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Picard M, Azuelos I, Jung B, Giordano C, Matecki S,
Hussain S, White K, Li T, Liang F, Benedetti A, Gentil BJ,
Burelle Y, Petrof BJ. Mechanical ventilation triggers abnormal
mitochondrial dynamics and morphology in the diaphragm. J Appl
Physiol 118: 1161–1171, 2015. First published March 12, 2015;
doi:10.1152/japplphysiol.00873.2014.—The diaphragm is a unique
skeletal muscle designed to be rhythmically active throughout life,
such that its sustained inactivation by the medical intervention of
mechanical ventilation (MV) represents an unanticipated physiologi-
cal state in evolutionary terms. Within a short period after initiating
MV, the diaphragm develops muscle atrophy, damage, and dimin-
ished strength, and many of these features appear to arise from
mitochondrial dysfunction. Notably, in response to metabolic pertur-
bations, mitochondria fuse, divide, and interact with neighboring
organelles to remodel their shape and functional properties—a process
collectively known as mitochondrial dynamics. Using a quantitative
electron microscopy approach, here we show that diaphragm contrac-
tile inactivity induced by 6 h of MV in mice leads to fragmentation of
intermyofibrillar (IMF) but not subsarcolemmal (SS) mitochondria.
Furthermore, physical interactions between adjacent organellar mem-
branes were less abundant in IMF mitochondria during MV. The
profusion proteins Mfn2 and OPA1 were unchanged, whereas abun-
dance and activation status of the profission protein Drp1 were
increased in the diaphragm following MV. Overall, our results suggest
that mitochondrial morphological abnormalities characterized by ex-
cessive fission-fragmentation represent early events during MV,
which could potentially contribute to the rapid onset of mitochondrial
dysfunction, maladaptive signaling, and associated contractile dys-
function of the diaphragm.

mitochondrial dynamics; mitochondrial fragmentation; intermyofi-
brillar mitochondria; subsarcolemmal mitochondria; electron micros-
copy; ventilator-induced diaphragmatic dysfunction

MECHANICAL VENTILATION (MV) suppresses diaphragm contrac-
tile activity, leading to maladaptive changes in diaphragm
structure and function (22, 25, 33, 43). This phenomenon is
termed ventilator-induced diaphragmatic dysfunction (VIDD)

(52) and has the potential to impede the ability to remove a
patient from a ventilator, thereby contributing to greater med-
ical complications and higher health care costs. The molecular
events characterizing VIDD include oxidative stress (27, 36,
43, 47), mitochondrial energy deficiency (27, 43), activation of
autophagy (23), apoptosis (35, 49), and increased activation
of proatrophy signaling pathways (32, 33). Importantly, all of
these cellular processes can be either directly or indirectly
induced by mitochondrial dysfunction, which occurs in the
inactive diaphragm within a short period of time (a few hours
in animal models, a few days in humans) after the initiation of
MV (27, 43). Therefore, rapidly acquired mitochondrial dys-
function during MV may represent a key early cellular trigger
for the development of VIDD.

Skeletal muscle fibers contain two pools of mitochondria:
intermyofibrillar (IMF) and subsarcolemmal (SS) mitochon-
dria. IMF mitochondria normally exist as tubular and branched
organelles (i.e., mitochondrial reticulum) surrounding myofi-
brils in tridimensional space, whereas SS mitochondria are
more spheroid-shaped and are located between the plasma
membrane and myofibrils (4, 46). Importantly, IMF and SS
mitochondria exhibit different functional characteristics with
respect to oxidative capacity, reactive oxygen species (ROS)
generation, and sensitivity to the proapoptotic event of mito-
chondrial permeability transition pore opening (11, 41), which
could have implications in disuse-associated diaphragmatic
dysfunction.

Mitochondria have the ability to undergo remodeling
through fusion, fission, and interactions with neighboring
mitochondria as well as with other organelles, a process col-
lectively referred to as mitochondrial dynamics (8, 51). In
cultured cells, effector proteins of mitochondrial dynamics
induce changes in mitochondrial shape within seconds to
minutes, which has consequences for mitochondrial function
[reviewed in (45)]. For example, loss of function of the
mitochondrial profusion proteins mitofusin 2 (Mfn2) and optic
atrophy 1 (OPA1) favors the accumulation of mitochondrial
DNA damage (10, 40) and decreased mitochondrial bioener-
getic efficiency with impaired energy production capacity (5,
9). These effects appear to be at least partly related to the fact
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that mitochondrial fusion enables functional complementation
via sharing of proteins, RNA, and DNA (10, 40). On the other
hand, mitochondrial fragmentation triggered by excessive ac-
tivation of the profission protein dynamin-related protein 1
(Drp1) can lead to greater ROS production, loss of ATP
production, and greater mitochondrial membrane depolariza-
tion (26, 31, 39, 56). Furthermore, dysregulation of mitochon-
drial dynamics and the resulting mitochondrial dysfunction can
promote exaggerated apoptotic signaling (31, 39, 55) and
activation of the muscle atrophy program (48).

Given that the functional consequences of exaggerated mi-
tochondrial fission-fragmentation overlap closely with the
main cellular mechanisms implicated in the development of
VIDD, we hypothesized that mitochondria could undergo ad-
verse morphological remodeling in the diaphragm during MV.
In the present study, we employed a quantitative transmission
electron microscopy (TEM) approach to determine the effects
of MV on mitochondrial shape and membrane interactions (46)
in the IMF and SS mitochondrial populations of the diaphragm.
We also evaluated the effect of MV on canonical profusion
(Mfn2, OPA1) and profission (Drp1) mitochondrial proteins
known to mediate mitochondrial remodeling and interorganelle
interactions. Our findings suggest that MV rapidly leads to an
excess of fission-fragmentation events in IMF (but not SS)
mitochondria resulting in a loss of their characteristic morpho-
logical specialization features, which could potentially contrib-
ute to the pathogenesis of VIDD.

METHODS

Animals. Male C57BL/6N mice 8–10 wk of age (Charles River
Laboratories, Saint-Constant, QC) were used for our experiments. All
mice were housed under a standard 12:12-h light-dark cycle with food
and water available ad libitum for 72 h before the experiments. The
study was approved by the McGill University Health Centre institu-
tional ethics board in accordance with guidelines of the Canadian
Council on Animal Care.

Mechanical ventilation protocol. Mice were subjected to 6 h of MV
using the same protocol that had been shown to induce impaired
diaphragmatic function, as previously described in detail (37). Briefly,
mice were anesthetized by intraperitoneal (i.p.) injection of xylazine
and pentobarbital sodium (50 mg/kg body wt) and then orotracheally
intubated with a 22-gauge angiocatheter. No neuromuscular blocking
agents were used. General care included continuous maintenance of
body temperature using a homeothermic blanket control unit (Harvard
Apparatus, Saint-Laurent, QC, Canada), and hourly i.p. injections of
0.05 to 0.10 ml of Ringer lactate solution to maintain hemodynamic
stability and compensate for insensible losses. MV was performed
with a small-animal ventilator (Minivent; Harvard Apparatus) using
the following ventilator settings: fraction of inspired oxygen of 0.21
(room air), controlled volume mode with tidal volume of 10 !l/mg
body wt, respiratory rate of 150–170 breaths/min, and positive end-
expiratory pressure level of 3–4 cmH2O achieved by placing the
expiratory port under a water seal. MV parameters and anesthesia
were adjusted to prevent spontaneous breathing efforts, which were
assessed by regular observations of thoracoabdominal motion and the
bubbling pattern of the underwater seal. Control mice did not undergo
mechanical ventilation. To replicate the fact that mice undergoing MV
for 6 h were not fed during this period, control mice were fasted for
the equivalent time with access to water. All mice were euthanized by
i.p. injection of pentobarbital sodium (50 mg/kg body wt) and cervical
dislocation at the same time of day (between 2:00 and 4:00 P.M.).

Transmission electron microscopy. For TEM analysis, diaphragm
muscle strips (" 5 mm wide, " 15 mm long) were fixed in a 2%

glutaraldehyde solution in 0.1 M cacodylate buffer (pH 7.4) and
processed exactly as described in (46). Samples were postfixed in 1%
osmium tetroxide and dehydrated with acetone before impregnation in
resin. Smaller segments of diaphragms were then embedded either in
cross-section (i.e., transverse) or longitudinal orientation in 100%
resin. To verify orientation and section quality, 1-!m-thick sections
were cut and stained with 1% toluidine blue in 1% borax. Ultrathin
sections of 70 nm were subsequently cut using a diamond knife on a
Leica EM UC7 ultramicrotome, stretched with chroloform, and
mounted on Pioloform-filmed copper grids prior to staining with 2%
aqueous uranyl acetate and lead citrate. Ultrathin sections were
examined on a Phillips CM 100 Compustage (FEI) transmission
electron microscope and digital micrographs were captured with a
charge-coupled device camera (Advanced Microscopy Techniques,
Woburn, MA). Tissues from four to five mice per group were
analyzed in two separate batches.

Morphological analysis. For each animal, randomly selected mi-
tochondria-rich oxidative muscle fibers were analyzed in both trans-
verse and longitudinal sections as previously described in detail (46).
Briefly, to analyze IMF mitochondrial morphology, muscles were
sectioned in transverse (cross-section) orientation. To ensure optimal
transverse orientation at the subcellular level, muscle fibers must be
sectioned in a near-parallel orientation to the Z-line. This was con-
sistently achieved by selecting for analysis myofibers presenting at
least one but no more than two Z-lines separated by at least 10–15
!m. Obliquely sectioned myofibers with Z-lines appearing closer than
10 !m were not selected for analysis. A total of 1,011 (control) and
1,011 (MV) IMF mitochondria from 22–23 myofibers were thus
analyzed by an observer who was blind to group identity. SS mito-
chondrial morphology was determined at # 19,000 magnification in
the longitudinal orientation (n $ 3 mice per group), for which 708
(control) and 537 (MV) SS mitochondria were similarly analyzed.

Mitochondrial shape descriptors and size measurements were de-
termined using ImageJ software (version 1.42q; National Institutes of
Health, Bethesda, MD) as previously described (46) by manually
tracing the perimeter of IMF and SS mitochondria with clearly
discernible outlines on TEM micrographs, as shown in Fig. 1E.
Aspect ratio was computed as [(major axis)/(minor axis)] and reflects
the length-to-width ratio; form factor [(perimeter2)/(4% surface area)]
reflects morphological complexity in terms of waviness and branch-
ing; roundness [4(surface area)/(% major axis2)] is a two-dimensional
index of sphericity; Feret’s maximum and minimum diameters reflect
the longest and shortest distances between outer boundaries of a
mitochondrion (28). To produce frequency distributions of these
morphological parameters, each mitochondrion was assigned to one of
20 bins.

To quantify interactions among IMF and SS mitochondria, micro-
graphs of muscle from five mice per group photographed in longitu-
dinal orientation were used at magnifications of # 13,500 for IMF and
# 19,000 for SS. In the IMF compartment, a total of 689 (control) and
648 (MV) Z-lines possessing mitochondria on both sides, either as
pairs of discrete organelles, as a continuous mitochondrion, or as
interacting organelles joined by an electron-dense intermitochondrial
junction (IMJ) (2, 44) were evaluated. The proportion of Z-lines
spanned by continuous or interacting mitochondria is reported as a
percentage of the total number of Z-lines analyzed. In addition, the
proportion of electron-dense physical contact sites between adjacent
mitochondria was determined as described previously (46) in 543
(control) and 726 (MV) pairs of IMF mitochondria, and 1,206 (con-
trol) and 921 (MV) pairs of SS mitochondria.

Western blot analysis. For protein analyses, the diaphragm muscle
was harvested and snap-frozen in liquid nitrogen. Muscle lysates were
mixed with sample buffer and boiled for 5 min before gel loading. The
dilutions of primary and secondary antibodies were made according to
the manufacturers’ instructions. Quantification of specific protein
bands was performed using the Odyssey Infrared Imaging System
(LI-COR Biosciences, Lincoln, NE) using Ponceau red staining to



adjust for any differences in total protein loading. The following
proteins were detected: total Drp1 (611112, BD Biosciences), phos-
phorylated forms of Drp1 at serine 616 (pDrp1-616; 3455, Cell
Signaling) and serine 637 (pDrp1-637; 6319, Cell Signaling), Mfn2
(M6319, Sigma), and OPA1 (MA5-16149, Thermo-Scientific).

Statistical analyses. Comparisons of morphological shape and size
parameters between control and MV mitochondrial populations were
made using a repeated-measures ANOVA. Distributions of these
parameters were nonnormal, and hence, normalizing transformations
were performed using either Johnson or Box-Cox methods, selected

Fig. 1. Mechanical ventilation alters intermyofibrillar (IMF) mitochondrial morphology. Representative electron micrographs from control (A) and samples that
underwent mechanical ventilation (MV) (B) with mitochondria pseudocolored in green (scale bars $ 2 !m). Graphical representation of mitochondrial form
factor (shape complexity) and aspect ratio (length to width ratio) from control (C) and MV (D) groups indicates less morphological complexity of MV
mitochondria (n $ 1,011 traced mitochondria for both groups). Percentages indicate proportions of mitochondria within each quadrant, defined by the 25th
percentile of control mitochondria; the shaded quadrants contain mitochondria for which both parameters fall either below (left lower quadrant) or above (right
upper quadrant) this threshold. E: representative morphology of mitochondrial subpopulations corresponding to the numbered data points in C and D.



on the basis of which method yielded the best residual plot distribu-
tion for the data. The significance of differences in mitochondrial
population proportions falling above or below a predefined level was
assessed using the z-test for proportions. Differences in mitochondrial
interaction parameters and Western blot analysis quantifications be-
tween control and MV groups were evaluated by an unpaired, two-
tailed Student’s t-test assuming unequal variances, or the Mann-
Whitney test in the case of nonparametric data (evaluated by the
Anderson-Darling normality test). All statistical analyses were per-
formed using Minitab 17 (Minitab) or Prism 6 (Graphpad) software
with the alpha level set at 0.05.

RESULTS

IMF mitochondrial morphology. A representative example
of IMF mitochondria in transverse section from a control
diaphragm is shown in Fig. 1A. As can be seen, normal IMF
mitochondria in the diaphragm are for the most part relatively
elongated and wavy serpentine structures. In contrast, IMF
mitochondria in the MV group diaphragm appear to be shorter
with less branching and hence a less morphologically complex
structure (Fig. 1B). Using the combined total IMF mitochon-
dria from control (Fig. 1C) and MV (Fig. 1D) groups, dot plots
of aspect ratio vs. form factor were generated and subdivided
into four quadrants on the basis of 25th percentile values
obtained for these two parameters in the control group. The
IMF mitochondria falling in the lower left-hand quadrant of the
dot plots (i.e., with & 25th percentile values for both aspect
ratio and form factor) were observed with greater frequency in
the MV group (56%) compared with the control group (20%).
Illustrative images of the individual marked mitochondria
indicated by arrows in Fig. 1, C and D are shown in Fig. 1E.

To quantify these observations in greater detail, frequency
distribution analyses of the total IMF mitochondrial popula-
tions in control and MV groups were individually determined
for each of the following morphological parameters: aspect
ratio (Fig. 2A), form factor (Fig. 2B), roundness (Fig. 2C),
Feret’s maximal (Fig. 2D) and minimal (Fig. 2E) diameters,
and total perimeter (Fig. 2F). Using the median value obtained
in the control group as a reference threshold for each parameter
(hence by design 50% of the control population), greater
percentages of IMF mitochondria in the MV group were
observed with low values for aspect ratio, form factor, Feret’s
maximum diameter, and total perimeter. In addition, a slightly
greater percentage of IMF mitochondria in the MV group
demonstrated higher values for Feret’s minimum diameter,
which is in keeping with the elevated roundness values in this
group. Table 1 shows mean and median values for these
measurements in the control and MV groups. As indicated in
Table 1, differences in IMF mitochondrial morphology be-
tween the control and MV groups were highly statistically
significant as determined by repeated-measures ANOVA.
Therefore, these data indicate that MV was associated with
rapid remodeling of IMF mitochondria in the diaphragm,
leading to a shift toward shorter, rounder, and less morpholog-
ically complex organelles within 6 h of initiating MV.

SS mitochondrial morphology. The same analyses were
applied to SS mitochondria. Under baseline control conditions,
SS mitochondria in the diaphragm are more spheroid and less
morphologically complex than IMF mitochondria (Fig. 3A),
which is also reflected by their smaller 25th percentile values
for aspect ratio and form factor (Fig. 3C). The 25th percentile

Fig. 2. MV fragments in IMF mitochondria. A–F: frequency distributions of the major IMF mitochondrial shape and size descriptors in diaphragms of control
mice and those that underwent MV. Vertical dashed lines indicate the median value for each descriptor in the control group. Arrows adjacent to vertical dashed
lines indicate the direction of change in each descriptor following MV, and pie charts show proportions of mitochondria falling to the arrow side of the dashed
line in each experimental group. ***P & 0.001 by z-test.



values from the control group were used to subdivide the SS
mitochondria populations from control (Fig. 3C) and MV (Fig.
3D) groups into four quadrants as we did for IMF mitochondria
in Fig. 1. However, in marked contrast to the results of this
analysis in IMF mitochondria, the proportion of SS mitochon-
dria falling into the lower left-hand quadrant was identical
(17%) in the control and MV groups.

Frequency distribution analyses in control and MV groups
were next determined in the total SS mitochondrial population
using the median value obtained in the control group as a
reference threshold, as was performed for IMF mitochondria in
Fig. 2. For aspect ratio and Feret’s maximum diameter, there
were slightly greater percentages of mitochondria with high
values in the MV group compared with controls, whereas the
opposite was true for roundness (Fig. 4). As shown in Table 2,
the frequency distribution pattern was also associated with
larger average values for Feret’s maximum diameter (P $
0.03) and perimeter (P $ 0.05) in MV vs. control SS mito-
chondria as determined by repeated-measures ANOVA. There-
fore, morphological changes induced by MV in SS mitochon-
dria were mild, and the overall pattern of changes was not
consistent with the shift toward shorter and rounder mitochon-
dria observed in the IMF population.

Mitochondrial interactions. IMF mitochondria are often ob-
served in pairs flanking Z-lines in the longitudinal orientation,
and less frequently as continuous organelles that cross the
Z-line (Fig. 5, A and B). Mitochondria-mitochondria interac-
tions can also be visualized as electron-dense IMJs between
adjacent mitochondrial membranes (Fig. 5, B and C) (2, 44).
The use of MV was associated with reductions in mitochondria
crossing Z-lines in the IMF population (Fig. 5D). In addition,

Table 1. Morphological parameters for intermyofibrillar
mitochondria in control and MV diaphragms

Parameter Diaphragm Mean ' SE Median, IQ P*

Aspect ratio Control 2.64 ' 0.05 2.19, 1.52
MV 1.79 ' 0.03 1.48, 0.67 & 0.001

Form factor Control 1.88 ' 0.03 1.49, 0.91
MV 1.37 ' 0.02 1.15, 0.28 & 0.001

Roundness, 0–1 Control 0.48 ' 0.01 0.46, 0.30
MV 0.65 ' 0.01 0.68, 0.27 & 0.001

Feret’s maximum
diameter, !m

Control 1.02 ' 0.02 0.89, 0.62
MV 0.83 ' 0.02 0.74, 0.52 & 0.001

Feret’s minimum
diameter, !m

Control 0.25 ' 0.004 0.21, 0.14
MV 0.26 ' 0.004 0.24, 0.17 0.01

Perimeter, !m Control 2.55 ' 0.05 2.20, 1.50
MV 2.19 ' 0.04 1.97, 1.34 & 0.001

MV, mechanically ventilated; SE, standard error; IQ, interquartile range.
*Comparisons between control and MV by repeated-measures ANOVA.

Fig. 3. MV does not fragment subsarcolemmal (SS) mitochondria. Representative electron micrographs from control (A) and MV (B) samples. The sarcolemma
is marked by a dashed line, and cytoplasmic space of the myofiber is pseudocolored in blue. Scale bars $ 1 !m. Myofibr indicates myofibrils. Graphical
representation of mitochondrial form factor and aspect ratio in control (C) and MV (D) groups (n $ 708 and 539 mitochondria for control and MV groups,
respectively), with percentages indicating proportions of mitochondria within each quadrant defined by the 25th percentile of control mitochondria as described
in Fig. 1.



MV tended to decrease the proportion of IMJs between IMF
mitochondria (P $ 0.06), whereas IMJs between SS mitochon-
dria (which were less abundant at baseline) did not show
evidence of being affected by MV (Fig. 5E).

Proteins of mitochondrial dynamics. Western blot analysis
of whole diaphragm tissue was performed to investigate the
potential roles of mitochondrial profusion and profission pro-
teins in mediating mitochondrial shape changes and mitochon-
drial membrane interactions induced by MV. There were no
significant changes in the outer mitochondrial membrane pro-
fusion protein Mfn2 (Fig. 6A) or inner mitochondrial mem-
brane profusion and organizing protein OPA1 (Fig. 6B) in the

diaphragm following MV. However, the total amount of the
mitochondrial fission protein Drp1 in diaphragm muscle was
increased by MV (Fig. 6C). Phosphorylation of Drp1 at serines
616 (pDrp1-S616) and 637 (pDrp1-S637) are believed to
activate and inhibit, respectively, the fission process initiated
by Drp1 (51). The level of pDrp1-S616 in the diaphragm was
increased by MV (Fig. 6D), whereas pDrp1-S637 remained
unchanged (Fig. 6E). Furthermore, in MV group diaphragms, a
significant increase in the proportion of very small mitochon-
dria (less than or equal to the lower 5th percentile) was
observed in the IMF population, whereas this was not the case
for SS mitochondria (Fig. 6, F and G). Taken together, these
findings support the presence of increased fission and associ-
ated fragmentation of mitochondria in the IMF population of
the diaphragm during MV.

DISCUSSION

Mitochondria form a dynamic network that must be contin-
uously adapted and tailored to the specific physiological re-
quirements of different tissues. Such dynamic remodeling of
the mitochondrial network requires the combined actions of
fusion and fission, as well as interactions with other organelles
and cytoskeletal components. These changes are mediated by
the Mfn1/2 and OPA1 proteins, which promote fusion of the
outer and inner mitochondrial membranes, respectively,
whereas phosphorylation-dependent activation of the cytoplas-
mic dynamin-related protein Drp1 is largely responsible for
mitochondrial fission (8, 51). In addition, Mfn2 plays a role in

Fig. 4. MV has minimal effects on SS mitochondrial morphology. A–F: frequency distributions of the major SS mitochondrial shape and size descriptors in
control and MV diaphragm. Vertical dashed lines represent median values in the control group from which proportions (shown in pie charts) were calculated
as described in Fig. 2. *P & 0.05 by z-test. N.S., nonsignificant.

Table 2. Morphological parameters for subsarcolemmal
mitochondria in control and MV diaphragms

Parameter Diaphragm Mean ' SE Median, IQ P*

Aspect ratio Control 1.55 ' 0.02 1.36, 0.50
MV 1.57 ' 0.02 1.44, 0.56 0.12

Form factor Control 1.19 ' 0.01 1.11, 0.16
MV 1.20 ' 0.01 1.11, 0.22 0.68

Roundness, 0–1 Control 0.70 ' 0.01 0.73, 0.24
MV 0.69 ' 0.01 0.70, 0.25 0.13

Feret’s maximum
diameter, !m

Control 0.66 ' 0.01 0.62, 0.34
MV 0.72 ' 0.02 0.67, 0.50 0.03

Feret’s minimum
diameter, !m

Control 0.56 ' 0.008 0.55, 0.30
MV 0.60 ' 0.013 0.55, 0.39 0.11

Perimeter, !m Control 1.78 ' 0.03 1.72, 0.90
MV 1.93 ' 0.04 1.79, 1.32 0.05

MV, mechanically ventilated; SE, standard error; IQ, interquartile range.
*Comparisons between control and MV by repeated-measures ANOVA.



the regulation of mitochondrial tethering to other organelles,
such as the endoplasmic reticulum (13).

In the present study, we employed quantitative electron
microscopy to assess mitochondrial morphological remod-
eling in the diaphragm following application of a well-
established model of VIDD, consisting of 6 h of controlled
MV in mice (37). We separately analyzed the IMF and SS
mitochondrial populations, which are known to exhibit dif-
ferent functional properties and responses to various phys-
iological perturbations (1, 12, 29, 38, 42). Our major find-
ings are that in response to MV, the IMF (but not the SS)
mitochondrial population in the diaphragm undergoes major
shape changes (becoming significantly shorter, rounder, and
less morphologically complex) and also contains a higher
proportion of very small mitochondria, consistent with mi-
tochondrial fragmentation. Furthermore, simultaneously
higher levels of activated Drp1 (pDrp1-S616) protein in the
diaphragm without any changes in either Mfn2 or OPA1
provide additional biochemical evidence for a net shift in
mitochondrial dynamics toward induction of the mitochon-
drial fission-fragmentation pathway during MV.

There is substantial evidence that mitochondrial health and
normal skeletal muscle function depend on continually main-

taining a finely tuned balance between fusion and fission events
(8, 51). Disruption of this equilibrium can lead to decreased
mitochondrial respiratory capacity (9, 26, 56), greater suscep-
tibility to apoptosis (31, 39), and failure to appropriately
eliminate or recycle damaged mitochondria (50). In rat skeletal
muscle cells, silencing of Mfn2 and OPA1 attenuated insulin-
stimulated Akt phosphorylation and cellular respiratory rate
(14). Along the same lines, decreased Mfn1/2 and increased
Drp1 were associated with impaired mitochondrial respiration
and reduced ATP levels in the skeletal muscles of mice with
high-fat-diet-induced obesity (34). The latter findings are con-
sistent with reports of decreased Mfn2 and smaller mitochon-
dria in skeletal muscles of obese and diabetic patients (3, 21).
Excessive mitochondrial fission has also been linked to mito-
chondrial dysfunction and insulin resistance in mouse skeletal
muscle (26), and to greater mitochondrial ROS release and less
ability to resist mitochondrial permeability transition pore
opening in other cell types (45, 56). Moreover, there is evi-
dence that exaggerated mitochondrial fission-fragmentation is
a stimulus for activation of muscle atrophy pathways (48).

Mitochondrial fusion and fission occur within seconds to
minutes in various types of cultured cells in vitro, and a rapid
time course of mitochondrial dynamics has also recently been

Fig. 5. MV reduces IMF mitochondrial membrane interactions. A and B: transmission electron microscopy images of diaphragm myofibers in longitudinal
orientation showing several examples of mitochondria spanning Z-lines (double arrowheads). Electron-dense intermitochondrial junctions (IMJs) between
adjacent IMF (B) and SS (C) mitochondria are also shown (arrows). D: proportion of IMF mitochondria interacting across Z-lines in control and MV diaphragms.
E: proportion of mitochondrial IMJs in IMF and SS mitochondria in control and MV diaphragms. Scale bars $ 500 nm.



demonstrated in adult skeletal muscle fibers (16, 34). However,
very little work has been published regarding changes in
mitochondrial dynamics induced by skeletal muscle disuse in
vivo. In rodents, denervation (24, 54) and hind limb unloading
(7, 53) have been reported to downregulate either OPA1, or
Mfn2, or both. The present investigation is to our knowledge
the first in any skeletal muscle disuse model to demonstrate
through a quantitative morphometric analysis that skeletal
muscle inactivity produces signs of exaggerated mitochondrial
fission-fragmentation in vivo.

Beyond fusion and fission events, dynamic remodeling of
the mitochondrial network is also influenced by mitochondrial
interactions with other cellular organelles. In the present study,
we observed evidence of reduced mitochondrial interactions
across Z-lines following diaphragm inactivity induced by MV,
and electron-dense IMJs (2, 44) between adjacent mitochon-

dria also tended to be less frequent in MV group diaphragms.
Interestingly, voluntary running was recently shown to signif-
icantly increase the prevalence of IMJs between neighboring
mitochondria in mouse soleus muscle (42). In addition to the
potential effect on mitochondrial shape, a reduction in such
interorganellar interactions would be expected to disrupt func-
tional cross-talk between mitochondria and other cellular con-
stituents. For example, there is evidence that contacts between
mitochondria and the sarcoplasmic reticulum are critically
involved in normal Ca2( handling (15), and it was recently
reported that Mfn1 depletion interferes with ryanodine recep-
tor-mediated excitation-contraction coupling (16). It is con-
ceivable that mitochondria-mitochondria interactions and the
transmitochondrial coordination of mitochondrial ultrastruc-
ture (44) can similarly play a role in electrochemical coupling
between neighboring mitochondria (2).

Fig. 6. Effect of MV on mitochondrial profission and profusion proteins. Abundance of profusion proteins mitofusin 2 (Mfn2, A) and optic atrophy 1 (OPA1,
B). C: abundance of profission dynamin-related protein 1 (DRP1) and its phosphorylated forms p-DRP1 Ser616 (D) and p-DRP1 Ser637 (E); groups were
compared by t-test. F: proportion of very small mitochondria in IMF and SS compartments (based on 5th percentile value for control IMF mitochondria); groups were
compared by z-test. G: representative image showing very small mitochondrion (arrow) in the diaphragm of a mouse that underwent MV. Scale bar $ 200 nm.



On the basis of their different localization and functional
properties, it has been hypothesized that IMF mitochondria
play the dominant role in supplying ATP for muscle contrac-
tion, whereas SS mitochondria are likely to be more involved
in sarcolemmal membrane-associated functions (30). Previous
studies have established that IMF mitochondria, which consti-
tute " 80% of mitochondria in skeletal muscle, possess a
higher oxidative capacity than SS mitochondria (11, 41). Few
studies have examined whether skeletal muscle disuse differ-
entially affects IMF and SS mitochondria, and these prior
investigations have provided conflicting results with regard to
which mitochondrial population is more vulnerable to disuse
effects (18, 29, 38). In our study, major morphological altera-
tions occurred in IMF mitochondria, whereas the SS popula-
tion exhibited relatively few and minor changes in response
to MV. It is interesting to note that the general direction of
changes observed in IMF mitochondria was toward the more
spheroid and morphologically simple characteristics of the
SS mitochondrial population. This finding suggests that
diaphragm inactivity blunts the specialized morphological
features associated with IMF mitochondria, thus making the
two mitochondrial subpopulations more homogeneous. The
reason for a greater susceptibility of the IMF population to
MV is unclear, but could be related to its naturally more
complex and wide range of morphology (46), its larger role
in ATP-driven muscle contraction, and the fact that IMF
mitochondria are more sensitive to ROS-induced proapop-
totic protein release (1).

An important question raised by our study is how the
mitochondrial morphological abnormalities we have docu-
mented in the mechanically ventilated diaphragm might be
causally related to mitochondrial and contractile dysfunction in
the muscle. A cardinal feature of VIDD pathogenesis is in-
creased oxidative stress derived in large part from mitochon-
dria (27, 36, 43, 47). Cell culture studies have demonstrated
that mitochondrial fission-fragmentation can trigger increased
mitochondrial ROS emission (56), and greater oxidative stress
can also provoke mitochondrial fragmentation (17), suggesting
the potential for a deleterious feed-forward loop. In addition,
either inhibition of mitochondrial fission or promotion of
mitochondrial fusion can blunt the increased ROS production
triggered by metabolic overload with high glucose and lipid
exposure (26, 56). This is of interest because hyperglycemia
has been linked to diaphragmatic oxidative stress and respira-
tory muscle dysfunction in animals (6) and humans during MV
(20). We have also previously reported evidence of metabolic
substrate overload in diaphragm muscle fibers of mechanically
ventilated patients and found that hyperlipidemia exacerbates
oxidative stress in parallel with contractile dysfunction (43).
Nevertheless, it is important to recognize that although a
mechanistic link between mitochondrial fragmentation and
VIDD is biologically plausible and consistent with the findings
of our study, this hypothesis remains to be formally tested. This
will likely require the use of genetically modified mice either
deficient or overexpressing the major proteins of mitochondrial
dynamics to perform a simultaneous analysis of mitochondrial
dynamics, mitochondrial ROS production, and diaphragm con-
tractility outcomes. In addition, it will be of interest to ascertain
how mitochondrial dynamics are affected after more prolonged
periods of MV, when diaphragmatic muscle atrophy becomes
a prominent feature.

In summary, this study has demonstrated for the first time
that an early abnormality of mitochondrial structure during MV
consists of the loss of regionally specialized morphological
characteristics within the IMF mitochondrial population, which
lies in closest contact with the contractile apparatus and con-
stitutes the bulk of skeletal muscle mitochondria. The physical
alterations found in IMF mitochondria during MV suggest a
major dysequilibrium of mitochondrial dynamics in favor of
exaggerated fission-fragmentation. Most of the cellular events
demonstrated to be causally involved in the development of
diaphragmatic weakness during MV can be mechanistically
linked to mitochondrial dysfunction. Given this fact together
with accumulating evidence of an intimate relationship be-
tween mitochondrial morphology transitions and canonical
aspects of the organelle’s function (45), it is possible that
dysregulated mitochondrial dynamics play a significant role in
the pathogenesis of VIDD. This remains to be determined by
future studies, and it will also be of interest to ascertain
whether mitochondrial dynamics are affected by other known
modifiers of VIDD such as metabolic substrate supply (43),
ROS scavengers (47), and the use of partial support modes of
MV (19).
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