
During fetal life, the distal lung epithelia secrete fluid into
the developing airspaces (Olver & Strang, 1974) and establish
a distending pressure that is crucial to lung morphogenesis
(reviewed by Harding & Hooper, 1996). However, during the
final stages of pregnancy, and particularly during labour,
this liquid must be removed from the lungs so that the
newborn infant can breathe at birth. This process is driven
by the active absorption of Na¤ from the lung lumen (Brown
et al. 1983; Olver et al. 1986). During the perinatal period,
the distal lung epithelia thus undergo a profound pheno-
typic transition from net secretion to net absorption. It is
clear that the rise in fetal adrenaline seen during labour can
trigger this switch by binding to â-adrenoceptors (Walters &
Olver, 1978; Brown et al. 1983; Olver et al. 1986). However,
adrenaline levels fall rapidly after birth and yet the lung
retains its newly acquired, absorptive phenotype throughout
adult life (for example see Matelon & O’Brodovich, 1999). It
is therefore clear that factors other than acute regulation via
â-adrenoceptors contribute to the control of alveolar ion
transport. Recent studies have shown that pulmonary Na¤
absorption is stimulated at high ambient POµ and this raises
the possibility that the increase in POµ accompanying the
newborn infant’s first breaths might provide a stimulus

capable of modifying the physiological properties of the
alveolar epithelium (Pitk�anen et al. 1996; Rafii et al. 1998).
However, although these experiments established an
important principal, they did not take into account the fact
that alveolar POµ does not normally rise above •100 mmHg
(Haldane & Priestly, 1935). This earlier work thus failed to
explore the effects of increasing POµ from fetal (•23 mmHg)
to adult (•100 mmHg) alveolar levels and so, at present, it
is difficult to assess the physiological significance of this
potentially important stimulus. This observation has
prompted the present, detailed examination of the effects of
POµ upon ion transport in fetal distal lung epithelial (FDLE)
cells.

METHODS

Isolation and culture of rat FDLE cells

Fetuses removed from anaesthetized (3% halothane), 20 day
pregnant (term = 22 days) rats were decapitated and their lungs
carefully dissected free of the heart, trachea and as much of the
bronchial tree as possible and collected into ice-cold, Ca¥- and
Mg¥-free Hanks’ balanced salt solution (HBSS). Once all their
fetuses had been removed, the anaesthetized rats were killed by
exsanguination/cervical dislocation. This procedure was conducted
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1. Isolated rat fetal distal lung epithelial (FDLE) cells were cultured (for 48 h) at POµ levels
between 23 and 142 mmHg. Higher POµ was associated with increased short circuit current
(ISC) and increased abundance of the Na¤ channel protein á_ENaC. POµ had no effect upon ISC
remaining after apical application of amiloride (10 ìÒ).

2. Studies of cells maintained (for 48 h) at POµ levels of 23 mmHg or 100 mmHg, and
subsequently nystatin permeabilized (50 ìÒ), showed that high POµ increased Na¤ pump
capacity. This response was apparent 24 h after POµ was raised whilst it took 48 h for the rise
in ISC seen in intact cells to become fully established. Both parameters were unaffected by
raising POµ for only 30 min.

3. Basolateral application of isoprenaline (10 ìÒ) did not affect ISC in cells maintained at
23 mmHg but evoked progressively larger responses at higher POµ. The response seen at
142 mmHg was larger than at 100 mmHg, the normal physiological alveolar POµ.

4. Isoprenaline had no effect on Na¤ pump capacity at POµ levels of 23 mmHg or 100 mmHg,
but stimulated Na¤ extrusion at 142 mmHg. Increasing POµ above normal physiological levels
thus allows the Na¤ pump to be controlled by isoprenaline. This may explain the enhanced
sensitivity to isoprenaline seen under these slightly hyperoxic conditions.

5. Changes in POµ mimicking those occurring at birth thus exert profound influence over Na¤
transport in FDLE cells and the Na¤ pump could be an important locus at which this control
is exercised.
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in accordance with legislation currently in force in the UK and
with the University of Dundee’s animal welfare guidelines. The
fetal lung tissue was then chopped into pieces (< 0·5 mm) and
digested using 0·2% trypsin—0·012% DNAase (2 ² 20 min, 37°C)
followed by 0·1% collagenase—0·012% DNAase (15 min, 37°C);
both enzyme solutions prepared in HBSS. The resultant fluid
containing the digested cells was washed by centrifugation (400 g,
5 min) and resuspended in Dulbecco’s modified Eagle’s medium
containing 10% (vÏv) fetal calf serum (DMEM—FCS). The cells
were incubated in a culture flask for 1 h, and the supernatant was
then gently decanted in order to separate non-adherent epithelial
cells from fibroblasts and smooth muscle cells which characteristically
attach rapidly to plastic. After a second such fractionation, non-
adherent cells were washed by repeated (4 times) centrifugation
(130 g, 3 min), resuspended in DMEM—FCS, and finally resuspended
in serum-free PC_1 medium. Aliquots of this cell suspension were
plated (1·5 ² 10É cells cm¦Â) onto Transwell Col membranes (1 cmÂ,
Costar, High Wycombe, Bucks, UK) and incubated for 18—24 h
before any non-viable cells were removed by gently washing each
culture. The remaining cells were incubated in fresh medium for a
further 24 h before being used in experiments. All cells were
therefore studied •48 h after isolation and were maintained (37°C)
in a water-saturated atmosphere containing 5% COµ. Previous
work has shown that essentially all cells isolated in this way are of
epithelial lineage and fibroblast contamination is negligible (Clunes
et al. 1998). Moreover, in our hands, the isolationÏculture protocol
almost invariably (> 90% of instances) yields cells that become
integrated into coherent, epithelial layers with transepithelial
resistances (Rt) > 200 Ù cmÂ.

Techniques used to explore the effects of changing POµ

The incubators used permitted control over POµ by allowing the
regulated introduction of Nµ. Experiments were therefore
undertaken using cells cultured at Oµ tensions between 23 mmHg
and 142 mmHg. The latter value is the POµ of water-saturated
(PHµO, 47 mmHg) room air containing 5% COµ (PCOµ, 38 mmHg). In
most experiments the cells remained at a defined POµ throughout
the entire incubation period but, in some instances, cells were
transferred into fresh medium that had been placed in a separate

incubator set at a different POµ and allowed to equilibrate. These
shifts in POµ were imposed 3—24 h before cultured epithelia were
used in experiments. Some experiments, however, explored the
effects of 30 min shifts in POµ. These were imposed once the
preparations had been mounted in the Ussing chambers by changing
the gas mixture used to circulate the bathing solution.

Quantification of transepithelial ion transport processes

Culture membranes bearing FDLE cells were mounted in Ussing
chambers and bathed with bicarbonate-buffered saline (composition
(mÒ): NaCl, 117; NaHCO×, 25, KCl, 4·7; MgSOÚ, 1·2; KHµPOÚ,
1·2; CaClµ, 2·5, ª_glucose, 11; pH 7·3—7·4 when equilibrated with
5% COµ) that was continuously circulated using gas lifts. Each
preparation was first maintained under open circuit conditions
whilst transepithelial potential difference (Vt) and resistance (Rt)
were monitored. Once Vt had stabilized (10—20 min), the epithelial
cells were short circuited (i.e. Vt held at 0 mV) using a DVC_1000
voltageÏcurrent clamp (World Precision Instruments, Stevenage
Herts, UK). The current required to maintain Vt at 0 mV (short
circuit current, ISC) was continually displayed, digitized (4 Hz) and
recorded directly to computer disk using a PowerLab computer
interface and associated software (ADInstruments, Hastings, East
Sussex, UK). Positive currents are shown as upward deflections of
the traces and were defined as those carried by cations moving from
the apical to the basolateral solution. Experimentally induced
changes in ISC were quantified by measuring the current flowing at
the peak of a response and subtracting the current flowing
measured prior to an experimental manipulation. Throughout each
experiment, the preparations were frequently returned to open
circuit conditions for 5—10 s so that the spontaneous Vt could be
measured and Rt calculated.

Quantification of Na¤ pump capacity

Short circuited epithelia were apically exposed to 10 ìÒ amiloride
in order to block their endogenous apical Na¤ channels, and
nystatin (50 ìÒ) was then added to the apical solution to introduce
an exogenous Na¤ conductance into this membrane. As shown in
Fig. 1, this caused a slowly developing rise in ISC. We have assumed
this reflects the activity of the basolaterally located Na¤- and K¤-
dependent ATPase (Na¤,K¤-ATPase) and is due to an increase in
the internal Na¤ concentration (for example see Lewis et al. 1977;
Ito et al. 1997; Niisato & Marunaka, 1999). We subsequently
measured the fall in ISC evoked by adding 1 mÒ ouabain (Fig. 1), an
inhibitor of this enzyme, to the basolateral solution and have
assumed that this fall in ISC provides an indicator of the overall
capacity of this Na¤ pump. The term capacity is taken to imply the
product of the number of active Na¤ pumps and the mean activity
of the each pump. Changes in either of these parameters would thus
have identical effects upon our estimate of pump capacity. Moreover,
as ouabain never totally abolished the measured ISC (Fig. 1) we are
aware that the present protocol may underestimate this parameter.
However, we were forced to accept this limitation as initial
experiments showed that the present concentrations of nystatin
and ouabain were the highest that could be used without causing
immediate loss of epithelial integrity.

Quantification of the abundance of the Na¤ channel protein

á_ENaC

FDLE cells grown (for 48 h) on Transwell (4·8 cmÂ) membranes
were harvested by scraping into ice-cold 250 mÒ sucrose solution
containing 10 mÒ triethanolamine-HCl (pH 7·6), DNAase I
(2 ìg ml¢) and protease inhibitors (26 ìg ml¢ aprotinin, 10 ìg ml¢
leupeptin, 10 ìg ml¢ pepstatin A and 175 ìg ml¢ 4,2-aminoethyl-
benzenesulphonyl fluoride hydrochloride) and disrupted by
homogenization. The homogenate was centrifuged (15 min, 250 g)
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Figure 1. Quantification of ouabain-sensitive ISC

Cells maintained under adult alveolar conditions (POµ,
100 mmHg) were exposed to apical amiloride (10 ìÒ) and
nystatin (50 ìÒ) as indicated. Nystatin evoked a slowly
developing rise in ISC and ouabain (1 mÒ) was added to the
basolateral solution once this response had reached its peak
value. The fall in ISC evoked by this application of ouabain
was measured in order to estimate the extrusion capacity of
the basolateral Na¤ pump.



to remove nuclei and large debris, and a crude membrane fraction
was then prepared by high-speed centrifugation (30 min, 14000 g).
These membranes were resuspended in the buffered sucrose solution
and stored at −70°C pending analysis. Standard techniques were
then used to fractionate 40 ìg aliquots of membrane protein on
sodium dodecyl sulphate—polyacrylamide gels. Fractionated
proteins were transferred to nitrocellulose membranes by semi-dry
electrophoresis and then probed for á_ENaC and actin by Western
blot analysis. The anti á_ENaC antiserum was used at a dilution of
1:500 and was kindly provided by C. Canessa (Yale University,
USA). Previous studies have confirmed the specificity of this anti-
serum (Duc et al. 1994). Anti-actin was from Sigma (Poole, Dorset,
UK). Positive bands were detected by enhanced chemiluminescence
(Amersham ECL kit, Amersham, UK).

Experimental design and data analysis

Typically, we could obtain several cultured epithelial cells from each
isolation procedure and so control and experimental cells were
always age-matched and derived from the same litter. Pooled data
are presented as means ± s.e.m. and n values refer to the number
of observations made using cultures obtained from different litters.
Unless otherwise stated, the statistical significance of any
differences between mean values were tested using statistical tests
appropriate for such a strictly paired experimental design. Where
an experiment explored the effects of a single factor, the differences
between mean values were assessed using Student’s paired t test.
Data derived from more complex protocols, however, were first
inspected by analysis of variance. If this analysis showed that the
data were not derived from a single population, the significance of
differences between particular pairs of values was subsequently

tested using Student’s t test followed by Bonferroni’s post hoc
correction.

RESULTS

Effects of POµ upon ISC in unstimulated cells

Cultured epithelia consistently generated ISC but larger
currents were recorded from cells maintained at high POµ
(Fig. 2). Analysis of these data showed that the POµ required
for half-maximal activation of ISC was 38·2 ± 0·5 mmHg and
that maximal activation occurred when POµ was > 80 mmHg.
However, only •80% of the maximum observable ISC
appeared to be subject to POµ-dependent control and
extrapolation of the sigmoid curve fitted to these data (Fig. 2)
suggested that cells maintained in an Oµ-free environment
would generate a current of 2·2 ± 0·2 ìA cm¦Â. Apically
applied amiloride (10 ìÒ), a drug that blocks epithelial Na¤
channels, evoked a rapid fall in ISC at each Oµ tension but
did not abolish this current. Interestingly, the amiloride
resistant ISC was always •2 ìA cm¦Â and so our data
indicate that raised POµ stimulates ISC by activating
amiloride-sensitive Na¤ absorption (Fig. 2).
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Figure 2. The relationship between POµ and ISC

In each experiment ISCwas first measured under control
conditions (0) and after apical exposure to 10 ìÒ amiloride
(þ) and a second estimate of ISCwas made once the current
had stabilized at its new value (5—10 min). These data (n = 7)
are plotted (means ± s.e.m.) against ambient POµ. The
sigmoid curve was fitted to these data using a least squares
regression procedure implemented in a commercially
available software package (GraFit 4.1, Erithacus Software,
Staines, UK). For this analysis, each point was weighted
according to the reciprocal of its standard error. The figure
also includes a line fitted to the data obtained from amiloride-
treated cells.

Figure 3. á_ENaC abundance in cells maintained at

different POµ levels

A, nitrocellulose membranes bearing fractionated proteins
extracted from cultured FDLE cells that had been
continuously maintained at different POµ levels were probed
using antibodies against á_ENaC and actin. Numbers to the
left indicate the position of the appropriate molecular mass
markers in kDa. The relative abundance of á_ENaC
measured in this, and in other experiments, was measured
and the pooled data from four independent analyses are
plotted (means ± s.e.m.) against the ambient POµ in B.



Effects of POµ upon á_ENaC protein abundance

The Na¤ channel protein á_ENaC could be detected in
membranes isolated from cells maintained (for 48 h) at fetal
POµ but was •3-fold more abundant (P < 0·05, Student’s
paired t test) in cells cultured at 142 mmHg (Fig. 3). Further
analysis of these data revealed a statistically significant
correlation (r = 0·959, P < 0·05) between the membrane
abundance of á_ENaC and ambient POµ. Moreover, there was
also a significant correlation between the abundance of
á_ENaC and the ISC measured in unstimulated cells. The
relationship between these parameters could be described
almost perfectly (r = 0·996, P < 0·001) by a line whose
slope was 3·37 ± 0·2 ìA cm¦Â (á_ENaC abundance unit)¢
and whose y intercept did not differ significantly from zero
(0·34 ± 0·043 ìA cm¦Â). The level of á_ENaC abundance is
thus influenced by ambient POµ and provides an excellent
predictor of the net rate of transepithelial ion transport.

Responses to isoprenaline in cells maintained at

different POµ levels

Cells maintained at a range of POµ levels (23—100 mmHg)
were exposed to basolateral isoprenaline (10 ìÒ). This evoked
a barely discernible response when POµ was 23 mmHg but
elicited successively larger increases in ISC at higher POµ.
Each response consisted of a slowly developing rise to a
plateau that was reached after 30—40 min (Fig. 4). However,
when POµ was 142 mmHg this rise was preceded by an
initial transient peak. Moreover, under these conditions, the
ISC seen after 30—40 min exposure to isoprenaline was
larger (P < 0·005) than at the normal adult alveolar POµ
(100 mmHg). Sensitivity to isoprenaline thus increases as
POµ rises above its normal physiological range.

Responses to isoprenaline in cells transferred between

fetal POµ and adult alveolar POµ

Cells initially maintained at fetal POµ (23 mmHg) or at adult
alveolar POµ (100 mmHg) were switched between these two
atmospheres •24 h after isolation and basal ISC and the
response to adrenaline measured after a further 24 h at the
new POµ. These data were compared with the corresponding
values derived from control cells maintained continuously
under the original conditions. The control data confirm that
cells maintained continuously at fetal POµ (n = 6) generate
smaller basal ISC (3·0 ± 0·7 ìA cm¦Â) than cells maintained
continuously at adult alveolar POµ (8·1 ± 1·2 ìA cm¦Â,
n = 7, P < 0·05). Moreover, isoprenaline did not evoke a
discernible response under fetal conditions (Fig. 5A) but
consistently elicited a clear rise in ISC (5·5 ± 0·5 ìA cm¦Â,
P < 0·0001) in the adult alveolar environment (Fig. 5B).
Transferring cells from the fetal to the adult alveolar
environments for 24 h (n = 6) caused basal ISC to rise to a
significantly elevated value (6·6 ± 0·6 ìA cm¦Â, P < 0·01)
and allowed isoprenaline to evoke a further rise in ISC
(Fig. 5A, 3·1 ± 0·3 ìA cm¦Â, P < 0·0001). However, basal
ISC recorded in cells (n = 7) that had been transferred from
adult alveolar to fetal POµ (3·8 ± 0·6 ìA cm¦Â) did not differ
significantly from that seen in cells maintained continuously
under fetal conditions (Fig. 5). However, isoprenaline did
elicit a clear response in these cells (increase in ISC
1·2 ± 0·5 ìA cm¦Â, P < 0·05) although the rise in ISC was
smaller (P < 0·002) than in cells maintained continuously at
adult alveolar POµ (Fig. 5B).

Quantification of Na¤ pump capacity

Na¤ pump capacity was •2·5-fold greater in cells maintained
at adult alveolar POµ than in cells maintained at fetal POµ
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Figure 4. Responses to basolaterally applied isoprenaline in cells maintained at different POµ

levels

The responses evoked by basolateral application of 10 ìÒ isoprenaline (Isopren.) in cultured epithelial cells
maintained (for 48 h) at different POµ levels (i, 23 mmHg, n = 10; ii, 38 mmHg, n = 10; iii, 76 mmHg,
n = 8; iv, 100 mmHg, n = 7; v, 142 mmHg, n = 9). Traces show mean responses whilst the vertical bars
indicate the s.e.m.



(Fig. 6). Increased capacity was also evident in cells that
had been exposed to adult alveolar POµ for only 24 h; indeed,
the currents measured under these conditions did not differ
significantly from those in the cells continuously maintained
at adult alveolar POµ (Fig. 6). Increased Na¤ pump capacity
was also evident in cells that were initially maintained at
adult alveolar POµ but then transferred to a fetal atmosphere
for 24 h, although these currents were smaller (P < 0·01)
than in cells maintained continuously at 100 mmHg. Further
experiments showed that the significant stimulation of the
Na¤ pump became apparent 6 h after POµ was raised and

that significant loss of Na¤ pump capacity was apparent 6 h
after POµ was lowered (Fig. 7). Briefer shifts in POµ had no
significant effect.

The data presented in Fig. 6 show that isoprenaline failed to
have any significant effect upon Na¤ pump capacity in cells
maintained under any of the culture regimes shown in Fig. 5.
This was surprising, as â_adrenoceptor agonist-stimulated
Na¤ pump current has been documented in these cells (Ito et
al. 1997). However, a separate series of experiments in which
cells derived from the same litters (n = 4) were maintained
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Figure 5. Responses to isoprenaline in cells transferred between

fetal and alvolar POµ

FDLE cells were maintained in gas mixtures that mimicked either the
fetal (POµ = 23 mmHg) or adult alveolar (POµ = 100 mmHg, n = 6)
environments for 24 h. Experimental cells were then transferred between
the two environments and, after a further 24 h, their responses to baso-
lateral isoprenaline (10 ìÒ) were monitored. These data are presented
(means ± s.e.m.) together with the responses of age-matched control cells
that had been isolated from the same litters and continuously maintained
at the original POµ. A, responses of cells initially maintained at 23 mmHg
(n = 7). B, responses of cells initially maintained at neonatal POµ
(100 mmHg, n = 6).

Figure 6. Effects of isoprenaline upon ouabain-sensitive ISC at fetal and neonatal POµ

FDLE cells were initially maintained at a POµ of 23 or 100 mmHg for 24 h and then either transferred
between these two environments or allowed to remain at their original POµ. Both groups of cells were then
cultured for a further 24 h before being mounted in Ussing chambers where ouabain-sensitive ISC was
quantified in both unstimulated cells (5) and cells that had been exposed to isoprenaline for 30—40 min (4).
Experiments were undertaken using a strictly paired experimental protocol in which all measurements
were made using cells isolated from the same litters (n = 7). Analysis of variance revealed that the data
from unstimulated and isoprenaline-stimulated cells belonged to the same statistical population. We thus
conclude that this drug has no effect upon the ouabain-sensitive currents recorded from cells maintained
under any of the culture regimes tested. This did show, however, that the different culture regimes used
provided a statistically significant source of variability between the data. Student’s t test followed by
Bonferroni’s post hoc correction was therefore used to compare the data obtained from cells that had been
exposed to increased POµ for all or part of the 48 h culture period with the equivalent data from cells
maintained continuously at 23 mmHg. The results of this analysis are indicated by asterisks (***P < 0·02,
**P < 0·01, *P < 0·05).



in water saturated room air containing 5% COµ (POµ =
142 mmHg) showed that isoprenaline did evoke •15%
stimulation of Na¤ pump capacity under these conditions
(control: 10·6 ± 0·8 ìA cm¦Â; isoprenaline-stimulated:
14·5 ± 3·2 ìA cm¦Â; P < 0·05, Student’s paired t test).

DISCUSSION

The first part of the present study shows that basal Na¤
transport is enhanced in FDLE cells maintained at elevated
POµ which is consistent with previous data (Barker & Gatzy,
1993; Pitk�anen et al. 1996; Rafii et al. 1998). The present
study, however, extends upon this work by establishing that
half-maximal stimulation of Na¤ transport occurs at a POµ of
•40 mmHg and by showing that the effect is maximal at Oµ
tensions above •80 mmHg. We also show that á_ENaC, a
protein thought to form an apical Na¤ channel in FDLE cells
(for example see Voilley et al. 1994; Hummler et al. 1996;
Jain et al. 1999; Matelon & O’Brodovich, 1999), is more
abundant in cells maintained at high POµ for 48 h. This also
accords with earlier work, which showed that raised POµ
increases the abundance of mRNA encoding á_ENaC, as
well as the closely-related â- and ã-ENaC isoforms (Pitk�anen
et al. 1996). The expression of these proteins thus appears to
be subject to POµ-dependent control in isolated FDLE cells
(present study; Pitk�anen et al. 1996; Rafii et al. 1998),
type II pneumocytes of the adult lung (Yue et al. 1995;
Planes et al. 1997; Yue & Matalon, 1997) and a number of
other systems (for example see Portier et al. 1999).

Whilst it is tempting to attribute the POµ-evoked rise in Na¤
transport to the increased abundance of á_ENaC, the earlier
work did show that no rise in á_ENaC mRNA levels
occurred unless the cells had been continuously exposed to
increased POµ for between 18 and 48 h (Pitk�anen et al. 1996).
Increased Na¤ transport, however, was evident after only
18 h (Pitk�anen et al. 1996). Moreover, Rafii et al. (1998)
showed that the POµ-evoked stimulation of Na¤ transport
reversed within 48 h, and the present data show that the
response can be completely attenuated by returning the
cells to a fetal atmosphere for 24 h. The stimulation of Na¤
transport is thus a reversible phenomenon. It has recently
become clear, however, that the mRNA species encoding
á_ENaC has a cellular half-life of over 20 h (Otulakowski et
al. 1999). It is difficult to see how increased expression of
such a remarkably stable mRNA species could underlie the
relatively rapid and reversible changes in Na¤ transport seen
when FDLE are exposed to increased POµ. However, as well
as evoking increased expression of the á_ENaC gene, it is
possible that increased POµ also stimulates the translation of
pre-existing RNA or promotes the insertion of á_ENaC
protein into the apical plasma membrane (for example see
Pitk�anen et al. 1996). Both of these events could allow
increased apical Na¤ entry to precede any genomic effects of
increased POµ.

Whilst increased abundance andÏor activity of á_ENaC
may facilitate apical Na¤ influx (Hummler et al. 1996; Jain et
al. 1999; Matelon & O’Brodovich, 1999), Na¤ entering the cell
in this way must be extruded by basolateral Na¤,K¤-ATPase
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Figure 7. POµ-evoked changes in Na¤ pump capacity

Cells isolated from pups in the same litter were maintained in vitro for a total of •48 h before Na¤ pump
capacity was quantified. A, Na¤ pump capacity in cells that had first been maintained at a POµ of 23 mmHg
before being transferred to an adult alveolar (100 mmHg) atmosphere for the final 0·5—24 h of this
incubation period is plotted against the length of time that the cells had been exposed to elevated POµ (0,
means ± s.e.m.). The figure also shows Na¤ pump currents measured in control cells isolated from the same
litters that had been maintained at 23 mmHg throughout the entire 48 h incubation period (þ). B, data
from analogous experiments in which Na¤ pump currents were measured in cells that had been maintained
at the adult alveolar POµ before being transferred to the fetal atmosphere for the final 0·5—24 h of the
incubation period (0) or in age-matched control cells from the same litters (þ). The significance of any
differences between the mean values was assessed using Student’s paired t test. ***P < 0·001, **P < 0·01,
*P < 0·05.



(Lewis et al. 1977) and the present data show that increasing
POµ from fetal to adult alveolar levels caused a •2·5-fold
increase in the capacity of this Na¤ pump. This response
could be detected 6 h after POµ was increased and was fully
established by 24 h. It is unlikely to be a metabolic
consequence of raising POµ from hypoxic levels as parallel
studies of these cells showed that cellular adenylate energy
charge (i.e. the ratio [ATP] + ½[ADP]/[ATP] + [ADP] +
[AMP]) is maintained at value of •0·7 even if POµ is lowered
to 23 mmHg (Haddad & Land, 2000). Moreover, the POµ-
evoked stimulation of the Na¤ pump was persistent. Indeed
the effect could be discerned 24 h after the cells had been
returned to a fetal environment even though ISC measured
in intact cells was essentially normal by this time. This
discrepancy shows clearly that the rate of transepithelial
Na¤ transport is not simply determined by the capacity of
the Na¤ pump; this is consistent with the view that the rate
of apical Na¤ entry normally limits transepithelial Na¤
transport in absorptive epithelia (for example see Lewis et
al. 1977). This discrepancy also suggests strongly that the
increased Na¤ pump capacity is not secondary to increased
Na¤ entry due to increased á_ENaC abundanceÏactivity.
However, this possibility cannot be formally excluded at
present but the issue may be resolved by undertaking
detailed electrophysiological studies of FDLE cells (for
example see Marunaka et al. 1999) maintained at different
oxygen tensions.

There is, however, clear evidence from earlier studies that
the activity of the Na¤ pump is subject to POµ-dependent
control. Hypoxia thus causes loss of Na¤,K¤-ATPase
activity in type II pneumocytes isolated from adult rats
(Planes et al. 1997) whilst rats maintained in a hypoxic
environment show reduced alveolar fluid clearance and
Na¤,K¤-ATPase activity (Suzuki et al. 1999). Furthermore,
pulmonary Na¤,K¤-ATPase activity is increased in animals
exposed to profoundly hyperoxic environments (for example
see Carter et al. 1997). The present study certainly shows
that the POµ-evoked stimulation of the Na¤ pump is much
more rapid than the increase in á_ENaC mRNA abundance
and this raises the possibility that control over the Na¤
pump may be one of the primary mechanisms by which
increases in POµ are transduced into increased Na¤ transport.
Increased Na¤ pump activity may lower the intracellular
Na¤ concentration ([Na¤]é) which could have important
consequences as [Na¤]é is an major determinant of apical Na¤
conductance. Indeed, in salivary epithelia, G protein-
dependent signalling pathways allow [Na¤]é to control the
activity of apical Na¤ channels and regulate the number of
such channels present in this membrane (Komwatana et al.
1996, 1998; Dinudom et al. 1998; Harvey et al. 1999). A
POµ-evoked rise in Na¤ pump capacity could thus initiate a
series of events leading to enhanced Na¤ transport with no
need for increased á_ENaC expression. Interestingly,
studies of an epithelial cell line suggest that such effects of
increased POµ upon Na¤ pump capacity may reflect increased
expression of genes encoding Na¤,K¤-ATPase subunits
(Wendt et al. 1998a,b).

Many previous studies have shown that âµ-adrenoceptor
agonists increase Na¤ absorption in FDLE cells. This
response is due to (i) the activation of Na¤-permeable channels
in the apical membrane; (ii) the insertion of additional Na¤-
permeable channels into this membrane, and (iii) increased
Na¤ pump capacity (Tohda et al. 1994; Ito et al. 1997;
Marunaka et al. 1999). However, these experiments were
undertaken using cells maintained at high POµ and, to our
knowledge, the present study is the first to explore the effects
of POµ upon the FDLE cell sensitivity to a â_adrenoceptor
agonist. These data show that the cells are essentially
insensitive to isoprenaline at fetal POµ but that this drug
evokes progressively larger responses at successively higher
Oµ tensions. This was surprising as lung liquid clearance in
fetal sheep is clearly subject to â_adrenoceptor-mediated
control in utero (Brown et al. 1983; Olver et al. 1986).
Moreover, this observation has been repeatedly confirmed in
several species and the view that adrenaline stimulates lung
Na¤ absorption under fetal conditions has become almost
axiomatic (for example see Matelon & O’Brodovich, 1999).
However, the studies of fetal sheep did show that adrenaline
only stimulates Na¤ absorption in mature fetuses and it is
known that rat lungs are relatively undifferentiated at birth
(Oosterhuis et al. 1984). It is therefore possible that rat FDLE
cells maintained at fetal POµ are insensitive to isoprenaline
because they normally maintain a fetal phenotype at a
gestational age of 20 days. If this is accepted, then our data
suggest strongly that raised POµ rapidly causes precocious
maturation of these cells (see also Pitk�anen et al. 1996). This
implies that the rat FDLE cells used in almost all previous
studies expressed a neonatal, or even an adult, phenotype
at the time they were actually used in experiments. It is
therefore clear that studies of FDLE cells will only reveal
the physiological changes that occur in the perinatal period
if undertaken using protocols designed carefully to ensure
that the fetal phenotype is maintained.

Although cells continuously maintained at fetal POµ were
insensitive to isoprenaline, this drug evoked responses in
cells that had been first maintained at adult alveolar POµ and
then transferred to a fetal atmosphere for 24 h. This
manoeuvre did not affect basal ISC, but it was clear that the
capacity of the Na¤ pump was still elevated. This raises the
possibility that isoprenaline may increase apical Na¤
conductance at fetal POµ, but that this does not lead to any
increase in transepithelial Na¤ transport unless the cells
have also been exposed to increased POµ. This may increase
Na¤ pump capacity and provide a driving force for Na¤
absorption.

Previous work suggested that â_adrenoceptor agonists could
acutely regulate the activity of the Na¤ pump (Ito et al. 1997)
but the present study shows that this only occurs when POµ
is above the normal physiological adult alveolar value.
Interestingly, the responses to isoprenaline measured in
intact cells were also augmented under these conditions and
this enhanced sensitivity may reflect this additional control
over Na¤ extrusion. Taken together with the earlier work
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(Tohda et al. 1994; Ito et al. 1997; Marunaka et al. 1999),
our data suggest that â_adrenoceptor agonists normally
control apical Na¤ conductance but that control over the Na¤
pump also occurs if POµ rises above its normal physiological
range. This may well be a pathological response to hyperoxia.

The present data, in common with those recently presented
by Round et al. (1999), thus show that physiologically
relevant increases POµ have the potential to influence ion
transport processes in the alveolar region (Bland & Boyd,
1986; Barker & Gatzy, 1993; Pitk�anen et al. 1996; Rafii et
al. 1998). However, whilst previous work has generally
attributed these effects to POµ-dependent control of á_ENaC
expression, our data raise the possibility that the Na¤ pump
may be an important locus at which such control is exercised.
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