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Chronic hypoxia increases rat diaphragm
muscle endurance and sodium–potassium
ATPase pump content
C. McMorrow*, A. Fredsted#, J. Carberry*, R.A. O’Connell*, A. Bradford",
J.F.X. Jones* and K.D. O’Halloran*

ABSTRACT: The effects of chronic hypoxia (CH) on respiratory muscle are poorly understood. The
aim of the present study was to examine the effects of CH on respiratory muscle structure and
function, and to determine whether nitric oxide is implicated in respiratory muscle adaptation to CH.
Male Wistar rats were exposed to CH for 1–6 weeks. Sternohyoid and diaphragm muscle
contractile properties, muscle fibre type and size, the density of fibres expressing sarco/
endoplasmic reticulum calcium-ATPase (SERCA) 2 and sodium–potassium ATPase (Na+,K+ATPase) pump content were determined. Muscle succinate dehydrogenase (SDH) and reduced
nicotinamide adenine dinucleotide phosphate (NADPH) dehydrogenase activities were also
assessed. Acute and chronic blockade of nitric oxide synthase (NOS) was employed to determine
whether or not NO is critically involved in functional remodelling in CH muscles.
CH improved diaphragm, but not sternohyoid, fatigue tolerance in a time-dependent fashion.
This adaptation was not attributable to increased SDH or NADPH dehydrogenase activities. The
areal density of muscle fibres and relative area of fibres expressing SERCA2 were unchanged.
Na+,K+-ATPase pump content was significantly increased in CH diaphragm. Chronic NOS
inhibition decreased diaphragm Na+,K+-ATPase pump content and prevented CH-induced
increase in muscle endurance.
This study provides novel insight into the mechanisms involved in CH-induced muscle
plasticity. The results may be of relevance to respiratory disorders characterised by CH, such as
chronic obstructive pulmonary disease.
KEYWORDS: Chronic obstructive pulmonary disease, fatigue, myosin heavy chain isoforms, nitric
oxide synthase, sarco/endoplasmic reticulum calcium-ATPase 2

keletal muscle has enormous capacity for
remodelling, as evident in various physiological and pathophysiological settings.
Chronic hypoxia (CH), a feature of respiratory
disease, is known to affect skeletal muscle structure and function. Alterations include changes in
capillarity [1, 2], fibre size and distribution [3–10],
oxidative capacity [5, 6, 11, 12] and contractile
performance [5, 9, 13–16]. CH induces reflex
hyperventilation. Thus respiratory muscles are
unique in that they must increase their workload
in the face of a reduction in oxygen availability,
necessary for aerobic metabolism. Respiratory
muscle remodelling is a feature of chronic obstructive pulmonary disease (COPD) [17–27],
which may be the result of hypoxic adaptation. Surprisingly, there is a general paucity of
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information concerning the effects of CH on
respiratory muscle structure and function despite
the clinical relevance. Translational animal models permit examination of the effects of CH on
skeletal muscle independent of other confounding factors that are present in disease. Furthermore, they permit a thorough exploration of the
molecular mechanisms that underpin muscle
adaptation. As such, the major aim of the present
study was to conduct a comprehensive assessment of respiratory muscle properties in an
animal model of CH.
We sought to examine the effects of CH on rat
respiratory pump and upper airway muscle
contractile and endurance properties, fibre type
and size, oxidative enzyme activity, relative area of
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fibres expressing sarco/endoplasmic reticulum calcium ATPase
(SERCA) 2 and sodium–potassium ATPase (Na+,K+-ATPase)
pump content. SERCAs are responsible for a significant
proportion of energy consumption in skeletal muscle, second
only to myosin ATPase. Muscle endurance correlates with
SERCA function, especially that of the SERCA2 isoform [28],
and a fast-to-slow SERCA transformation has been reported in
COPD diaphragm [29]. The Na+,K+-ATPase pump plays a
dynamic role in the maintenance of myocyte excitability
during contractile activity [30, 31]. Na+,K+-ATPase pump
function is extremely malleable and readily adapts to a variety
of stimuli, including hormones, electrolytes, diet, contractile
activity and hypoxia [32]. Skeletal muscles express all three
isoforms of nitric oxide synthase (NOS), and nitric oxide is
implicated in skeletal muscle adaptation in health and disease.
Therefore, it was explored whether NO is critically involved in
CH-induced respiratory muscle plasticity. It was hypothesised
that: 1) CH affects respiratory muscle function in a timedependent fashion; 2) CH causes structural and metabolic
adjustments in respiratory muscle leading to functional
remodelling; 3) CH alters respiratory muscle Na+,K+-ATPase
content; and 4) NOS inhibition prevents CH-induced functional plasticity in respiratory muscle.
METHODS
Full details of the methods are provided in the online
supplementary material.
Animals
Experiments were performed on 72 adult male Wistar rats. CH
groups were placed in a hypobaric chamber for 1–6 weeks at
380 mmHg (ambient oxygen tension ,80 mmHg, equivalent
to an inspiratory oxygen fraction of 10.5%). Age- and weightmatched control animals were held in parallel at ambient
atmospheric pressure (,760 mmHg).
Effects of CH on respiratory muscle function
Rats were exposed to normoxia or CH for 1, 2, 3 and 6 weeks.
Sternohyoid and diaphragm muscle contractile and endurance
properties were determined in vitro. Respiratory and limb
muscles from normoxic and CH animals were snap frozen and
stored at -80uC.
SDH and reduced NADPH dehydrogenase histochemistry in
respiratory and limb muscles
The succinate dehydrogenase (SDH) and reduced nicotinamide adenine dinucleotide phosphate (NADPH) dehydrogenase activity of respiratory and limb muscles were
determined. Normoxic and CH muscle sections were processed in parallel.

LUNG FUNCTION

SERCA immunohistochemistry in diaphragm muscle
Indirect immunofluorescence determination of the SERCA2
isoform was performed on normoxic and CH diaphragms.
Measurement of the content of [3H]ouabain binding sites,
and Na+, K+ and Ca2+ in muscle
Respiratory and limb muscle content of the Na+,K+-ATPase
pump a2-isoform was determined using the vanadate-facilitated [3H]ouabain binding method [33, 34]. Additionally,
muscle Na+, K+ (flame photometry) and Ca2+ (atomic absorption spectrophotometry) content were determined.
Effect of chronic NOS inhibition on diaphragm muscle
structure and function
In a separate series of experiments, structural and functional
assessments were performed on diaphragm muscle from rats
treated chronically with Nv-nitro-L-arginine (L-NNA; 2 mM in
the drinking water), commencing 3 days before normoxia or
CH treatment and continuing throughout a 6-week treatment
period.
Data analysis
Specific force was calculated in newtons per square centimetre
of muscle cross-sectional area (CSA). Fatigue tolerance was
determined. In order to determine SDH and NADPH dehydrogenase activity, the optical density of muscle sections was
calculated using Scion ImageTM software (Scion Corporation,
Frederick, MD, USA). For immunofluorescence analysis, Cell
ATM software (Olympus Life Science Microscopes, Munich,
Germany) was used to digitally analyse images and calculate
numerical and areal density and CSA for each MHC fibre type.
The relative area of diaphragm fibres containing SERCA2 was
calculated. All data were averaged per animal before computing group means. Data are expressed as mean¡SEM. Data were
compared across groups by one-way (hypoxia), two-way
(hypoxia6drug) or three-way (hypoxia6drug6frequency or
time) ANOVA as appropriate. Some datasets were compared
using unpaired t-tests when appropriate. In all tests, a p-value
of ,0.05 was taken as significant.
RESULTS
Body mass, haematocrit and right ventricular mass
CH exposure for 1, 2, 3 and 6 weeks significantly decreased
body mass compared to that of age-matched normoxic controls
(table 1 of online supplementary material). Haematocrit and
right ventricular mass were significantly elevated in all
hypoxic groups (table 1 of online supplementary material).
Left ventricular mass (normalised to body mass) was unaffected by CH (data not shown).

Myosin heavy chain immunohistochemistry in respiratory
and limb muscles
Indirect immunofluorescence was performed to determine
myosin heavy chain (MHC) isoform composition. Normoxic
and CH muscle sections were incubated with a cocktail of
primary antibodies that targeted MHC type 1, 2A and 2B fibres
or a primary antibody that targeted all of the isoforms but
MHC type 2X.

Muscle physiology
The effects of CH (1–6 weeks) on sternohyoid and diaphragm
twitch and peak tetanic force, contraction time and halfrelaxation time are shown in table 2 of the online supplementary material. Data for the 6-week exposure are shown in
table 1. CH had no significant effect on the force–frequency
relationship in the sternohyoid, but CH decreased diaphragm
muscle force (table 1 of the online supplementary material;
fig. 1 of the online supplementary material). CH had no effect
on sternohyoid muscle endurance (fig. 1) (fig. 2 of the online
supplementary material). Conversely, CH increased diaphragm
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Respiratory muscle force
Pt N?cm-2

P0 N?cm-2

Normoxia

3.3¡0.4

14.4¡1.2

CH

2.5¡0.3

15.6¡0.7

Normoxia

4.0¡0.7

20.0¡2.3

CH

2.8¡0.4

14.2¡1.8#

Sternohyoid

Diaphragm

Data are presented as mean¡SEM (n56 for all groups). Pt: single-twitch tension;
P0: peak tetanic tension; CH: chronic hypoxia (6 weeks). #: p50.08 (unpaired
t-test).

endurance (fig. 1) (figs. 2 and 3 of the online supplementary
material). The magnitude of the improved fatigue tolerance was
greatest after 6 weeks of CH (fig. 2 of the online supplementary
material).
MHC isoform composition and fibre morphometry
Representative MHC immunofluorescence images are shown
in figure 2. CH increased the numerical density of MHC type 1
fibres in diaphragm, but this failed to reach statistical
significance (33¡2 versus 39¡3%; p50.09 (unpaired t-test)).
CH decreased diaphragm MHC type 1, type 2X and type 2B
CSA (table 2). CH generally decreased or had no effect on fibre
CSAs in the other muscles analysed, although hypertrophy of
type 2A and type 2X fibres was observed in the sternohyoid
(table 2). Areal density for MHC protein-determined fibre
types are shown in table 2. There was no significant effect of
CH on areal density of fibre types (table 2), and little or no
change in the sternohyoid (table 2), soleus and extensor
digitorum longus (EDL) muscles (data not shown).

a)

75

Fatigue index %

SERCA2 immunohistochemistry
There was no significant difference in the areal density of fibers
expressing SERCA2 between control and CH diaphragms
(fig. 3).

50

SDH and NADPH dehydrogenase activities
There was no significant difference in SDH or NADPH
dehydrogenase activity between control and CH respiratory
muscles (table 3). Similarly, CH did not affect limb muscle
enzyme activities (data not shown). Optical densities were
highest in the diaphragm and lowest in the sternohyoid
(diaphragm.soleus.EDL.sternohyoid).
Na+,K+-ATPase pump content and diaphragm muscle
ionic content
CH caused a significant increase in diaphragm (fig. 4) and EDL
Na+,K+-ATPase pump content, but had no effect on pump
content in the sternohyoid and the soleus (table 3 of online
supplementary material). CH significantly increased K+ content in the diaphragm (table 4).
Effects of chronic NOS inhibition on diaphragm structure
and function
Chronic inhibition of NOS decreased peak force in normoxic,
but not CH, diaphragms (fig. 4 of online supplementary
material). Chronic NOS blockade had no effect on diaphragm
oxidative capacity. There were no major effects of chronic NOS
inhibition on diaphragm MHC areal density measurements.
Chronic NOS inhibition did not affect CH-induced atrophy
of diaphragm type 1 and type 2X fibres (table 4 of online
supplementary material). However, chronic NOS inhibition
decreased diaphragm Na+,K+-ATPase pump content (fig. 4) and
prevented the CH-induced increase in fatigue tolerance (fig. 5).
DISCUSSION
The major findings of the present study are: 1) CH improves
diaphragm muscle endurance; 2) CH-induced muscle plasticity is time-dependent and differentially expressed in respiratory muscles; 3) CH does not increase diaphragm SDH or
NADPH dehydrogenase activities; 4) CH does not alter
respiratory or limb MHC areal density; 5) CH does not
increase the relative area of diaphragmatic fibres expressing
SERCA2; 6) CH increases Na+,K+-ATPase pump content in
diaphragm; and 7) chronic NOS blockade decreases diaphragm Na+,K+-ATPase content and prevents CH-induced
functional remodelling in the diaphragm.
b)

*

25

0
Normoxia

CH

FIGURE 1.

CH

Normoxia

Group

Group

Effect of chronic hypoxia (CH) on respiratory muscle fatigue, based on initial force, in a) sternohyoid and b) diaphragm. Data are presented as mean¡SEM

(n56 for all groups) in adult rats exposed to 6 weeks of normoxia or CH. *: p,0.05 versus normoxia (unpaired t-test).
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Diaphragm

Sternohyoid

a)

b)

c)

d)

FIGURE 2.

Myosin heavy chain (MHC) immunohistochemistry in rat respiratory muscles. Triple-labelling of muscle fibres in a, b) normoxic and c, d) chronic hypoxic rat;

a, c) diaphragm; and b, d) sternohyoid. Using indirect immunohistochemistry, MHC type 1 (blue), type 2A (red) and type 2B (green) are tagged (merged images). Note that
the sternohyoid muscle shows a higher complement of MHC type 2B fibres than the diaphragm. Scale bars5200 mm.

CH-induced functional remodelling
Few have studied the effects of CH on the respiratory muscles
[13–16], which is surprising since alterations to respiratory
muscle function at altitude or in diseases characterised by
hypoxia could have consequences for respiratory homeostasis.
CH decreased diaphragm force, a finding consistent with some
[13, 14] but not other reports [15, 16]. CH improved diaphragm
endurance, which contrasts with the findings of previous studies
[13, 15, 16]. It could be speculated that differences in the intensity
of the hypoxic challenges, as well as differences in the
experimental paradigms employed when studying muscle
function, contribute, at least in part, to this apparent discrepancy.

perturbations in oxygen supply to muscles with a lower
oxidative capacity may not trigger such adaptive mechanisms.
It is interesting to note that differential effects of CH have also
been reported in limb muscles of varying structural phenotype
[5, 15]. This suggests that the effects of CH on muscle function
may be dependent upon the intrinsic structure, metabolism
and physiological function of individual muscle types.

CH had differential effects on sternohyoid and diaphragm
function. The different structural and metabolic profiles of
these muscles may explain why endurance was enhanced in
the diaphragm and not in the sternohyoid. It is plausible that
reduced oxygen availability triggers adaptive mechanisms in
skeletal muscle of high oxidative capacity since these muscles
are heavily reliant on oxygen to generate energy. In contrast,

It was hypothesised that functional remodelling would proceed
gradually in a time-dependent manner during CH exposure,
and the results of the present study support this notion. The
reason for the differential effect of CH on sternohyoid and
diaphragm muscle endurance remains unclear, but, in light of
the present findings with chronic NOS blockade (see below),
fibre-specific differences in NOS expression and activity may
have been a contributing factor [35–37]. NOS activity is highest
in fast oxidative fibres, which are considerably more abundant
in diaphragm than in sternohyoid muscle. As such, the
diaphragm may possess greater capacity for NO-dependent
functional remodelling than other muscles.
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Respiratory muscle myosin heavy chain (MHC)
areal density and fibre cross-sectional area
(CSA)
Type 1

Type 2A

Type 2X

a)

Type 2B

Sternohyoid
MHC isoform areal
density %
Normoxia

0.52¡0.10 14.1¡1.4

7.3¡1.0

77.2¡2.2

CH

0.49¡0.20 13.6¡1.2

11.0¡1.2

77.1¡1.5

Normoxia

993¡64

1192¡31

1999¡43

3792¡64

CH

891¡44

1489¡52* 2235¡70* 3834¡53

Fibre CSA mm2

Diaphragm
MHC isoform areal
density %
Normoxia

21.8¡1.7

24.3¡2.1

27.8¡4.0

19.1¡4.4

CH

25.3¡2.7

22.0¡1.3

25.5¡3.1

26.9¡6.1

Normoxia

1410¡38

1422¡26

2565¡80

5024¡177

CH

1232¡25* 1384¡23

b)

Fibre CSA mm2
2040¡75* 3424¡85*

Data are presented as mean¡ SEM (n58–11 per group). CH: chronic hypoxia
(6 weeks). *: p,0.05 versus normoxia (unpaired t-test).

CH caused atrophy in fibres of the diaphragm. Atrophy or no
change was noted in limb muscle fibres, but CH caused
hypertrophy of fast 2A and 2X fibres of the sternohyoid. In
general, the literature from animal and human studies
examining the effects of CH on fibre typology and morphology
is quite unsettled. The mechanisms underlying the differential
response of muscle fibres to CH are complex and largely
unknown, and were not a major focus of the present study.
SDH activity was quantified as an index of oxidative capacity.
It was found that CH had no effect on the SDH activity of
diaphragm (or any muscle studied), suggesting that factors
other than oxidative potential contribute to improved fatigue
tolerance in the present model. However, it should be noted
that the activity of other key oxidative enzymes that may have
increased in the CH diaphragm were not measured.
It was speculated that the relative area of fibres expressing
SERCA2 would increase in CH diaphragm. The present data
indicate, however, that there was no significant difference
between normoxic and CH muscles. This is consistent with
findings in a rat model of emphysema [39]. SERCA2 activity was not measured, and this may have increased in
CH diaphragm. However, half-relaxation time, which is
1478
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c)

25

20
Areal density %

CH-induced structural remodelling
There is a paucity of information concerning the effects of CH
on respiratory muscle structure. MORTOLA and NASO [38]
reported fibre transitions in diaphragm and limb muscle of rats
after 9 months, but not 60 days, of CH. Others have documented no effect of CH on adult diaphragm muscle fibres [15].
In the present study, the numerical density of MHC type 1 and
type 2B fibres increased. However, owing to changes in fibre
CSA, CH had no effect on MHC areal density in the
diaphragm.

15

10

5

0
CH

Normoxia
Group

FIGURE 3.

Diaphragm sarco/endoplasmic reticulum calcium-ATPase (SERCA)

2 immunohistochemistry. Representative images showing SERCA2-immunolabelled
muscle fibres in rat diaphragm a) normoxic and b) chronic hypoxic (CH). Scale
bars5100 mm. c) Group data (n56 for both groups) indicate that CH has no
significant effect on the areal density of fibres expressing the SERCA2 isoform.

determined by SERCA activity, was unchanged in CH
diaphragm. Thus SERCA pump content and activity are most
probably unchanged.
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Succinate dehydrogenase (SDH) and reduced
nicotinamide adenine dinucleotide phosphate
dehydrogenase (NADPHDH) histochemistry

TABLE 4

Effect of chronic hypoxia (CH)# on diaphragm
ionic content
Na+ mmol?g-1

K+ mmol?g-1

Ca2+ mmol?g-1

Optical density AU
SDH

NADPHDH

Normoxia

0.20¡0.01

0.09¡0.01

CH

0.20¡0.01

0.08¡0.01

Sternohyoid

Normoxia

31¡5

95¡3

1.5¡0.1

CH

31¡2

106¡1*

1.7¡0.3

Data are presented as mean¡SEM (based on wet weight; n55–6). #: 6 weeks of
hypoxia. *: p,0.05 versus normoxia (unpaired t-test).

Diaphragm
Normoxia

0.59¡0.04

0.18¡0.01

CH

0.60¡0.02

0.18¡0.01

Data are presented as mean¡ SEM (n56–11 per group). AU: arbitrary unit;
CH: chronic hypoxia.

Na+,K+-ATPase pump
The present study is the first to show that CH increases
Na+,K+-ATPase pump content in diaphragm muscle. It was
found that Na+,K+-ATPase pump content increased by ,24%
in the CH diaphragm. CH also elevated pump content in the
EDL, but elicited no change in the sternohyoid and soleus
muscles of the same animals. A previous study reported a
decrease in Na+,K+-ATPase pump content in human vastus
lateralis on exposure to altitude for 3 weeks [40]. Interestingly,
the same group found that, when exercise is performed in a
hypoxic environment, pump content is also depressed [41]. It is
difficult to reconcile why pump content is increased in some
CH rat muscles but is decreased in hypoxic human muscle.
This may relate to species differences or is perhaps dependent
500

upon differences in the duration and severity of hypoxic
exposure, in addition to differences in the intrinsic structure of
these muscles. A comprehensive assessment of structure in
respiratory and limb muscles was performed for comparative
purposes in order to determine whether CH-induced structural remodelling were influenced by muscle activity. It could
be argued that the increase in Na+,K+-ATPase pump content in
CH diaphragm is secondary to the augmented activity of this
muscle as a result of CH-induced hyperventilation. This is in
keeping with the repeated reports of training-induced upregulation of Na+,K+-ATPase pumps in skeletal muscle [30, 31].
However, pump content was significantly elevated in EDL in
the present study, suggesting that the increase was a result of a
direct effect of hypoxia per se.
Since most fibres of the CH diaphragm atrophied, it could be
argued that the increase in muscle surface area-to-volume ratio
accounts for the increase in Na+,K+-ATPase pump content. In
order to explore this further, whole-muscle and fibre-specific
surface area-to-volume ratios were calculated and it was
determined that CH causes a 13% increase (from a mean of
71,487 to 80,955 mm2?mm-3) in the area-to-volume ratio for
whole diaphragm. Thus the increase in Na+,K+-ATPase pump

*

75

*

*
300

Fatigue index %

Occupancy pmol·g-1

400

200

100

50

25

0
Normoxia

CH

Normoxia

CH
L-NNA

0
Normoxia

CH

Normoxia

Group
Group

FIGURE 4.

CH
L-NNA

Diaphragm muscle sodium–potassium ATPase (Na+,K+-ATPase)

pump content. Data are presented as mean¡SEM ouabain binding site occupancy

FIGURE 5.

(based on wet weight) in rats exposed to 6 weeks of normoxia or chronic hypoxia

Data are presented as mean¡SEM in rats exposed to 6 weeks of normoxia or CH

(CH) with and without chronic nitric oxide synthase inhibition with Nv-nitro-L-arginine

with and without chronic nitric oxide synthase inhibition with Nv-nitro-L-arginine (L-

(L-NNA; 2 mM in drinking water throughout normoxia or CH treatment). Two-way

NNA; 2 mM in drinking water throughout normoxia or CH treatment). Two-way

Effect of chronic hypoxia (CH) on diaphragm muscle fatigue index.

ANOVA (hypoxia6drug) revealed significant effects of hypoxia and drug treatment.

ANOVA (hypoxia6drug) revealed a significant effect of hypoxia, but not drug,

There was no significant interaction (p50.1). *: p,0.05 versus normoxia (Bonferroni

treatment. The interaction was significant. *: p,0.05 versus normoxia (Bonferroni

post-hoc test; n55–6 per group).

post-hoc test; n55–6 per group).
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content in CH diaphragm (24%) may be partly due to a
concomitant increase in sarcolemmal area-to-volume ratio. It is
interesting to note that the pump content increased by 11% in
CH EDL, with no change in total muscle surface area-tovolume ratio (-1.6%). Thus, when surface area-to-volume
adjustments are accounted for, the effect of CH on respiratory
and limb muscle Na+,K+-ATPase pump content is equivalent.
Increased Na+,K+-ATPase pump content may facilitate adaptation to a low oxygen environment by supporting the optimal
muscle function essential for respiratory homeostasis. It would
be most interesting to determine Na+,K+-ATPase pump content
and activity in respiratory muscles from COPD patients.
Role of NO in CH-induced respiratory muscle remodelling
NOS activity is regulated by muscle stimulation, mechanical
activity, exercise and age, and can be up- or downregulated
under a range of physiological and pathophysiological conditions. Skeletal muscle NOS activity undergoes significant
upregulation during chronic exercise training in the rat and
human. Exposure to hypobaric hypoxia for nearly 3 months in
newborn rats was associated with an upregulation of endothelial NOS and neuronal (nNOS) levels and an increase in
diaphragmatic NOS activity [42]. Chronic NOS blockade
inhibits skeletal muscle adaptation to chronic endurance
exercise, and results in a severe loss of walking speed in rats
[43]. Furthermore, nNOS-/- mice show decreased muscle endurance [44], and diaphragm dysfunction is exacerbated following lipopolysaccharide challenge in nNOS-/- mice compared to
wild-type controls [45]. Studies of various tissues have shown
that NOS expression and activity are regulated by hypoxia, but
the effects of chronic NOS blockade on CH muscle function are
not known. It was speculated that chronic NOS inhibition
would attenuate or prevent CH diaphragm remodelling. That
is, we reasoned that CH-induced respiratory muscle adaptation has a structural basis and that NO is critically involved. It
was found that chronic NOS inhibition significantly decreased
diaphragm Na+,K+-ATPase pump content in normoxic and
CH rats. Of interest, CH+L-NNA diaphragm surface area-tovolume ratio (81,096 mm2?mm-3) was equivalent to that of CH
diaphragm, but Na+,K+-ATPase pump content was decreased
to control levels (fig. 4). It is, therefore, apparent that NOS
inhibition downregulates respiratory muscle Na+,K+-ATPase
pump content independent of surface area-to-volume adjustments. NOS inhibition completely suppressed increased fatigue tolerance in CH diaphragm, implicating NO in functional
remodelling of CH diaphragm. The present study provides
novel data indicating that NO has a regulatory role in
modulating Na+,K+-ATPase pump content in rat respiratory
muscles.
Summary and conclusion
Skeletal muscles, including the striated muscles of breathing,
demonstrate a remarkable capacity to respond to physiological
and environmental challenges. During hypoxic adaptation, the
respiratory muscles face unique challenges that must be
overcome in order to ensure maintenance of homeostasis.
Our translational model highlights the fact that hypoxic
signalling can serve as a trigger of molecular and cellular
adjustments that ultimately shape respiratory muscle performance. The present study demonstrates that CH is associated
1480
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with increased Na+,K+-ATPase pump content in diaphragm
concomitant with increased muscle endurance. Chronic NOS
inhibition reduced diaphragm Na+,K+-ATPase pump content
and prevented a CH-induced increase in diaphragm endurance. This study provides novel insight into mechanisms
involved in CH-induced muscle remodelling. The results may
be of relevance to respiratory disorders characterised by CH,
such as COPD, in which respiratory muscle remodelling is
known to occur.
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