspase-3 also serves as a protease involved in myofibrillar pro-
tein release, resulting in contractile protein proteolysis (10).
Therefore, inhibition of caspase-3 during MV may result in the
retardation of myofilament release associated with myofiber at-
rophy in this model. Moreover, our results reveal that adminis-
tration of a caspase-3–specific inhibitor during the initial 6 h of
mechanical ventilation results in the attenuation of myonuclear
apoptosis at a time point when no measurable alterations in
myofiber size are present. This finding suggests a specific role
for caspase-3 signaling in myonuclear apoptosis independent
of its potential role in myofilament release during ventilation-
induced muscle atrophy.

Conclusions

This is the first study to demonstrate that myonuclear domain
size is maintained during MV-induced diaphragmatic atrophy.
The loss of myonuclei necessary for the maintenance of myo-
nuclear domain during MV seems to be, at least in part, due
to caspase-3 mediated myonuclear apoptosis. The current data
provide the first evidence that caspase-3 activation is required
for diaphragmatic fiber atrophy during the first 12 h of MV.
Given that difficulty in weaning patients fromMV is a significant
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Figure 8. Biochemical

markers of nuclear apo-

ptosis in 6 h MV dia-

phragm skeletal muscle.

(A ) Terminal deoxy-

nucleotidyl transferase-

mediated dUTP nick-end

labeling (TUNEL) (index:

% TUNEL-labeled myo-

nuclei). (B ) Mean densi-

tometry procaspase-3

protein. (C ) Mean densi-

tometry active caspase-3

protein. Con � acutely

anesthetized control

group; 6hr MV � 6 h of

mechanical ventilation;

and DEVD-CHO � 6 h of

MV with DEVD-CHO ad-

ministration. Values are

means � SE. Densitome-

try values normalized to

control values. *Signifi-

cantly (p � 0.05) differ-

ent from controls.

clinical problem, it is important to develop therapeutic counter-
measures to retard MV-induced diaphragmatic atrophy and
weakness. The current investigation provides a theoretical basis
for future translational clinical studies investigating caspase-3
inhibition in the diaphragm as a therapeutic countermeasure to
retard MV-induced diaphragm atrophy and dysfunction.
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