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ABSTRACT: The effects of estradiol (E2) and progesterone (P) on
alveolar epithelial Na� transport were studied in isolated alveolar
epithelial cells from 18- to 19-d GA rat fetuses, grown to confluence
in serum-free media supplemented with E2 (0–1 �M) and P (0–2.8
�M). Short-circuit currents (ISC) were measured, showing an in-
crease by E2 and P in a dose-dependent manner. The Na,K-ATPase
subunits -�1 and -�1 were detected by Western blotting, but total
expression was not significantly altered. Furthermore, all three epi-
thelial Na� channel (ENaC) subunits -�, -�, and -� were detected,
with trends toward a higher expression in the presence of E2 and P.
Real-time PCR revealed an increase of �- and �-ENaC expression
but no alteration of �-ENaC. In addition, the mRNA expression of
cystic fibrosis transmembrane conductance regulator (CFTR) and
Na,K-ATPase-�1 subunit were elevated in the presence of E2 and P.
Single-channel patch clamp analysis demonstrated putative highly
selective and nonselective cation channels in the analyzed cells, with
a higher percentage of responsive patches under the influence of E2
and P. We conclude that E2 and P increased Na� transport in alveolar
epithelial cells by enhancing the expression and activity of ENaC and
Na,K-ATPase. (Pediatr Res 69: 200–205, 2011)

Alveolar cells constantly transport Na� ions from the
apical to the basolateral side. Na� enters the cells

through epithelial Na� channels (ENaC) in the apical mem-
brane and is extruded by Na,K-ATPases in the basolateral
membrane, creating an osmotic gradient for the movement of
fluid out of the alveolar space (1). This active vectorial Na�

transport is mainly responsible for alveolar fluid clearance
(AFC) and is crucial for postnatal survival, as shown by mice
lacking the pore-forming �-subunit of ENaC (2). Furthermore,
survival of adults with acute RDS (ARDS) is related to the
efficiency of their AFC (3). Preterm infants with RDS had
reduced airway epithelial Na� transport (4) and reduced ENaC
expression (5) compared with preterm infants without RDS or
term infants, and decreased AFC has been found to contribute to
the pathogenesis of RDS (6). Therefore, mechanisms or treat-
ments to up-regulate lung epithelial vectorial Na� transport and
AFC may improve survival and decrease morbidity of preterm
infants and adults with respiratory distress.

Glucocorticoids have been shown to influence vectorial
Na� transport (7,8). Furthermore, they profoundly modified
the biophysical properties of single ENaC (9). Female sex

steroids may also be involved in the regulation of AFC,
because women with ARDS have higher AFC and higher
survival than males (3), and female preterm infants have a
higher survival rate and less pulmonary disease than males
(10,11). Moreover, preterm infants suffering from RDS
showed a reduced estrogen and progesterone (P) plasma con-
centration (12,13). In cystic fibrosis, a disease characterized
not only by defective Cl� secretion but also by Na� hypera-
bsorption (14), males have a better prognosis (15), possibly
because stimulating effects of female sex hormones on Na�

absorption lead to increased mucus thickness. Finally, preterm
infants receiving estrogen substitution in a randomized trial had
significantly less respiratory distress and higher survival (16).

A few laboratory experiments also indicate that female sex
steroids may increase vectorial Na� transport. Pharmacolog-
ical deprivation of estrogen and P during pregnancy decreased
AFC in newborn piglets (17). Furthermore, simultaneous ad-
ministration of estradiol (E2) and P stimulated the expression
of ENaC subunit mRNA in rat lungs and increased short-
circuit current (ISC) in isolated rat alveolar type II cells (18).
However, no measurements of Na,K-ATPase function or ex-
pression of its subunits were performed.

These findings led us to investigate the influence of female
sex steroids on vectorial Na� transport, in addition to ENaC,
Na,K-ATPase, cystic fibrosis transmembrane conductance
regulator (CFTR), and VEGF expression (19) in rat fetal distal
lung epithelial (FDLE) cells.

METHODS

FDLE cell isolation and culture. FDLE cells were isolated as described
previously (8,20,21). For Ussing chamber experiments, cells were seeded on
Costar Snapwell No. 3407 (Corning, Inc., Corning, NY) at a density of 106

cells per insert. For single-channel recordings, the cells were plated on inserts
No. P2322 (Physiologic Instruments, Inc., CA) by using the Collagen Matrix
Casting Protocol supplied by the manufacturer. For protein and mRNA
expression analysis, cells were seeded on Transwell No. 3412 (Corning) at a
density of 2 � 106 cells per insert. The medium was changed daily, serum-
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free complete medium (Cellgro; Mediatech, Herndon, VA), supplemented
with E2 and P (Sigma Chemical Co., Germany) as shown in Table 1, was used
from the second day onward. Cells subjected to the different experimental
conditions were always age matched and derived from the same litter.

Measurement of bioelectric properties of FDLE monolayers. Experi-
ments were performed on the fourth or fifth day of culture, which was
�72–96 h after seeding and 48–72 h after applying E2 and P. The procedures
of measurement are reported elsewhere (8,20,21). Ussing chamber experi-
ments were included in the analysis only when the transepithelial resistance
(Rte) exceeded 300 � � cm2. Significant differences among group means and
interactions were determined by three-way ANOVA and Dunnett’s post hoc
test, using SAS software (SAS Institute, Cary, NC).

Single-channel recordings. The cells were seeded on slides with low
density and cultured as described earlier. After mounting onto the stage of an
inverted microscope, they were perfused with a solution containing the following:
Na�, 135 mM; K�, 5 mM; Ca2�, 1 mM; Mg2�, 4 mM; Cl�, 10 mM; gluconate,
135 mM; HEPES, 10 mM; glucose, 5 mM, and mannitol, 10 mM (ph 7.4). Patch
pipettes were pulled from quartz capillaries with 1 mm outer diameter and 0.7
mm inner diameter (Sutter, Novato, CA) with a P2000 laser puller (Sutter) and
filled with a solution containing the following: Na�, 135 mM; Mg2�, 5 mM; Cl�,
10 mM; gluconate, 135 mM; HEPES, 10 mM; and glucose, 5 mM (ph 7.4),
resulting in a tip resistance between 5 and 10 M�. After forming a gigaseal, cells
were depolarized by switching the bath perfusion to a solution containing the
following K�, 135 mM; Mg2�, 5 mM; Cl�, 10 mM; gluconate, 135 mM;
HEPES, 10 mM; glucose, 5 mM; and mannitol, 20 mM (ph 7.4). Single-channel
currents were recorded in cell attached mode at a membrane potential of �100
mV and room temperature, filtered at 2 kHz and sampled at 5 kHz, using an EPC
9 amplifier (HEKA, Göttingen, Germany). Recordings were analyzed with QUB
software (Research Foundation, State University, Buffalo, NY). Traces were
digitally filtered at 400 Hz and idealized using the Segmental-K-Means algorithm
(22). From amplitude histograms, single-channel conductance, open probability,
and dwell time were calculated. The number of responsive patches with active
channels in each medium was determined, and results were analyzed with
Fisher’s exact test using SigmaStat software (Systat Software GmbH, Erkrath,
Germany).

Measurement of mRNA expression. Total RNA was isolated on the fifth
day of culture using the RNeasy Kit (Qiagen, Germany). Reverse transcrip-
tion was carried out in two steps with first preannealing of 10 �L RNA
followed by 1 h at 55°C and 15 min at 75°C using Oligo(dT)18 primers and
SuperscriptIII. The qPCR was carried out using the Platinum Taq-polymerase
and gene-specific primers (Table 2). Reactions were conducted with the IQ5
RT-PCR Detection System (BioRad, Germany) with SYBR-Green (Molecular
Probes, Eugene, OR) under the following conditions: 3-min enzyme activation at
95°C, 30 cycles of 30 s denaturation at 95°C, 30 s annealing at individual
temperatures, and 30 s amplification at 72°C. Dilutions of plasmid DNA were
used as internal standard. The resulting concentrations were normalized to a
reference gene hydroxymethylbilane synthase (HMBS). Constant expression of
the reference gene was tested against other housekeeping genes (not shown).
Melting curves and gel electrophoresis of the PCR products were routinely
performed to assure the specificity of the PCR reaction.

Measurement of transport protein expression. Western blot studies of
ENaC and Na,K-ATPase subunits were performed as described (8,20,21).
Proteins were detected with rabbit antibodies against �-ENaC (Alpha Diag-
nostics, San Antonio, TX), �-ENaC (H-190; Santa Cruz Biotechnology, Santa
Cruz, CA), �-ENaC (Alpha Diagnostics), and �1-Na,K-ATPase or �1-Na,
K-ATPase (both Upstate Biotechnology, Waltham, MA), diluted 1:1,000.
Secondary antibodies coupled to horseradish peroxidase (HRP) were diluted
1:10,000 and HRP activity detected by enhanced chemiluminescence (ECL;
Amersham, Piscataway, NJ) on x-ray film. Band intensity was measured by
densitometry using an Image Master VDS scanner (Pharmacia, Piscataway,
NJ) and compared between groups by the Mann Whitney U test.

RESULTS

Electrophysiologic studies of complete monolayers. All
FDLE cells used in the electrophysiological studies were
obtained from 15 different cell isolations. Of 545 monolay-
ers, 333 had an Rte � 300 � � cm2 and were included in the
analysis, and their mean Rte was 644 � 281 � � cm2

(mean � SD).
Baseline ISC (�A/cm2) was significantly increased when E2

or E2/P had been present in the cell culture medium (ANOVA,
p � 0.01, Fig. 1). The strongest increase from 10.05 � 0.25 to
12.09 � 0.69 was found in monolayers grown in medium 4,
containing 0.28 �M E2 and 0.037 �M P, which was signifi-
cant by Dunnett’s post hoc test (p � 0.05). Similarly, amilo-
ride-sensitive current (Iamil) was significantly increased by E2
or E2/P in the cell culture medium (p � 0.0001) and maximal
in monolayers grown in medium 4, which showed an elevation
from 7.80 � 0.20 to 9.87 � 0.50. Ouabain-sensitive current
(Iouab) was also significantly increased by adding E2 or E2/P
to the cell culture medium (p � 0.001). In addition, the
maximal response from 8.18 � 0.22 to 10.24 � 0.51 was
found in monolayers grown in medium 4. Maximal current
differences between monolayers grown in medium 1 and 4
were �20%.

In monolayers used for experiments with permeabilized
apical membrane in symmetrical ion compositions (Fig. 2A),
baseline current was significantly increased overall (p �
0.0001) and specifically in monolayers grown in media 2 and
4 by Dunnett’s post hoc test (p � 0.05). After permeabilizing
the apical membrane with amphotericin B, thus loading the
cell interior and the Na,K-ATPases with Na�, ISC increased by
�50%, and most strongly in monolayers grown in medium 4
(Fig. 2A). The ouabain-sensitive component of the amphoter-
icin B-induced ISC (ouabmax) was significantly increased by
E2 or E2/P in the cell culture medium (ANOVA, p � 0.001),
with a maximum response observed after growth in medium 4,
increasing ouabmax by �35% from 12.51 � 0.72 to 17.06 �

Table 1. Media composition

Medium 1 Without E2 and P
Medium 2 0.01 �M E2
Medium 3 0.01 �M E2 and 0.1 �M P
Medium 4 0.28 �M E2 and 0.037 �M P
Medium 5 0.0037 �M E2 and 2.8 �M P
Medium 6 1 �M E2 and 1 �M P

Table 2. Primer sequences

Gene Primer (forward) Primer (reverse)

�-ENaC TTCTGGGCGGTGCTGTGGCT GCGTCTGCTCCGTGATGCGG
�-ENaC TGCAGGCCCAATGCCGAGGT GGGCTCTGTGCCCTGGCTCT
�-ENaC CACGCCAGCCGTGACCCTTC CTCGGGACACCACGATGCGG
Na-K-ATPase-�1 GCGCAGCACTCGCTTTCCCT GGGCCACACGGTCCTGGTACG
ER-� CACACACCGCGCCACTCGAT GCATCTTGAGCTGCGGGCGA
ER-� CTGGTGAGCCGTCCCAGCATG GGTGGTCGATGGAGCGCCAC
CFTR GCCTTCGCTGGTTGCACAGTAGTC GCTTCTCCAGCACCCAGCACTAGA
VEGF-A CCAGGCTGCACCCACGACAG GCCCGCACACCGCATTAGGG
HMBS CCCTGAGGAGAGTGGCGCAGC GACCTCCACCGCCAGGGCTC
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1.13. No increase of ouabmax was observed in monolayers
grown in medium 5 or 6 (Fig. 2A).

The amiloride-sensitive component of the amphotericin
B-induced ISC (amilmax), measured in the presence of a 145:5
apical to basolateral Na� gradient and permeabilized basolateral
membrane was also increased by E2 and P in the cell culture
medium (p � 0.001). Unlike ouabmax, amilmax was highest in
monolayers grown in the P-rich medium 5, which showed an
increase from 13.75 � 0.41 to 18.39 � 1.46. Growth in mediums

4 and 6 resulted in a smaller but still significantly increased
amilmax (p � 0.05 by Dunnett’s post hoc test; Fig. 2B).

Single-channel analysis. The analyzed FDLE cells showed
Na� channels with a conductance close to 4 pS, typical for the
highly selective cation channel (HSC), and 23 pS, typical for
the nonselective cation channel (NSC). Tracings are shown in
Fig. 3A. Putative HSC and NSC channels were observed in all
media, and there were no differences in open probability and
dwell times between media. However, the proportion of re-
sponsive patches with active channels significantly increased
depending on hormone supplementation (Fisher’s exact test,
p � 0.05 between medium 1 and 6; Fig. 3B).
Analysis of mRNA expression. The mRNA analysis of the

examined FDLE cells revealed different expression pattern for
the ion transporters. The �- and �-ENaC subunits were in-
creased under E2 and P influence. The �-ENaC subunit
expression showed a �3-fold increase in the medium 5 com-
pared with medium 1 (ANOVA, p � 0.01, Fig. 4A) and a
�2-fold elevation in medium 6 (ANOVA, p � 0.01). Both
increases were also significant by Dunnett’s post hoc test (p �
0.05). The mRNA expression of the �-ENaC subunit was
elevated up to 190% in medium 4 and 6 compared with
medium 1 (ANOVA, p � 0.01, p � 0.05 by Dunnett’s post
hoc test; Fig. 4B). No profound changes in the expression of
�-ENaC were observed (Fig. 4C).

The Na,K-ATPase-�1 mRNA expression was also in-
creased in the media containing E2 and P, with no pronounced
difference between the different E2 and P concentrations (p �
0.05 by Dunnett’s post hoc test, Fig. 5A). The elevation of the

Figure 1. Effect of E2 and P exposure during cell culture on ISC in rat FDLE
cells. Baseline was the ISC after mounting the monolayers in the Ussing
chambers, Iamil the current reduction by amiloride (10 �M), and Iouab the
ouabain- (1 mM) sensitive current. Media 1 to 6 refer to the concentrations of
E2 and P in the culture medium as outlined in Table 1. Error bars represent
SEM, *p � 0.05 by Dunnett’s post hoc test. Medium 1 (f), medium 2 (�),
medium 3 ( ), medium 4 (v), medium 5 (t), and medium 6 (3).

Figure 2. (A) Effect of E2 and P exposure during
cell culture on ouabmax in rat FDLE cells. Baseline
was the ISC after mounting the monolayers in the
Ussing chambers, Iamph the current after adding 10
�M amphotericin B to the apical compartment,
and ouabmax the current reduction caused by 1 mM
ouabain. (B) Effect of E2 and P exposure during
cell culture on amilmax in rat FDLE cells. The
monolayers were subjected to a 145:5 apical to
basolateral Na� gradient, the basolateral mem-
brane permeabilized by 100 �M amphotericin B,
and 10 �M amiloride was given into the apical
compartment at the maximum current increase.
*p � 0.05 by Dunnett’s post hoc test. Medium 1
(f), medium 2 (�), medium 3 ( ), medium 4 (v),
medium 5 (t), and medium 6 (3).

Figure 3. (A) Single-channel recordings of rat
FDLE cells subjected to different concentrations of
E2 and P. HSC represents a putative highly-
selective cation channel of ENaC with a unitary
conductance of �4 pS. NSC refers to a putative
nonselective cation channel of ENaC with a uni-
tary conductance of �23 pS. (B) Comparison of
the percentage of responsive patches showing sin-
gle-channel activity in cells incubated with differ-
ent concentrations of E2 and P (n 	 20 for me-
dium 1, n 	 19 for medium 5, and n 	 11 for
medium 6). *p � 0.05 by Fisher’s exact test.
Medium 1 (f), medium 5 (t), and medium 6 (3).
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Na,K-ATPase-�1 mRNA expression was in the range of 40–
60% for all E2- and P-supplemented media. A significant
elevation of the CFTR-mRNA was detected in media 5 and 6
(p � 0.05 by Dunnett’s post hoc test, Fig. 5B) and a trend
toward an increase in medium 4. The putative mediator of
steroid action VEGF-A was not altered in the presence of E2
and P (Fig. 5C). The estrogen receptor (ER)-� was not found
in the FDLE cells, but primer specificity was demonstrated
using rat ovary tissue as a positive control (not shown). The
ER-� mRNA expression was detected and showed a trend
toward a decreased expression under the influence of E2 and
P (Fig. 5D).
Protein expression analysis. FDLE cells used for Western

blotting were obtained from six different experiments. All
three subunits of ENaC were detected in the same cell lysates
in bands located at �90–110 kD (Fig. 6A), although signals of
the �- and �-subunits were considerably weaker than that of
the �-subunit. Specificity of the antibody binding was con-
firmed by competition of antibody binding using a control
peptide, by detection of ENaC subunits with exactly the same
molecular weight in a commercial rat kidney cell lysate
[Kristen sarcoma virus transformed normal rat kidney

(KNRK), Santa Cruz], and by omitting the primary antibody.
Although lysates of cells grown in media 4, 5, and 6 tended to
yield darker bands and higher optical densities of � and �
ENaC, the differences were too small for statistical signifi-
cance (Fig. 6B).

In lysates from FDLE cells as well as in the positive
controls from brain tissue, the �1- and �1-subunits of the
Na,K-ATPase yielded bands corresponding to a molecular
weight of 110 and 47 kD, respectively, (Fig. 7A). Treatment
with E2 and P did not result in a significantly different
expression of either subunit (Fig. 7B).

DISCUSSION

To our knowledge, this is the first study investigating the
effects of different E2 and P concentrations on both apical Na�

channels and Na,K-ATPase activity in FDLE cells. The in-

Figure 4. The RT-PCR analysis of the mRNA expression level of the �-ENaC subunit (A), the �-ENaC subunit (B), and the �-ENaC subunit (C) in rat FDLE
cells subjected to different concentrations of E2 and P. *p � 0.05 by Dunnett’s post hoc test. Medium 1 (f), medium 4 (v), medium 5 (t), and medium 6 (3).

Figure 5. The RT-PCR analysis of the mRNA expression level of the
Na,K-ATPase-�1 subunit (A), CFTR (B), VEGF-A (C), and ER-� (D) in rat
FDLE cells subjected to different concentrations of E2 and P. *p � 0.05 by
Dunnett’s post hoc test. Medium 1 (f), medium 4 (v), medium 5 (t), and
medium 6 (3).

Figure 6. (A) Western blot of �-, �-, and �-ENaC subunits in FDLE cells
grown in the presence of different concentrations of E2 and P. The numbers
on top refer to the E2 and P concentrations in the culture medium as outlined
in Table 1. KNRK refers to a commercial rat kidney cell lysate, serving as a
positive control. (B) Densitometric analysis of the Western blots of �-, �-, and
�-ENaC subunits. Values are shown as percentage of the density obtained
from cells grown in medium 1 (all bars, n 	 6). Medium 4 (v), medium 5
(t), and medium 6 (3).
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creases of baseline ISC, Iamil, Iouab, ouabmax, and amilmax in
monolayers exposed to E2 up to 0.28 �M (medium 4) are
consistent with stimulatory effects on both ENaC and Na,
K-ATPase. High concentrations of P (1–2.8 �M, medium 6
and 5) were associated with diminished currents and also a
trend toward reduced Na,K-ATPase protein expression, which
may indicate toxicity. A high P concentration combined with
a low E2 concentration, as in medium 5 (2.7 �M), predomi-
nantly increased ENaC activity, as shown by stimulatory
effects on amilmax but not ouabmax. Hence, the decreases of
baseline ISC in media 5 and 6 were probably caused by a
diminished Na,K-ATPase activity. Smaller stimulatory effects
on apical Na� channel activity were also seen using media 2
and 3, resembling E2 and P concentrations similar to natural
conditions during rat gestation (23). It was also shown that the
combination of E2 and P (e.g. medium 5 with 0.0037 �M E2)
has a higher impact on epithelial Na� transport than E2 alone
as in medium 2 (0.01 �M E2). This would suggest a more
pronounced influence of P, but considering the effects of
medium 3 with a higher P, but lower E2 concentration than
medium 4, a more complex interaction between intracellular
E2 and P signaling must be assumed. The notion of a physi-
ologic role of female sex steroids on lung epithelial ion
transport is further supported by a study of pig fetuses sub-
jected to prenatal pharmacologic E2 and P withdrawal, which
resulted in decreased amiloride-sensitive AFC (17).

Vectorial ion transport of intact cells is always a coopera-
tion of apical and basolateral transporters. By selective per-

meabilization, we were able to separate the effects on baso-
lateral Na,K-ATPase and apical Na� channels. Na,K-ATPase
function was increased by female sex steroids, which is a
novel finding in epithelial cells. Apical Na� channels have
been sparsely investigated, yielding results consistent with the
findings described in this work. ENaC subunit mRNA expres-
sion has been shown to be enhanced in rat kidney cells (24).
Higher levels of �-ENaC were detected in female rat lungs
compared with males, and combined administration of E2 and
P to immature or ovarectomized rats increased pulmonary
mRNA levels of �- and �-ENaC after 24 h (18). Furthermore,
monolayers of alveolar epithelial cells derived from immature
rats responded to E2 and P with an increase in amiloride-
sensitive ISC, using the same E2 and P concentrations as in our
medium 5 (18). However, no investigations regarding the
Na,K-ATPase were included.

A comparison of single-channel activity between cells in
the control and supplemented media showed a higher percent-
age of active patches in cells grown in medium 6. The open
probability of single channels was not increased; however,
more channel units seem to be available, which is consistent
with a higher membrane permeability. Thus, a higher number
of active ENaC induced by E2 and P is in accordance with the
ISC measurements.

We demonstrated that �- and �-ENaC subunit mRNA
expression is enhanced in the media supplemented with E2
and P. The strongest increase of �-ENaC mRNA was ob-
served for the P-rich medium 5, which was also showing the
highest amilmax. Unlike the whole animal experiments (18),
we did not find an increase of �-ENaC mRNA expression but
an elevation of �-ENaC. These results also demonstrate a
differential regulation of ENaC subunits by sex steroids. Fur-
thermore, this study shows increased expression of Na,K-
ATPase-�1 subunit by E2 and P at all tested concentrations.
Overexpression of the �1-subunit of the Na,K-ATPase alone
was previously shown to increase vectorial Na� transport,
whereas overexpression of the �1-subunit did not have any
effect (21), because the �1-subunit was the rate-limiting com-
ponent in the assembly of Na,K-ATPases (25,26). Therefore,
the observed increased expression of the Na,K-ATPase-�1

subunit might account for the detected elevation of Iouab under
E2 supplementation. CFTR mRNA expression was shown to
be increased by combined treatment of E2 and P after 24 h
(18), which we also demonstrated on the fourth day after
hormone supplementation. These data show the impact of E2
and P on the transcriptional level of participating ion trans-
porters. E2 and P supplementation resulted in a trend toward
a reduced expression of ER-�, which has been described for
the expression of ER in the brain (27); however, to our
knowledge, it has not yet been described in the lung.

The increases in vectorial Na� transport of �20% are
corroborated by up to 20% higher densities of �- and �-ENaC
subunits in Western blots, although the latter effect was not
statistically significant. The polyclonal origin of the antibodies
resulted in detection of several bands. For evaluation by
densitometry, the band with the best-fitting molecular weight
was selected. Specificity was further confirmed by experi-
ments with positive controls. Because of the high variability of

Figure 7. (A) Western blot of Na,K-ATPase-�1 and -�1 subunits in FDLE
cells grown in the presence of different concentrations of E2 and P. B is the
positive control obtained from rat brain tissue. (B) Densitometric analysis of
the Western blots of Na,K-ATPase-�1 and -�1 subunits. Values are shown as
percentage of the density obtained from cells grown in medium 1 (n 	 6 for
�1 and n 	 10 for �1). Medium 2 (�), medium 4 (v), and medium 6 (3).
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such measurements, a large number of Western blots would be
needed for statistical verification at this effect size. Expression
of Na,K-ATPase remained essentially unchanged in culture
media 2 and 4. The protein expression results do not com-
pletely rule out a minor increase sufficient to produce the
electrophysiologically detected changes, because whole cell
lysates also include proteins stored in the endoplasmatic re-
ticulum and blotting studies cannot be readily expected to
detect small differences, as previously reported (8).

Some effects of E2 and P on ion transport may have been
partly mediated through other ion channels, e.g. K� channels,
which are an essential part of the Na� transport machinery as
they recycle K� at the basolateral membrane and also control
the membrane resting potential (28,29). K� channels in other
tissues have been shown to be controlled by E2 (30,31). It is
currently unknown whether K� channels in epithelial cells are
influenced by E2 or P. FDLE cells are known to perform
mostly not only Na absorption but also, to a smaller extent,
Cl� secretion (8). Therefore, we used the specific inhibitors of
epithelial Na� transport, amiloride and ouabain, to attribute
the effects of hormone supplementation to the ENaC and
Na,K-ATPase transport activity. Furthermore, experiments
performed in Cl�-free solution yielded similar results (not
shown).

In conclusion, our data indicate that ENaC and Na,K-
ATPase function in rat FDLE cells is increased by exposure to
E2 as well as E2 and P. ENaC activity seems to be most
strongly stimulated by high P concentrations, whereas the
Na,K-ATPase function seems to be mainly controlled by E2,
which is a new finding. E2 and P may thus improve AFC and
hasten the resolution of pulmonary edema, which may con-
tribute to positive effects of E2 on RDS of infants (10,16) and
the sex-related differences in the survival of the ARDS (3). In
cystic fibrosis, stimulatory actions of E2 and P may worsen the
overactivity of ENaC associated with the disease (14), which
may explain why the prognosis of affected males is better than
that of females (15).
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