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Abstract
Skeletal muscle adaptation to chronic hypoxia includes loss of oxidative capacity and decrease in
fiber size. However, the diaphragm may adapt differently since its activity increases in response to
hypoxia. Thus, we hypothesized that chronic hypoxia would not affect endurance, mitochondrial
function or fiber size in the mouse diaphragm. Adult male mice were kept in normoxia (Control)
or hypoxia (Hypoxia, FIO2= 10%) for 4 weeks. After that time, muscles were collected for
histological, biochemical and functional analyses. Hypoxia soleus muscles fatigued faster (fatigue
index higher in Control, 21.5±2.6% vs. 13.4±2.4%, p<0.05), but there was no difference between
Control and Hypoxia diaphragm bundles. Mean fiber cross sectional area was unchanged in
Hypoxia limb muscles, but it was 25% smaller in diaphragm (p<0.001). Ratio of capillary length
contact to fiber perimeter was significantly higher in Hypoxia diaphragm (28.6±1.2 vs. 49.3±1.4,
Control and Hypoxia, p<0.001). Mitochondrial respiration rates in Hypoxia limb muscles were
lower: state 2 decreased 19%, state 3 31% and state 4 18% vs. Control, p<0.05 for all
comparisons. There were similar changes in Hypoxia diaphragm: state 3 decreased 29% and state
4 17%, p<0.05. After 4 weeks of hypoxia limb muscle mitochondria had lower content of complex
IV (cytochrome c oxidase), while diaphragm mitochondria had higher content of complexes IV
and V (F1/F0 ATP synthase) and less uncoupling protein 3 (UCP-3). These data demonstrate that
diaphragm retains its endurance during chronic hypoxia, apparently due to a combination of
morphometric changes and optimization of mitochondrial energy production.
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Introduction
The mitochondrion is the main energy (ATP) supplier to the cell. ATP is produced via
oxidative phosphorylation, a process that requires the electron transport chain where the
final electron acceptor is oxygen. When oxygen delivery to organs and tissues is rapidly
reduced (as in acute ischemia), mitochondrial dysfunction contributes to cellular damage
and death [14]. However, the consequences of chronic low ambient oxygen (such as living
at high altitude) on mitochondrial function are less well understood. In skeletal muscles,
chronic hypoxia seems to reduce oxidative capacity [30] and fiber cross sectional area
[28;34].

The fatigue resistance of a skeletal muscle is proportional to its mitochondrial content
(termed “aerobic” or “oxidative” capacity): fatigue-resistant muscles have a higher
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mitochondrial content than fatigable muscles and endurance training increases it further
[15;26;27;50]. In chronic hypoxia, locomotion is limited by the low ambient Po2, at least
while the animal adapts to it. However, the situation is quite the opposite for the diaphragm
and other respiratory muscles: hypoxia imposes a greater workload on the diaphragm since
increased ventilation is an acute and sustained response to low ambient Po2. In other words,
the diaphragm, contrary to limb muscles, would be subjected to “natural” endurance training
when ambient Po2 is lower than normal. Some evidence suggests that the diaphragm adapts
to chronic hypoxia in a different way than limb muscles, as exemplified by minimal changes
in oxidative capacity [2]. We have previously reported that the mouse diaphragm exhibits
unique adaptations to chronic hypoxia (reduced mitochondrial volume density and
redistribution of the mitochondria to the sub-sarcolemmal compartment) despite the
increased work of breathing [19]. We now explore the functional impact of chronic hypoxia
on isolated mitochondria. The present study tested the hypothesis that chronic hypoxia does
not alter the fatigue resistance and mitochondrial function of the mouse diaphragm. To this
end, we compared muscle endurance (resistance to fatigue) in vitro, muscle fiber cross-
sectional area, and the functional and molecular characteristics of isolated mitochondria of
diaphragm and limb muscles from mice kept under normoxic and hypoxic conditions.

Methods
Animals

The study was approved by the Institutional Animal Care and Use Committee at the
University of Kentucky. C57BL/6J adult male mice (12 wks old) were exposed to either
normoxia (Control) or 4 weeks of normobaric hypoxia (Hypoxia) in a Plexiglas chamber
(BioSpherix, Redfield NY). Chamber Po2 was constantly monitored with an oxygen sensor;
a controller unit maintained a steady Po2 of 10% by flushing nitrogen into the chamber
whenever required. At the conclusion of the study, mice were euthanized by CO2 asphyxia
and cervical dislocation prior to removal of the diaphragm and hind limb muscles.

Fiber cross-sectional area
Diaphragm bundles and triceps surae were frozen in 2-methylbutane cooled to its freezing
point in liquid nitrogen. Cryostat cross-sections (10 μm thick) were collected and stained
with hematoxylin and eosin. Micrographs were obtained with a Nikon E60 microscope,
stored in a computer and fiber area measured using NIH Image J software.

Capillary to fiber contact ratio
Mice were perfused with 4% glutaraldehyde and 2% paraformaldehyde. Diaphragm and
triceps surae were isolated, cut into pieces and fixed in glutaraldehyde (4%) and
paraformaldehyde (2%) for 2 hours at 4°C. Post-fixation was performed in osmium
tetraoxide (1%) for 1 hour, dehydrated and embedded for further sectioning. Thin (80 nm)
fiber transverse sections were stained with uranyl acetate and lead citrate and examined with
a transmission electron microscope. Fiber perimeter and the length of capillary fiber contact
were measured in electron micrographs and used to calculate the capillary to fiber contact
ratio as previously described [49]. At total of 50 individual fibers from the Hypoxia group
and 54 from the Control group were used for this analysis.

Mitchondrial isolation
Freshly dissected diaphragm and triceps surae muscles were minced and incubated with
trypsin (0.05%) in ice-cold phosphate buffered saline (PBS) with 10 mM EDTA for 20
minutes. Muscles were then homogenized in a HEPES buffer (20 mM, pH 7.4) containing
215 mM manitol, 75 mM sucrose, 10 mM EDTA and 0.1% bovine serum albumin (BSA).
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Homogenates were centrifuged at 700g and 4°C for 10 minutes and the supernatant collected
and centrifuged again at 10,500g for 10 minutes. The pellets were resuspended in the same
HEPES buffer (pH 7.4) containing 3 mM EGTA instead of 10 mM EDTA. Samples were
centrifuged at 10,500g and resuspended again to a final concentration of 10 to 15 mg
protein/ml. The Bradford protein assay was used to quantify the protein concentration [3].

Mitochondrial oxygen consumption
Mitochondrial respiration was measured using a Clark-type electrode at 37°C as previously
described [16]. After electrode calibration, isolated mitochondria (350-400 μg) were added
to 0.5 ml of respiration buffer (HEPES 20 mM, manitol 215 mM, sucrose 75 mM, BSA
0.1%, EGTA 20 μM, MgCl2 5 mM and KH2PO4 2.5 mM). Glutamate (5 mM) and malate
(2.5 mM) were added and the oxygen consumption rate measured (state 2 respiration). State
3 was initiated with the addition of ADP (150 μM). Oligomycin (1 μM) was used to block
ATP synthase activity and measure state 4 respiration. The uncoupled maximal oxygen
consumption rate (state 5) was measured after the addition of dinitrophenol (40 μM). The
respiratory control ratio (RCR) was obtained by dividing the ADP-stimulated respiration
rate (state 3) by the state 4.

Western blot analysis
Mitochondrial proteins (15-20 μg of protein) were resolved in 10-20% linear gradient SDS-
polyacrylamide gels (Bio-Rad, Hercules CA) and transferred to polyvinylidene difluoride
membranes (Immobilon-FL, Millipore, Billerica MA). Equal protein loading was confirmed
by Ponceau S staining. Membranes were incubated using primary monoclonal antibodies
(Invitrogen, Carlsbad CA) against the following proteins: α subcomplex of complex I, iron-
sulfur protein of complex II, core I of complex II, subunit VIb of complex IV and subunit α
of complex V and uncoupling protein 3 (UCP-3, Abcam, Cambridge MA). Alexa Fluor 680-
conjugated secondary antibodies were used for detection (1:7500, Invitrogen). Membranes
were washed, rinsed and scanned using the Odyssey Infrared Imaging System (LI-COR
Biosciences, Lincoln NE). Density of resulting bands was quantified using NIH Image J
software.

ATP content
Diaphragm and triceps surae muscles were removed, immediately frozen in liquid nitrogen
and stored at −80°C until further analysis. ATP extraction from muscles was as previously
described [54]. Briefly, muscles were weighed and homogenized (1:10 w:v) in an extraction
buffer containing Tris-HCl (50 mM), KCl (100 mM), MgCl2 (5mM), and trichloroacetic
acid (2%). Homogenates were then incubated (1:9, v:v) at 95°C for 2 minutes in the
incubation buffer (Tris base 100 mM and EDTA 4mM). After centrifuging at 2000g for 2
minutes, the supernatants were collected and ATP levels were measured using a commercial
kit (Molecular Probes, Invitrogen, Carlsbad CA) that uses a coupled reaction catalyzed by
luciferase: light is produced in proportion to the amount of ATP present. Light was
measured using a luminometer (Lumat LB 9507, EG&G Berthold) and ATP concentration
was calculated from a curve of ATP standards.

Contractile function
The triceps surae is a large limb muscle complex, too big for the study of contractile
function in vitro. The soleus muscle is a component the triceps surae and more appropriate
for in vitro analysis; therefore, we used it as a representative limb muscle for this portion of
the study. Soleus muscles and costal diaphragm muscle bundles were dissected and
transferred to a Krebs-Ringer buffer containing NaCl 137 mM, KCl 4 mM, NaHCO3 24
mM, KH2PO4 1 mM, CaCl2 2 mM, MgSO4 1 mM and bubbled with 95%O2 and 5%CO2.
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Distal tendons and ribs were tied to a glass bar using silk 4-0 suture and muscles placed
between stimulating electrodes in an organ bath containing Krebs-Ringer buffer constantly
bubbled with 95% O2 -5% CO2. The other muscle end was fixed to a force transducer (BG
Series 100g, Kulite, Leonia NJ) placed on a micrometer in order to adjust muscle length.
Muscles were electrically stimulated to contract isometrically and twitch force recorded in
an oscilloscope (Hewlett Packard model 546601B, Palo Alto CA). Muscles were stimulated
several times while adjusting the muscle length to obtain the highest twitch force (optimal
length). Bath temperature was then changed to 37°C and the muscles were allowed to
equilibrate for 20 minutes. At the end of the incubation, 25 μM of D-tubocurarine was added
to block neuromuscular transmission, and the force-frequency response determined. For this
purpose, muscles were stimulated to contract using stimulus frequencies of 1, 15, 30, 50, 80,
120, 150, 250 and 300 Hz, every other minute with a train duration of 250 ms. Two minutes
after the completion of the force-frequency response, fatigue was induced by repetitive
stimulation (40 Hz, 0.5 train/s, and 500 ms train duration) for 10 minutes. Force was
recorded every 30 seconds. At the end of the experiment, optimal length was measured
using an electronic caliper and the muscles removed, blotted dry and weighted. Cross
sectional area was calculated as described by Close [8]. Specific forces were expressed in N/
cm2. Force decline was expressed and plotted as percent from the initial force (F0). Fatigue
index is the percent of force produced during the last contraction (at time = 10 min)
compared to the force at time = 0 (start of the fatigue protocol).

Statistical analysis
Statistical analyses were performed using SPSS v11 (Chicago, IL) and GraphPad Prism 4
(La Jolla, CA). Data were analyzed using two-tailed t-tests to compare the Control and
Hypoxia groups. Muscle fiber cross-sectional areas were compared using 2-factor nested
ANOVA with group (Control and Hypoxia) as the fixed factor, and animal (4 per group) as
the random factor nested within group. For the force-frequency relationship and fatigue
curve, 2-way repeated measures ANOVA was used to test the difference between the
groups. Statistical significance was achieved when p≤0.05.

Results
Chronic hypoxia does not change the fatigue resistance of the mouse diaphragm

The initial experiment was to examine whether hypoxia alters the isometric contractile
function and fatigue resistance of the diaphragm and limb muscles. Since the triceps surae
complex is too large for in vitro functional studies, we used the soleus, one of its component
muscles. There was no difference in the specific force in either diaphragm or soleus from the
Control and Hypoxia groups: 32.7±2.9 vs. 31.9±3.8 N/cm2 in soleus and 22.9±3.0 vs.
24.1±1.6 N/cm2 in diaphragm; Control vs. Hypoxia respectively. The weights of soleus
muscles and diaphragm bundles were similar between the groups: 10.1±0.9 vs. 11.2±0.6 mg
in soleus and 4.8±0.5 vs. 5.0±0.8 mg in diaphragm; Control vs. Hypoxia respectively. Two-
way repeated measures ANOVA showed that chronic hypoxia did not change the force
frequency relationship in either muscle (p=0.25 and p=0.36, soleus and diaphragm
respectively). As expected, the Hypoxia soleus muscles fatigued more rapidly compared to
the Control group (figure 1A); in consequence, the fatigue index was significantly lower in
the Hypoxia group: 21.5±2.6 vs. 13.4±2.4, Control and Hypoxia respectively, p=0.04.
Similarly, the Hypoxia diaphragm muscle bundles fatigued at the same rate as those from
the Control group (figure 1B), and the fatigue indices were not significantly different:
22.3±2.3 vs. 20.8±2.9, Control and Hypoxia respectively, p=0.68.
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Chronic hypoxia decreases fiber cross-sectional area in the mouse diaphragm
A potential adaptive response to chronic hypoxia is to reduce the diffusion distance for
oxygen [47]. In skeletal muscles, this response could be accomplished by decreasing muscle
fiber cross-sectional area. To test for this possibility, we measured fiber areas in histological
sections from Control and Hypoxia triceps surae and diaphragm muscles. The triceps surae
is composed of 3 different muscles, gastrocnemius, plantaris and soleus. Because of
differences in fiber size, gastrocnemius and plantaris were analyzed separate from soleus.
There was no statistical difference in Control and Hypoxia gastrocnemius and plantaris
muscle fiber cross-sectional areas: 1104 ± 179 and 1242 ± 259 μm2, Control and Hypoxia
respectively, p= 0.34 (a total of 2181 fibers from 4 different animals in each group, figure
2A). Similarly, there was no difference in soleus cross-sectional area between the groups:
1008 ± 304 and 890 ± 214 μm2, Control and Hypoxia respectively, p= 0.19 (a total of 1422
fibers from 4 different animals in each group, figure 2B). Hypoxia decreased mean fiber
cross sectional area by about 25% in the diaphragm: 656 ± 59 and 488 ± 55 μm2, Control
and Hypoxia respectively, p<0.001 (a total of 1872 fibers from 4 different animals in each
group, figure 2C).

Chronic hypoxia increases the capillary to fiber contact ratio in diaphragm but not in limb
muscles

Capillary surface per fiber surface is a critical factor to determine maximal oxygen flux to
muscle [37]. Thus, we measured the ratio between capillary contact length and fiber
perimeter. We found that the ratio was higher in the Hypoxia diaphragm compared to
Control but was same in the triceps surae between the groups (figure 3, p<0.001, a total of
104 fibers from 4 different mice in each group).

Chronic hypoxia alters mitochondrial function in the mouse diaphragm and limb muscles
The mitochondria are the most important cellular sink for oxygen use. We used
mitochondria isolated from diaphragm and triceps surae to examine the consequences of
chronic hypoxia on oxygen consumption rates. Figure 4 shows representative oxygen
consumption records of triceps surae and diaphragm mitochondria from the Control and
Hypoxia groups. State 2 respiration is the small change in oxygen consumption following
the addition of substrates (glutamate and malate). The slope becomes more negative (oxygen
is consumed faster) when ADP is added to the medium, and that is called state 3 respiration.
State 4 is low-level oxygen consumption when ATP synthase is blocked (oligomycin).
Finally, state 5 is the fast oxygen consumption rate when mitochondria are fully uncoupled
with DNP. The RCR (ratio of state 3 to state 4) values were not different between
treatments: 5.4±0.5 and 4.6±0.5 in diaphragm and 5.8±0.4 and 4.9±0.5 in triceps surae,
Control and Hypoxia respectively. These values are in the acceptable range to document
mitochondrial integrity. The most noticeable change in the Hypoxia group was a reduction
in the slope of the substrate- and ADP-stimulated respiration (state 3) in both muscle groups.
In other words, chronic hypoxia appears to decrease oxygen consumption in actively
respiring mitochondria. Overall, states 3 and 4 were significantly slower in the Hypoxia
triceps surae and diaphragm (p<0.01 for state 3 comparisons, p<0.05 for state 4, figure 5). In
addition, state 2 respiration was significantly slower in triceps surae from the Hypoxia group
(p<0.01; figure 5A). Chronic hypoxia did not change the uncoupled state 5 respiration in
either muscle.

Chronic hypoxia does not change muscle ATP content
To assess the consequences of altered mitochondrial function, we measured ATP content in
the triceps surae and diaphragm from the Control and Hypoxia groups. In triceps surae ATP
levels were 4.9 ± 0.4 and 4.8 ± 0.4 μmoles/g tissue (Control and Hypoxia, respectively, p=
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not significant). Diaphragm ATP content was 5.7 ± 0.6 and 5.3 ± 0.9 μmoles/g tissue
(Control and Hypoxia, respectively, p= not significant).

Hypoxia alters the content of mitochondrial respiratory complexes
Given the changes in mitochondrial function after chronic hypoxia, we used western blotting
to evaluate the effect of hypoxia on mitochondrial respiratory complex content. Complex IV
(cytochrome c oxidase) content was significantly lower in Hypoxia triceps surae (p<0.02,
figure 6A). Complexes I and II tended to be lower in the Hypoxia triceps surae, but the
differences did not reach statistical significance (p=0.10 and p=0.06 for complex I and II
respectively, figure 6A). By contrast, 4 weeks of chronic hypoxia significantly increased the
content of complexes IV (cytochrome c oxidase, p<0.04) and V (ATP synthase, p<0.05) in
the mouse diaphragm (Figure 6B). Complex III content showed a tendency to be higher in
the Hypoxia diaphragm but this difference did not reach statistical significance (p=0.07,
Figure 6B).

Hypoxia decreases UCP-3 content in mouse diaphragm
Changes in uncoupling protein 3 (UCP-3), a muscle-specific mitochondrial uncoupling
protein, could explain the decrease in state 3 respiration without a corresponding decrease in
state 5 seen in the Hypoxia group. We measured UCP-3 content in mitochondria isolated
from Control and Hypoxia triceps surae and diaphragm. UCP-3 content did not change in
triceps surae, but it was significantly lower in the Hypoxia diaphragm, (figure 6, p=0.70 and
p<0.01, respectively).

Discussion
The purpose of this study was to contrast the effect of chronic hypoxia on fatigue resistance
and mitochondrial function in the mouse diaphragm and limb muscles. As expected, the
mouse diaphragm did not become more fatigable after 4 weeks of normobaric hypoxia while
the soleus, a limb muscle that is part of the triceps surae complex, did. Surprisingly, chronic
hypoxia decreased mitochondrial respiration rates in the diaphragm and the triceps surae.
However, the changes in mitochondrial composition in response to chronic hypoxia were
different in each muscle. The only significant change in triceps surae was a decrease in
subunit VIb of complex IV content, whereas in diaphragm there is an increased content of
subunit VIb of complex IV and subunit α of complex V but decreased content of UCP-3.
This study is the first to show that chronic hypoxia produces a differential change in
mitochondrial protein content, which may explain the differences in endurance after chronic
hypoxia between soleus and diaphragm.

Chronic hypoxia and skeletal muscle endurance
The effects of hypoxia on endurance are still controversial. Acute hypoxia exposure (hours
to 1 day) does increase fatigability in human limb muscles [11;17]. However, the effects of
chronic hypoxia are less understood: rodent limb muscles consistently show increased
fatigability after chronic hypoxia, but the results are somewhat contradictory in humans,
[6;17;32]. In addition, few studies have evaluated the effect of chronic hypoxia on
diaphragm function: One study showed decreased diaphragm endurance in chronically
hypoxemic humans [55], while another study in rats showed that 6 weeks of hypobaric
hypoxia have no effect on diaphragm fatigability [12]. A recent study also found that
diaphragm become more resistant to fatigue after chronic hypoxia exposure [38]. The
consensus is that the diaphragm may be more tolerant to hypoxia compared to limb muscles
[31]. Our findings agree with this postulate: 4 weeks of normobaric hypoxia did not change
endurance of the mouse diaphragm in vitro, whereas the soleus fatigues more rapidly. While
this result could be explained at least in part by inherent differences in oxidative capacity
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between the two muscles [46;51], we found evidence of further adaptation of the mouse
diaphragm to chronic hypoxia. One such example is the reduction in fiber cross sectional
area in the Hypoxia diaphragm, but not in triceps surae. Degens et al. recently described that
fiber cross sectional area is decreased in diaphragm fibers, particularly in type IIa fibers
[10]. In addition, we found that capillary contact surface is increased in the Hypoxia
diaphragm. A similar finding was observed in muscles of finches living at high altitude [24].
These two adaptive changes would facilitate oxygen and substrate diffusion into the
diaphragm and would explain the sustained endurance in the diaphragm after chronic
hypoxia. The differences in fatigability between diaphragm and soleus from the Hypoxia
group may also be explained by a shift in skeletal muscle fiber type. Thus, a muscle with a
greater proportion of slow twitch fiber type (rich in mitochondria) is more resistant to
fatigue. We have not measured fiber type composition in this study to support this
hypothesis; however, most evidence pointed to no change in fiber type with chronic high
altitude exposure [22;23]. Moreover, mouse soleus is already mostly type I and IIa
(mitochondria-rich).

Chronic hypoxia and mitochondrial function
Since the mitochondria are the final oxygen acceptor, it is surprising that so few studies have
evaluated the consequences of chronic hypoxia on mitochondrial function. Three weeks of
hypoxia reduces oxygen consumption in isolated mitochondria and decreases cytochrome c
oxidase activity in mouse brains [4;7;33]. In rats, Costa et al. found no change in
mitochondrial respiration in samples obtained from both cardiac ventricles after 9 months of
hypobaric hypoxia [9], while others demonstrated decreased oxygen consumption after more
than 7 days of hypoxia [13;42]. This difference may be related to tissue sampling (right vs.
left ventricle) and the duration of hypoxia. In general, most studies of human and non-
human skeletal muscles point to decreased mitochondrial oxidative capacity after chronic
hypoxia [21;29;30]. Mitochondrial oxygen consumption rates decrease in rodent hind limb
muscles after acute (state 3 and 4) and chronic hypoxia (state 2 and 3) [18;35]. Our results
concur: mitochondria from triceps surae had lower respiration rates after 4 weeks of
hypoxia. This change could be explained by reduction in either activity or content of
respiratory complexes. We did not measure activity, but we found lower complex IV content
in the triceps surae mitochondria after hypoxia. To the best of our knowledge, oxygen
consumption in isolated mitochondria had not been measured in the diaphragm after chronic
hypoxia. Despite the lack of effect of chronic hypoxia on endurance and contrary to our
initial hypothesis, the increased workload imposed by hypoxia did not prevent changes in
mitochondrial function. Instead, mitochondrial respiration was decreased in the diaphragm
after four weeks of hypoxia. To complicate matters, the content of complexes IV and V
increased in the mitochondria isolated from diaphragm after four weeks of hypoxia, the
opposite effect of what the respiration rates predicted. However, we cannot exclude that
respiratory complex activities changed as well: we have already shown that concordance
between the content and activity of respiratory complexes is non-existent in some muscles
[43].

Metabolic integration in skeletal muscles after chronic hypoxia
Chronic hypoxia did not alter the fatigue resistance of the mouse diaphragm but it changed
mitochondrial function and composition. These seemingly incongruent results might be
explained by the lower UCP-3 in diaphragm mitochondria after chronic hypoxia. UCP-3 is a
member of a family of inner membrane mitochondrial proteins responsible for dissipating
the proton gradients; UCP-3 is particularly abundant in skeletal muscles [53]. UCP-3
knockout mice have lower mitochondrial respiration rates, particularly state 4, whereas
UCP-3 overexpression results in higher state 4 [5;20;52]. It should be noted that 7 days of
hypoxia is also associated with reduced UCP-3 mRNA levels in the left ventricle of rats
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[13]. Newborns and adult rats exposed to chronic hypoxia have lower levels of UCP-1 in
brown fat [40;41]. Thus, it appears that chronic hypoxia decreases the expression of
uncoupler protein genes. Since mitochondrial proton leak accounts for about 20% of
mitochondrial oxygen consumption, lower UCP-3 should serve to optimize mitochondrial
respiration when oxygen levels are low [1]. In other words, lower UCP-3 content would
reduce the proton leak and as result decrease the amount of oxygen (i.e. mitochondrial
respiration) needed to meet the metabolic demands. These are the type of changes we
observed in diaphragm but not in triceps surae: lower mitochondrial respiration rates and no
effect on fatigue, a combination explained by lower UCP-3 levels. Consistent with this
argument, others have shown that endurance training results in lower UCP-3 content in
skeletal muscles [39;45]. Another unique adaptation of the diaphragm to hypoxia, that we
have previously shown, is the redistribution of mitochondria to clusters under the
sarcolemma, close to the capillaries [19]. This finding (in addition to the smaller fiber cross
sectional area and the increase in surface contact between capillaries and fibers) would
enhance the oxygen flux and diffusion from the capillaries to mitochondria, increasing the
oxygen transfer efficiency [36;37].

In conclusion, chronic hypoxia triggers a unique combination of adaptive changes in the
mouse diaphragm, including reduction in fiber size, increased surface contact between the
capillary and fiber, and reduced UCP-3 content that allow this muscle to remain highly
fatigue resistant, in contrast to the effects on hind limb muscles. However, lower
mitochondrial respiration seems to be a common response of skeletal muscles to chronic
hypoxia, regardless of recruitment levels. Hypometabolism and lower oxygen consumption
have been characterized as adaptive mechanisms in hypoxia tolerant animals [25;44;48].
Therefore, decreased mitochondrial oxygen consumption would be part of the adaptive
response to chronic hypoxia rather than a negative consequence of it. Furthermore, this
study is the first to show that chronic hypoxia produce a differential change in mitochondrial
proteins content that may explain the functional differences observed
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Figure 1.
Effects of 4 weeks of chronic normobaric hypoxia on fatigue in diaphragm and soleus. (A)
Soleus muscles from the Hypoxia group fatigued faster compared to Control: the curves
diverged almost immediately after the start of the fatigue protocol and the force produced by
the Hypoxia muscles were significantly less at each one of the time points shown (p<0.05, n
≥ 7 muscles per group). (B) Fatigue curves from Control and Hypoxia diaphragm muscle
bundles. Force decreased equally in both groups over the duration of the fatigue protocol;
there were no significant differences at any time point (n ≥ 7 muscles per group).
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Figure 2.
Fiber cross sectional area in triceps surae and diaphragm. Muscles were collected, frozen,
sectioned (10 μm thickness) and stained with hematoxylin & eosin. No change was observed
in fiber cross sectional area in either gastrocnemius/plantaris (A) or soleus (B) whereas there
is a significant decrease in diaphragm (C, scale bar= 25 μm).
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Figure 3.
Ratio of capillary surface contact and fiber perimeter in triceps surae and diaphragm. There
was a significant increase (p<0.001) in the capillary contact length to fiber perimeter ratio in
Hypoxia diaphragm compared to Control (A). No change was observed in triceps surae.
Representative electron micrographs of diaphragm showing the increased capillary length
contact in the Hypoxia group (B, scale bar= 2 μm).
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Figure 4.
Representative oxygen consumption tracings by mitochondria (Mito, 360ug/ml) isolated
from Control (solid lines) and Hypoxia (dashed lines) triceps surae (A) and diaphragm (B)
from the Control (solid lines) and Hypoxia (dashed lines) groups. After equilibration,
oxygen consumption was initiated by addition of glutamate and malate (Glu/Mal, state 2).
ADP was added to measure state 3. State 4 was measured in the presence of oligomycin
(Oligo). Finally, dinitrophenol (DNP) was used to measure the uncoupled oxygen
consumption (state 5). Oxygen consumption rates (line slopes) are noticeable slower in
triceps surae and diaphragm from the Hypoxia group.
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Figure 5.
Mitochondrial respiration rates in triceps sure and diaphragm from the Control and Hypoxia
groups. Oxygen consumption rates were normalized to mitochondrial protein. (A) With the
exception of state 5, all the respiration rates were lower in Hypoxia triceps surae compared
to Control. (B) For the diaphragm, states 3 and 4 were significantly lower in Hypoxia
compared to Control. Data are means ± SEM, n=8 muscles per group, *p<0.05.

Gamboa and Andrade Page 17

Pflugers Arch. Author manuscript; available in PMC 2013 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Western blot analysis of proteins from isolated mitochondria. Representative western blots
and densitometric quantification of mitochondrial proteins of interest from Control and
Hypoxia triceps surae (A) and diaphragm (B). The content of respiratory complex IV was
lower in triceps surae mitochondria from the Hypoxia Group; there were no other significant
differences. Mitochondria from Hypoxia diaphragms had increased content of complexes IV
and V and less UCP-3. Data are means ± SEM, n=6 animals per group, *p<0.05.
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