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Hyperbaric oxygenation upregulates rat lung Na,K-ATPase.  Z.L. Harris, K.M. Ridge,
B. Gonzalez-Flecha, L. Gottlieb, A. Zucker, J.I. Sznajder. ERS Journals Ltd 1996.
ABSTRACT: Exposure of rats to hyperoxia is associated with increased active
Na+ transport in rat lungs and increased Na,K-adenosine triphosphate (ATPase)
expression in alveolar epithelial cells. Hyperbaric oxygenation (HBO) has been
reported to act as an accelerated model of hyperoxic cell damage.  Sublethal and
intermittent exposure to HBO, however, has been suggested to upregulate endo-
genous protective mechanisms.

In the present study, we tested whether short-term HBO, prior to inducing lung
injury, would upregulate lung Na,K-ATPase.

The results show that HBO, either intermittent or single 2.5 h exposure, increased
lung Na,K-ATPase α-1 and β-1 messenger ribonucleic acid (mRNA) transcript lev-
els up to fourfold.  Na,K-ATPase activity in lungs of rats exposed to HBO increased
twofold during the first 2 h following removal from the hyperbaric chamber, and
remained elevated for up to 6 h following HBO.

Conceivably, the increase in Na,K-ATPase activity following HBO is due to an
increase in activity from a basal to a higher rate, or possibly due to recruitment/trans-
location of Na,K-ATPases from inner membranes to the plasma membrane.
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state Na,K-ATPase messenger ribonucleic acid (mRNA)
transcript levels, Na,K-ATPase hydrolytic activity in rat
lung homogenates and Na,K-ATPase protein expression
by immunohistochemical analysis in lung sections from
rats exposed to HBO. We found that HBO increased steady-
state Na,K-ATPase α-1 and β-1 mRNA transcripts and
α-1 Na,K-ATPase protein in rat lungs, as well as Na,K-
ATPase activity, as compared to lungs from control rats.
These findings support our hypothesis that short-term
HBO upregulates rat alveolar Na,K-ATPase.

Materials and methods

Experimental protocol 

Twenty eight adult, male, pathogen-free, Sprague-
Dawley rats (weighing 200–250 g; Charles River Labo-
ratories) were studied. Animals were maintained on a
12 h light/dark cycle. Rats were exposed to 100% oxy-
gen at 2.8 ATA hyperbaric pressure within a hyperbaric
chamber for small animals (Model B-11; REI Scientific,
Alexandria, VA, USA).  Rates of compression and de-
compression were kept constant over 10 min each.  The
chamber was kept at 18–20°C.  Control rats were main-
tained in room air.

The animals were divided into three groups: Group 1
(n=12) was exposed to 2.8 ATA HBO for a single 2.5 h
exposure; Group 2 (n=12) was pre-exposed to 3×1.5 h
2.8 ATA HBO at 24 h intervals, followed by a single
2.5 h HBO exposure; and Group 3 (n=4) were room air

Normobaric hyperoxia and hyperbaric oxygen (HBO)
exposure have been shown to increase reactive oxygen
species and cause lung injury [1–3]. Hyperbaric oxygen
causes an accelerated pulmonary oxygen toxicity [4].
HARABIN et al. [5] showed that hyperbaric oxygen (2.8
ATA, 100% oxygen) was lethal both to rats and guinea-
pigs when exposed continuously for 5–12 h, but that
intermittent exposure conferred protection [5]. They
observed that intermittent HBO slowed ongoing oxida-
tive damage and they postulated that tolerance was due
to upregulation of endogenous protective mechanisms.

We have previously observed that rats exposed to 85%
oxygen for 7 days exhibited increased active Na+ trans-
port across the lung epithelium, as well as increased Na,K-
adenosine triphosphate (ATPase) protein function in the
alveolar epithelium [6].  Our previous study in the normo-
baric hyperoxia model and others [7], suggest that upreg-
ulation of the Na,K-ATPase in rat lungs are part of the
protective mechanism against alveolar flooding.

In the present study, we postulated that short-term HBO
would upregulate rat lung Na,K-ATPase. The scope of
this investigation was to determine whether short-term
HBO exposure, either as a single 2.5 h dose, or as a
2.5 h dose following intermittent HBO exposure would
result in upregulation of a protective mechanism against
lung oedema, namely alveolar Na,K-ATPase.  The HBO
exposure dose was specifically chosen to be sublethal.
Previously, it had been shown that exposure of rats to grea-
ter than 5 h of HBO caused both cerebral and pulmonary
oedema [5].  To test this hypothesis, we measured steady-
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controls.  Animals were studied immediately upon removal
from the HBO chamber and at 1, 2 and 6 h following
HBO exposure (n=3 at each time-point).

Ten minutes prior to euthanasia, the animals received
1,000 U of heparin, followed by sodium pentobarbital
(30 mg·kg-1 body weight), both intraperitoneally. After
validation of adequate anaesthesia, a mid-line thoraco-
abdominal incision was made, and the animals exsan-
guinated by renal artery and vein laceration.  The trachea
was cannulated and the heart and lungs removed en bloc.
The right upper lobe was ligated and excised for wet/dry
weight determination.  The pulmonary artery was cannu-
lated and the lungs were perfused and subsequently lava-
ged with buffered saline solutions (Solution No. 1 in
mM: 140 NaCl, 5 KCl, 2.5 NaH2PO4, 6 glucose, 0.2 ethy-
lene glycol tetra-acetic acid (EGTA), and 10 hydroxy-
ethylpiperazine ethanesulphonic acid (HEPES); Solution
No. 2: 140 NaCl, 5 KCl, 2.5 Na2HPO4, 2 CaCl2, 1.3
MgSO4 and 10 HEPES).

Wet/dry weight determination

The right upper lobe was ligated, excised prelavage,
weighed (wet weight) and dried under vacuum (Speed
Vac SC100; Savant Instruments, Farmingdale, NY, USA).
After drying, the lung sample was reweighed (dry weight)
and the wet/dry weight ratio calculated.

Ribonucleic acid (RNA) isolation and Northern analysis

Lung tissue recovered for RNA analysis was immedi-
ately placed into liquid nitrogen and stored at -70° C.
Later it was thawed and homogenized (Kinematica GmBH
homogenizer, Switzerland) in 5.2 M guanidine thiocya-
nate. After extraction with phenol/chloroform [8], the
RNA was precipitated with ethanol and collected by cen-
trifugation. Quantification and purity were determined
spectrophotometrically.

Five micrograms of total RNA was loaded per lane
and size fractionated in a 1% agarose-2.2 M formalde-
hyde gel in 1× 3-(N-morpholino)propane sulphonic acid
(MOPS) buffer.  Integrity and equal lane loading was con-
firmed by staining with ethidium bromide (0.5 µg·mL-1).
RNA was electrotransferred from the gel to a nylon mem-
brane (S&S Nytran, Midwest Scientific) in 1× Tris
acetate buffer: 0.04 M Tris acetate, 0.001 M EDTA (TAE)
over 6 h at 20 V and covalently cross-linked to the mem-
brane by ultra violet (UV) fixation (366 nm, Hoefer
Scientific Instruments, San Francisco, CA, USA) for 5
min, followed by baking at 80°C for 2 h.  Membranes
were hybridized to 32P-labelled rat Na,K-ATPase com-
plementary ribonucleic acid (cRNA) probes. The α-1
Na,K-ATPase cRNA probe was a 1.0 kb cRNA encoding
the 5' end of the α-1 subunit, and the β-1 Na,K-ATPase
cRNA probe was a 1.0 kb full length β-1 subunit cRNA.
cRNA probes were prepared for the α-1 and β-1 Na,K-
ATPase subunits from complementary deoxyribonucleic
acids (cDNAs) (a generous gift from J. Emmanuel) sub-
cloned into pGEM3Z (Promega).  The cDNA jun probe
was 2.5 kb (a generous gift from V. Sukhatme).

Membranes were prehybridized at 57°C in 50% for-
mamide, 250 µg·mL-1 sheared salmon sperm DNA, 250

µg·mL-1 yeast RNA, 1% sodium dodecyl sulphate (SDS),
and 5× standard sodium citrate (SSC) for 3 h, after which
either probe was added and the incubation continued for
an additional 18 h.  After hybridization, the membranes
were washed in 2× SSC-1% SDS at 68°C three times,
followed by 0.1× SSC-1% SDS at 60°C three times.
Bands were visualized by autoradiography.  The auto-
radiograms were quantified by density scanning (Hoeffer
Scientific GS300, San Francisco, CA, USA).  α-1 Na,K-
ATPase mRNA transcript level was normalized to the
18S rRNA of the same sample (American Type Culture
Collection, Rockville, MD, USA).  Final RNA density
was normalized, such that the room air control value was
designated 1 unit.

Na,K-ATPase hydrolytic activity

Rat lung homogenates were prepared in a sucrose/imi-
dazole buffer (pH 7.4, 4°C) using a Teflon homogeni-
zer (Barnant-Series 10; Barrington, IL, USA) and the
fresh homogenate was filtered through two layers of
gauze.  Na,K-ATPase activity was determined in 100 µL
aliquots of fresh homogenate in the presence and absence
of 2 mM ouabain.  The results were corrected for spon-
taneous hydrolysis of adenosine triphosphate (ATP).  A
measure of ouabain-sensitive Na,K-ATPase activity was
estimated by determining the ouabain-inhibitable portion
of the ATPase activity [9]. Inorganic phosphate was
measured spectrophotometrically by the method of FISKE

and SUBBAROW [10].  The specific activity of the Na,K-
ATPase is expressed as µmol inorganic phosphate (Pi)·mg-1

protein·h-1.  Protein was determined by the method of
LOWRY et al. [11].

Immunohistochemical localization

The Na,K-ATPase was localized in rat lungs by immuno-
gold silver staining of thin sections of lung tissue (Auro-
Probe®TM LM; Amersham International).  Briefly,  tissue
samples (5 µm thick) were fixed on slides and incuba-
ted in nonimmune goat serum for 20 min and then over-
night with an immunopurified, subunit and species specific,
polyclonal primary antibody (rabbit anti-rat) directed
against the α-1 subunit of the Na,K-ATPase (purchased
from Upstate Biotechnology Institute, [12]).  Immuno-
detection with gold-conjugated secondary antibodies (goat
anti-rabbit, Amersham International) was aided by a sil-
ver enhancement process, followed by haematoxylin and
eosin staining.

Statistical analysis

One way analysis of variance and Duncan's compari-
son test were used for statistical analysis. Assuming a
normal distribution, results were considered significant
when p-value was less than 0.05.

Results

Grossly, the lungs from both groups of animals did
not appear injured. As shown in figure 1, the wet/dry
weight determinations from exposed rats were similar to
the room air control animals (room air control 4.9±0.3;



intermittent HBO 5.1±0.4; single HBO 5.2±0.4), and the
values are consistent with absence of lung oedema.

Steady-state levels of Na,K-ATPase α-1 mRNA tran-
scripts in the single HBO exposure group were eleva-
ted fourfold at 0 and 1 h, as compared to control values,
and twofold over control value at 6 h (fig. 2). In the
intermittent HBO pre-exposed group, the Na,K-ATPase
α-1 mRNA transcripts increased fourfold, peaking at 2 h,
following the 2.5 h HBO exposure and persisting at a
twofold increase at 6 h, as compared to controls.

Steady-state Na,K-ATPase β-1 subunit mRNA tran-
scripts were fourfold higher in the HBO pre-exposed
group as compared to room air controls at 0 h and retur-
ned to control level by 2 h (fig. 3).  In the single 2.5 h
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Fig. 1.  –  Rat lung wet/dry weight ratios after hyperbaric oxygen
(HBO) exposure.  The figure shows ratios from control lungs (not ex-
posed to HBO), lungs after a single 2.5 h HBO exposure (      ), and
lungs after intermittent HBO (       ).  Data are presented as mean± SEM.
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Fig. 2.  –  Effects of intermittent and single hyperbaric oxygen (HBO)
exposure on rat lung Na,K-ATPase α-1 steady-state mRNA transcript
levels.  α-1 Na,K-ATPase mRNA subunit in arbitrary density units
(a.u.) normalized to the 18S mRNA of the same samples is plotted for
control rats (not exposed to HBO), rats after a single 2.5 h HBO expo-
sure (     ), and rats after intermittent HBO exposure (      ) at dif-
ferent times post exposure.  Data are presented as mean±SEM.  +:
p<0.05;   : difference of p<0.001 vs control.  ATPase: adenosine triphos-
phatase; mRNA: messenger ribonucleic acid.

HBO exposure group, the Na,K-ATPase β-1 mRNA tran-
scripts increased by 50% over control by 1 h and returned
to control level by 2 h.

The Na,K-ATPase hydrolytic activity increased twofold
at 2 and 6 h following single HBO exposure as com-
pared to controls (fig. 4).  After intermittent HBO expo-
sure, Na,K-ATPase activity increased by 70% at 1 h and
then returned to control levels by 2 h.

Immunohistochemical detection of rat α-1 Na,K-ATPase
protein, 2 h following a single 2.5 h HBO exposure, was
localized to the basolateral surface of the rat alveolar
epithelium. Increased staining was observed as com-
pared to control rat lungs, as shown in fig 5a and b.
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Fig. 3.  –  Effects of intermittent and single hyperbaric oxygen (HBO)
exposure on rat lung β-1 Na,K-ATPase mRNA transcript levels.  The
relative expression of the β-1 Na,K-ATPase subunit in arbitrary den-
sity units (a.u.) normalized to the 18S mRNA of the same samples is
plotted for control rats (not exposed to HBO), rats after a single 2.5 h
HBO exposure (      ), and rats after intermittent HBO exposure
(      ) at different times post exposure.  Data are presented as mean±
SEM.  +: p<0.05;   : p<0.001 vs control.  For abbreviations see legend
to figure 2.

Fig. 4.  –  Effects of hyperbaric oxygen (HBO) on Na,K-ATPase activ-
ity in the rat lung.  Na,K-ATPase hydrolytic activity measured as
µmoles of inorganic phosphate (Pi) consumed·mg-1 of protein per hour
is plotted for control rats (not exposed to HBO), rats after a single
2.5 h HBO exposure (      ) and rats after intermittent HBO exposure
(       ) at different times post exposure.  Data are presented as mean±
SEM.  +:  p<0.05 vs control.  ATPase: adenosine triphosphatase.
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Within the limitations of the immunohistochemical det-
ection of the α-1 Na,K-ATPase protein, assuming a con-
sistent amount of Na,K-ATPase per gold particle, a
qualitative difference was demonstrable, in the HBO ex-
posed rats as compared to controls, was demonstrable in
all the sections examined. The photomicrographs shown
were prepared from rats 2 h after they were exposed to
a single 2.5 h HBO exposure.

The 5' flanking region of the Na,K-ATPase α-1 gene
contains consensus sequences for several transcription fac-
tors, among them the activating protein-1 (AP-1) site.
Thus, total RNA was isolated from the lungs of rats
exposed to HBO for 2.5 h. After 6, 12 and 24 h of re-
covery significantly increased expression of jun mRNA
was found by Northern blot analysis, as shown in fig-
ure 6a and b.

Discussion

Exposure of Sprague-Dawley rats to 100% oxygen is
fatal by 72 h [13].  Pretreatment with interleukin-1 (IL-
1), endotoxin, or 85% oxygen exposure for 7 days, how-
ever, has been shown to confer protection and improve
survival to subsequent 100% oxygen exposure [14–16].
Lung tolerance to hyperoxia is probably the result of
upregulation of antioxidants and other protective mecha-
nisms, such as increased clearance of oedema fluid via,
among other mechanisms, enhanced lung Na,K-ATPase

Fig. 5.  –  Immunohistochemical localization of the α-1 Na,K-adeno-
sine triphosphatase (ATPase) protein (arrows) in rat lung sections:  a)
2 h following hyperbaric oxygen (HBO 2.5 h) exposure, as compared
to: b) controls.
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Fig. 6.  –  a)  Effects of single hyperbaric oxygen (HBO) exposure on
rat lung jun steady-state mRNA transcript levels.  Relative steady state
are shown for jun mRNA transcript level in arbitrary density units (a.u.)
normalized to the 18S rRNA of the same samples are shown for
control rats (not exposed to HBO), and rats after a single 2.5 h HBO
exposure at different times post exposure.  Data are presented as
mean±SEM.       : Control;       : HBO.  b) A representative auto-
radiogram of rat lung jun steady-state mRNA.  C: control.  For abbre-
viations see legend to figure 2.

activity [6, 7, 17]. Other modalities, such as pretreatment
with oxygen radical scavengers or delivery of antioxi-
dants complexed to liposomes into the airways have also
been shown to be protective against hyperoxia [18].  Inter-
mittent HBO has also conferred protection in rats and
guinea-pigs against fatal lung injury [5], suggesting that
short-term HBO can be protective against oxidant injury,
possibly by upregulating endogenous antioxidant pro-
tective mechanisms.

Previous reports showed that continuous HBO expos-
ures of 5–10 h caused seizures and death [5].  Not want-
ing to induce pulmonary or central nervous system (CNS)
toxicity, we chose HBO exposure times that would induce
oxidant stress prior to causing significant lung injury.
HBO was delivered at 2.8 ATA, similar to the treatment
parameters used for CO intoxication and wound healing
in patients.

We found that intermittent HBO (2.8 ATA, 100% oxy-
gen), three 1.5 h exposures, 24 h apart, prior to a single
2.5 h exposure, caused a fourfold increase in α-1 sub-
unit Na,K-ATPase mRNA levels.  However, this upregu-
lation occurred at 2 h of recovery and was not significantly

Time  post exposure h



different from the increased α-1 Na,K-ATPase mRNA
seen in the single exposure group.  Also, HBO increased
steady-state Na,K-ATPase α-1 and β-1 mRNA transcripts
in rat lung tissue after a single 2.5 h exposure, and in
rats which, prior to the 2.5 h exposure, were pre-exposed
for three 1.5 h HBO at 24 h intervals.  These findings
may be due to increased message stability and/or increa-
sed transcription triggered by HBO, which was short
enough not to produce lung injury (fig. 1), but enough
to increase Na,K-ATPase mRNA transcript levels (figs.
2 and 3), and Na,K-ATPase amount and function in the
lung (figs. 4 and 5).  Similar results were observed in
another study, where Na,K-ATPase numbers and func-
tion were increased in alveolar epithelial type 2 (AT2)
cells isolated from rats exposed to HBO, but there was
no increase in Na,K-ATPase measured in AT2 cells iso-
lated from rats exposed to the same hyperbaric condi-
tions with 21% oxygen [19].

From previous studies, we expected to find that the
group of animals exposed to intermittent HBO prior to
receiving a single HBO exposure would have a more
rapid response or have an elevated baseline Na,K-ATPase
levels of mRNA transcripts and activity.  However, we
observed that rats exposed to single HBO had an imme-
diate increase in α-1 Na,K-ATPase mRNA transcripts,
whilst the intermittent exposure rats lagged in their α-1
Na,K-ATPase mRNA increase (figs. 2 and 3).  Both
groups of rats had similar increases in mRNA transcripts,
as compared to controls.

A previous study showed that rats exposed to 100%
oxygen for 60 h upregulated Na,K-ATPase in the alve-
olar epithelium [7].  We have previously reported that
rats exposed to 85% oxygen for 7 days had increased
Na,K-ATPase number and function in AT2 cells, as
compared to controls, and this was associated with an
increase in active Na+ transport in the isolated rat lung
model [6, 17].  Possibly, in these two models, reactive
oxygen species at the alveolar surface initiate a cascade
of events that includes increased cytoplasmic calcium
[20], cyclic adenosine monophosphate (cAMP), S6 kina-
ses, etc. [21].  Conceivably, these second messengers
induce transcription factors that may increase Na,K-
ATPase subunit transcription by oxidant stress. The 5'
flanking region of the rat Na,K-ATPase gene has been
shown to contain multiple transcription factor binding
consensus sequences, including: AP-1, stimulatory pro-
tein-1 (SP-1), and glucocorticoid response elements (GRE)
[22, 23]. We observed that the transcription factor jun is
increased 6 h after recovery from HBO exposure and
decreases gradually by 24 h of recovery (fig. 6). Possibly,
this and/or other yet unknown sequences participate in
the transcriptional activation of Na,K-ATPase genes dur-
ing HBO-induced oxidant stress. Alternatively, HBO may
have increased mRNA transcript stability.

Differential Na,K-ATPase α-1 and β-1 mRNA upregu-
lation

The timing of mRNA transcript increases of the Na,K-
ATPase β-1 subunit differed from that of the α-1 sub-
unit expression in the HBO-exposed rat lung.  Apparently,

the β subunit is affected more in the intermittent expo-
sure group. Possibly, this differential mRNA upregula-
tion is related to the cell's "need" for protein translation
of the specific message encoded for. Although the α
subunit is the catalytic subunit, the β subunit protein is
more stable, stored in inner cellular membranes, and has
a longer half-life than the α subunit [24, 25]. The α
subunit is degraded when not bound to the β subunit and
is not stored within the cell [24]. Separation of the β
subunit from the α subunit irreversibly inactivates enzy-
matic activity [25], suggesting that the β subunit is the
rate-limiting peptide. Thus, it is possible that, following
HBO exposure, stored β subunits become available to
form heterodimers with newly synthesized α subunits.
Also, it is possible that the α and β subunits are recruited
from a stored pool and, following HBO exposure, are
inserted into the plasma membrane independent of mRNA
transcript levels. Yet another possibility is that the obser-
ved differences reflect limitations of our assay sensiti-
vity. Our immunohistochemical analysis supports the
notion that HBO does increase alveolar epithelial Na,K-
ATPase protein (fig. 5).

Transcriptional activation of Na,K-ATPase

Cloning and analysis of the 5'-flanking region of the
rat Na,K-ATPase α-1 subunit gene revealed a transcrip-
tion site 262 base pairs upstream from the translation ini-
tiation codon. A TATA-like box sequence, two SP-1,
two GRE and an active transcription factor consensus
binding sequence were also identified [22, 23].  Fos and
jun are leucine-zipper transcription factors that form a
heterodimer and activate transcription by binding the
AP-1 binding site through a 5'TGACTCA-3' sequence.
We found increased expression of jun mRNA (fig. 6)
from whole lung tissue homogenates from rats exposed
to HBO for 2.5 h at 6, 12 and 24 h of recovery.  These
results support our reasoning that transcriptionally regu-
lated mechanisms could contribute to the observed increase
in Na,K-ATPase mRNA.

Mechanisms of Na,K-ATPase upregulation

We reason that there are at least two possible mecha-
nisms by which Na,K-ATPase is upregulated in response
to oxidative stress. Firstly, the increase in activity may
reflect an increase in pump number per unit plasma mem-
brane. This can occur by the translocation or recruitment
of Na,K-ATPase pumps from the inner membranes to
the plasma membrane. Precedent for this mechanism
exists, in that translocation of Na,K-ATPase from inner
to plasma membranes has been shown to occur in rat
skeletal muscle 30 min after injection of insulin [26, 27].
Through translocation, the cell is able to increase Na,K-
ATPase number and function pending synthesis of new
Na,K-ATPase. Secondly, it is also possible that trans-
criptional-translational upregulation of Na,K-ATPase
increased Na,K-ATPase protein and activity in the lung.

The half-life of Na,K-ATPase in the lung has not been
defined, nor how long it takes for de novo protein syn-
thesis to occur. It is possible, therefore, that each or
both of these mechanisms contribute to the upregulation
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of Na,K-ATPase following exposure of rats to HBO.
However, the short time-course under which the increase
in Na,K-ATPase activity occurred in our experiments
favours translocation as a plausible mechanism.  Another
possibility which remains is that each Na,K-ATPase pump
increases activity from a basal level to a higher level.
We hypothesize that an increase in message stability or
transcription inducing translation of the Na,K-ATPase
protein would take more time.

In summary, our results suggest that the steady-state
Na,K-ATPase α-1 and β-1 mRNA transcripts increased,
as well as Na,K-ATPase protein and function in rat lungs
following both a single 2.5 h HBO exposure, and after
three daily 1.5 h exposures followed by a single 2.5 h
HBO exposure. Increased alveolar Na,K-ATPase acti-
vity contributes to increased active Na+ transport, and to
accelerated lung oedema clearance [6, 28, 29].  Restoration
of alveolar epithelial permeability and increased clear-
ance leads to reduction of oedema and may be associated
with increased survival in patients with hypoxaemic res-
piratory failure [28–30].  Thus, HBO could offer a mode
of protection against pulmonary oedema by regulating
alveolar Na,K-ATPase.  We reason that short-term hyper-
baric hyperoxia increases Na,K-ATPase expression and
function, whereas hyperbaric normoxia (2.8 ATA, 21%
oxygen) did not affect the Na,K-ATPase [19].  Further
studies are necessary to elucidate the mechanisms of the
oxidant stress Na,K-ATPase regulation.
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