






clone was used in the present study. Confluent cells grown on
plastic support were all cuboid and formed domes (Figure 2A).
Indirect immunofluorescence showed that they contained a
typical network of cytokeratins K8-K18 (Figure 2B) and the
tight junction-associated protein ZO-1 at the cell peripheries
(Figure 2C). The mpkCCDcl4 cells grew rapidly (doubling time
20 to 30 h), had a long life span (more than 45 passages to
date), and all of their nuclei contained Tag (Figure 2D). La-
beling with the anti-a-Na1,K1-ATPase antibody analyzed by
confocal laser scanning microscopy revealed that Na1 pumps
were in the lateral and basal domains of the cells (Figure 2E).
The cells maintained their structural polarity when grown on
porous filters and formed monolayers of epithelial cells closely
apposed and sealed by typical junctional complexes (Figure 2,
F and G).

Biochemical and Functional Properties of Mouse CCD
Cultured Cells

Intact CCD contain two cell types, the principal and the
intercalated cells, each having distinct sensitivities to hor-
mones and functions (22,32). Deamino-8-D-arginine vasopres-
sin (dDAVP, 1026 M), an analog that binds specifically to the
V2 receptors on principal cells, increased the cell cAMP con-
tent 43-fold, whereas 1026 M isoproterenol, ab-adrenergic
agonist thought to act on intercalated cells (22), increased the
cell cAMP only fivefold over that of untreated cells (control:
26 6 3; dDAVP: 11266 87; ISO: 1346 49 pmol/7 min per
mg protein;n 5 6). Immunofluorescence studies with DBA, a

lectin that binds to the intercalated cells in the mouse kidney
(Figure 3A), showed that very few mpkCCDcl4 cells (less than
5%) were DBA-positive (Figure 3, B and C). Hence, the
cultured mpkCCDcl4 cells were mainly principal cells. These
cells also had the typical electrophysiologic features of a tight
epithelium; cells grown to confluence on permeable filters
developed a high transepithelial electrical resistance (RT:
4690 6 234 V 3 cm2), a negative potential difference
(PD: 249.16 2.2 mV), and a positive short-circuit current (Isc:
111.16 0.8 mA/cm2; n 5 65).

Reverse transcription (RT)-PCR analyses using specific

Figure 1.Structure of the SV-PK/T antigen (Tag) construct and Tag
expression in the kidney. (A) The SV-PK/Tag construct consists of the
72-bp repeats of the SV40 enhancer from 95 nt to 270 nt inserted into
the ClaI site (21004 nt) of the rat L-PK promoter fused to the
BamHI-BclI fragment (2.7 kb) of the SV40 coding sequences of the
large tumor (T) and small tumor (t) antigens. Hatched boxes indicate
the erythroid- (L9) and liver (L)-specific exons of the L-PK gene. (B
and C) Illustrations of the nuclear Tag-positive labeling in tubule cells
from kidney cortex (B) and outer medulla (C). Glomeruli are not
stained (arrowhead), the nuclei of proximal tubule cells are weakly
labeled (asterisk), and nuclei from cortical collecting ducts are heavily
labeled (arrows). Bar, 50mm.

Figure 2.Morphology of confluent cultured mouse cortical collecting
duct (CCD) cells. (A) Phase-contrast micrograph of confluent cells
grown on a Petri dish (passage 25). The cells are all cuboid and form
domes. (B) Cells contain cytokeratins K8-K18, as detected with a
polyclonal antibody. (C) Tight junctions appear as fine, regular out-
lines around all cells when labeled with the anti-ZO-1 antibody. (D)
The nuclei of all cells are immunoreactive for large T antigen. (E)
Lateral and basal locations of Na1,K1-ATPase pumps is illustrated
by confocal laser analysis of preparations labeled with a specific
anti-a-Na1,K1-ATPase antibody. (F and G) Cells grown on filters
form confluent monolayers of closely apposed cuboid cells (F), sep-
arated by tight junctions and desmosomes (G). Bars: A, 50mm; B
through E, 10mm; F and G, 1mm.
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primers indicated that confluent cells grown on porous filters
contained mRNA for the threea-, b-, and g-subunits of the
ENaC gene (Figure 4A). There was morea-ENaC mRNA than
b and g mRNA. Immunoprecipitation with rabbit anti-a, an-
ti-b, and anti-g ENaC sera (23) of cells incubated with labeled
methionine revealed heavily35S-labeled bands of 93 kD for
a-ENaC, 96 kD forb-EnaC, and 85 kD forg-ENaC (Figure
4B). No labeled bands were detected using the corresponding
preimmune sera.

Short-circuit current experiments indicated that amiloride
added to the apical side of the cells inhibitedIsc in a dose-
dependent manner (Figure 5A). Benzamyl amiloride, a more
potent ENaC channel blocking agent than amiloride (33), also
inhibited Isc (Figure 5A). Half-maximumIsc inhibition required
5 3 1027 M amiloride and 33 1028 M benzamyl amiloride.
These Na1 channel blocking agents had almost no effect onIsc

when they were added to the basal side of the filters (Figure 5B).
Ethylisopropyl-amiloride, a more specific blocker of the Na1, H1

antiport (34), had almost no effect onIscwhen it was added to the
apical or basal side of the cells (Figure 5, A and B). Ouabain
(1024 M) added to the basal side of mpkCCDcl4 cells grown on
porous filters (not shown) inhibitedIsc by 696 4% (n 5 5), but
did not alterIsc when it was added to the medium bathing the
apical side of the cells (data not shown). This is consistent with the
detection of thea-subunit of the Na1,K1-ATPase in the basolat-
eral membrane of the cells (Figure 2E).

Dose and Time Dependencies of Aldosterone on
Stimulated-Sodium Transport

The effect of aldosterone on sodium transport was assessed
by measuringIsc on confluent mpkCCDcl4 cells grown on
filters and incubated in hormone-free, steroid-free medium for
48 h. Aldosterone significantly increasedIsc in a dose- and
time-dependent manner over that of untreated cells (Figure
6A). All of the aldosterone concentrations tested (10210 M,
1027 M, and 1026 M) increasedIsc shortly after 1 h of
incubation. Although low, a significant rise inIscwas observed
after 2 h of incubation with low aldosterone concentrations
(,1028 M) compared withIsc values from the same sets of
untreated cells (Figure 6B). The increase inIsc was much more
marked for higher concentrations (.1028 M) of aldosterone
with maximal increase for 1026 M (Figure 6, A and B).

The stimulatory effect of aldosterone on short-circuit current
was maintained over a long period of time. Measurement of the
effect of 53 1027 M aldosterone onIeq andRT of confluent
cells grown on porous filters showed thatIeq increased soon
after 75 min of hormone addition, and the maximal increase

Figure 3. Dolichos biflorusagglutinin (DBA) binding to intact col-
lecting ducts and cultured CCD cells. (A) DBA specifically binds to
intercalated cells from intact CCD (arrows), whereas the adjacent
pairs of principal cells are not stained (arrowhead). (B and C) Only
few cultured mpkCCDcl4 cells (less than 5%) are positively stained
with DBA, while most of the cells surrounding and forming domes are
not stained. Bar, 10mm.

Figure 4.ENaC mRNA and protein in cultured mouse CCD cells. (A)
cDNA and non-reverse-transcribed RNA were submitted to reverse
transcription (RT)-PCR. Each sample was amplified (28 cycles) with
sets of primers specific fora- (lane 1),b- (lane 4), andg- (lane 7)
rENaC and hGAPDH. As control, no amplified products were de-
tected when the mRNA was non-reverse-transcribed (lanes 2, 5, and
8) or when cDNA was omitted (lanes 3, 6, and 9). (B) Proteins were
pulsed with [35S]methionine and immunoprecipitated with specific
anti-a, -b, and -gENaC sera (lanes 1) and the corresponding preim-
mune sera (lane 2).
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(fourfold) occurred at 6 h and continued for up to 8 h (Figure
7A). Ieq slightly decreased thereafter, but was still 4.5-fold
higher than in untreated cells after 72 h (control: 7.56 0.3; 1
aldosterone: 34.16 0.4 mA/cm2, n 5 3, P , 0.001) when the
FCS-free HFM medium was changed daily. The increase inIeq

was associated with a significantly large decrease inRT (Figure
7B). The increase inIeq was due to increased sodium absorp-
tion, sinceIeq was almost completely inhibited by adding 1026

M benzamyl amiloride to the apical side of the cells (Figure
7A, inset). Thus, aldosterone stimulates sodium transport
through the amiloride-sensitive epithelial sodium channel.

Effects of Corticosterone and Carbenoxolone on
Sodium Transport: Identification of 11b-HSD2

Previous studies have suggested that glucocorticoids can
have mineralocorticoid-like effects on the transport of sodium
by primary cultures of rabbit CCD (35) and A6 cells (36,37).
The stimulation of sodium transport by corticosterone, the
natural glucocorticoid hormone in the mouse, was tested under
the same conditions used to study the action of aldosterone.
The Ieq of mpkCCDcl4 cells incubated with 53 1027 M
corticosterone for up to 12 h was stimulated (threefold) in the
first 2 to 4 h (Figure 8A). The effect of corticosterone was
almost completely blocked by adding 1026 M benzamyl amilo-
ride to the apical medium (data not shown). The stimulatory
effect of corticosterone gradually decreased after 4 h (Figure
8A). Carbenoxolone (CBX), a potent inhibitor of 11b-HSD
(38,39), restored theIeq of cells incubated with corticosterone
(5 3 1027 M) to that of aldosterone-treated cells after 12 h

Figure 5.Effects of ENaC blocking agents onIsc. Iscwas measured on
confluent mpkCCDcl4 cells before and after adding amiloride (F, E),
benzamyl amiloride (f,M), or ethylisopropyl-amiloride (Œ,‚) to the
apical side (A) or basal side (B) of the filters for 10 min. Values,
expressed as percentage of inhibition ofIsc measured before the
addition of the blocking agents, are the mean6 SEM from six
separate experiments.

Figure 6.Action of aldosterone onIsc. (A) Representative traces ofIsc

measured in the absence (E) or presence of 10210, 1027, or 1026 M
aldosterone (F). (B) Dose-dependent response ofIsc after 2 h of
incubation with (F) or without (E) various concentrations of aldoste-
rone. Values are means6 SEM of four to seven experiments. *P,
0.05, **P , 0.01, ***P , 0.001versusuntreated cell values (E).

Figure 7.Effect of aldosterone onIscandRT. (A) Ieqwas measured on
confluent mpkCCDcl4 cells incubated without (E) or with (F) 5 3
1027 M aldosterone, added (arrows) to both basal and apical sides of
the filters for various times. (Inset) Bars represent the mean values6
SEM (n 5 4) from the 24-h aldosterone-treated cells in the absence
(2) or presence (1) of apical benzamyl amiloride (B.Am). (B)RT was
measured on the same sets of filters incubated without (E) or with (F)
aldosterone. Values are means6 SEM from six to eight individual
filters from eight passages (18th to 30th passages).
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(corticosterone: 6.86 0.3; corticosterone plus CBX: 27.16
4.5; aldosterone: 25.56 0.6 mA/cm2; n 5 5). These results
suggested that corticosterone was metabolized to inactive me-
tabolites (11-dehydrocorticosterone) by 11b-HSD2, which pre-
vents the illicit occupation of MR by glucocorticoids (40,41).
Consistent with these results, 11b-HSD2 mRNA expression
was found in mpkCCDcl4 cells. RT-PCR experiments per-
formed with two different sets of m11b-HSD2 primers (25)
evidenced amplified products of expected size in both mouse
kidney and cultured CCD cells (Figure 8B). Furthermore,
mpkCCDcl4 cells converted corticosterone to 11-dehydrocorti-
costerone by 876 0.5% (n5 4) after 4 h ofincubation with
2 nM [3H]corticosterone at 37°C, whereas 1026 M CBX pre-
vented the conversion of corticosterone to 11-dehydrocorti-
costerone (Figure 8C).

Mineralocorticoid versus Glucocorticoid Receptor
Specificity: Physiologic and Pharmacologic
Evidence for their Relative Roles in Sodium Transport

Kidney CCD, like other targets for corticosteroid hormones,
possess two types of corticosteroid receptors: a high affinity

receptor for aldosterone (MR), and a low affinity for aldoste-
rone (GR) (42,43). Aldosterone and corticosterone (or cortisol)
bind equally well to both GR and MR. The question therefore
is whether the increased sodium absorption elicited by aldo-
sterone was mediated via the occupancy of MR and/or GR. The
effects of aldosterone (1029 M and 5 3 1027 M) and corti-
costerone (53 1027 M) on Iscwere measured with and without
excess of RU486, a potent glucocorticoid receptor antagonist
in human and rabbit kidneys (Table 1). At all concentrations
tested, aldosterone and corticosterone stimulatedIsc after 2 h.
A 20-fold excess of RU486 prevented the rise inIsc induced by
high concentrations of corticosterone or aldosterone, but did
not impair the rise inIsc caused by 1029 M aldosterone (Table
1).

Results from RT-PCR experiments using sets of primers
located near the end of the rMR 39 coding region (26) evi-
denced MR PCR products of expected size (380 bp) in both rat
and mouse kidneys (Figure 9A). An additional band was also
detected with mouse kidney cDNA. These two amplified prod-
ucts were also detected in mpkCCDcl4 cells (Figure 9A). Di-
gestion of the amplified products from whole mouse kidney
and cultured cells byHindIII yielded two bands of 263 and 117
bp long (Figure 9B), as described previously (26). Similarly to
that reported for rat kidney (26), two bands (305 and 75 bp)
were also obtained by digestion of the amplified products from
whole mouse kidney and cultured CCD cells withEcoRI (data
not shown). These results strongly suggested that cultured
mpkCCDcl4 cells have retained specific MR mRNA expres-
sion.

Steroid binding studies at equilibrium confirmed the pres-
ence of MR and GR (Figure 9, C and D). An interaction model
with one class of specific and nonspecific binding sites (29)
showed that cultured mouse CCD cells had one class of high
affinity receptor for aldosterone (Kd: 0.6 nM; Nmax: 20 to 50
fmol/mg protein) (Figure 9C). No binding of [3H]aldosterone

Figure 8. Effects of carbenoxolone (CBX) on corticosterone-stimu-
lated Ieq and identification of 11b-HSD2 in cultured mouse CCD
cells. (A) Ieq was measured on sets of confluent mpkCCDcl4 cells
grown on filters in the absence (E) or presence (F) of 5 3 1027 M
corticosterone and corticosterone plus 1026 M carbenoxolone (Œ) for
various times. Corticosterone and carbenoxolone were added (arrow)
to the apical and basal side of filters. Values are means6 SEM from
six to eight individual filters from eight passages (20th to 35th
passages). (B) Samples of cDNA (250 ng) from mouse kidney and
cultured mpkCCDcl4 cells were amplified by PCR for 32 cycles using
primers from m11b-HSD2 exon 2 and 4 (lanes 1 to 3) or exon 3 and
5 (lanes 4 to 6). Amplified products of expected sizes (412 bp: lanes
1 and 2; 475 bp: lanes 4 and 5) were obtained in both mouse kidney
(lanes 1 and 4) and cultured CCD cells (lanes 2 and 5). As control, no
amplified products were detected by omitting cDNA (lanes 3 and 6).
Fs, fragment sizes of DNA molecular weight markers. (C) The con-
version, expressed in percentage of total radioactivity, of 2 nM cor-
ticosterone (CS) to 11-dehydrocorticosterone (11-DHCS) was mea-
sured on confluent mpkCCDcl4 cells incubated with 2 nM
[3H]corticosterone for 4 h at 37°C in the absence (M) or presence (o)
of 1026 M CBX. Values are means6 SEM of four experiments.

Table 1. Effects of RU486 on aldosterone- and
corticosterone-stimulatedIsc

a

Group
Isc (mA/cm2)

2RU486 1RU486

None 8.76 1.5 7.66 1.2
Aldosterone (1029 M) 15.66 1.5b 15.26 2.2
Aldosterone (53 1027 M) 22.86 1.3c 11.56 1.3d

Corticosterone (53 1027 M) 23.86 1.4c 13.16 0.6d

a Isc was measured on confluent mpkCCDc14 cells grown on
filters and incubated without (none) or with RU486 (1026 M) or
with aldosterone (1029 M and 53 1027 M), aldosterone plus a
20-fold excess of RU486, corticosterone (53 1027 M) and
corticosterone plus a 20-fold excess of RU486 for 2 h at37°C. All
hormones and compounds were added to both basal and apical
sides of the filters. Values are means6 SEM from three to seven
experiments.

b P , 0.05versusuntreated cells.
c P , 0.001versusuntreated cells.
d P , 0.001versusaldosterone- or corticosterone-treated cells.
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to GR was detected; however, GR were evidenced by equilib-
rium binding studies using [3H]dexamethasone as ligand (Kd: 6
nM; Nmax: 80 fmol/mg protein) (Figure 9D). Sucrose gradient
analysis also showed that the peak of [3H]aldosterone-receptor
complex sedimented at 8.7 S and appeared to be specific, since
it was completely displaced by a 100-fold excess of unlabeled
aldosterone (Figure 9E). Competition experiments also showed
that the [3H]aldosterone binding was specifically displaced by
a 10- and 100-fold excess of both unlabeled aldosterone and
RU26752, which has antimineralocorticoid effects because of
its affinity for MR in vivoandin vitro (44,45) (Figure 9F). The
specific [3H]aldosterone binding was also displaced by excess
RU486, which is consistent with binding of aldosterone to GR
(Figure 9E).

ENaC as Mediator of the Amiloride-Sensitive
Electrogenic Sodium Transport: Early and Late
Effects of Aldosterone

The mpkCCDcl4 cells grown on porous filters contain the
mRNA-encoding amiloride-sensitive ENaC subunit and the
proteins themselves (Figure 4). The effects of aldosterone on
the amounts of ENaC mRNA and protein were assessed by
growing mouse CCD cells on filters in steroid-free medium for
48 h, then incubating them with 53 1027 M aldosterone
(Figure 10). The amounts ofa-ENaC mRNA, normalized to
the amount of GAPDH mRNA, increased twofold after incu-
bation with aldosterone for 2 h. Longer incubation with aldo-
sterone (6 to 24 h) further increased (three- to fivefold) the
amount of a-ENaC mRNA (Figure 10A). In contrast, the
amounts ofb- and g-ENaC mRNA did not change (Figure
10A). The rate ofa-ENaC protein synthesis also increased
threefold after a 2-h incubation with aldosterone (Figure 10B).
The increase ina-ENaC protein synthesis remained 10-fold
higher after 6 h and sevenfold higher after 24 h of incubation
with aldosterone compared with untreated cells (Figure 10B).
In contrast, aldosterone did not alter the rate ofb-ENaC or the
rate ofg-ENaC protein synthesis.

Actinomycin D (a transcription inhibitor) and cyclohexi-
mide (a translation blocker) both prevented any increase inIeq

by aldosterone (Figure 11A). Immunoprecipitation studies
showed that actinomycin D prevented the increase ina-ENaC
protein synthesis caused by 2- and 6-h aldosterone treatment
(Figure 11B). These data thus provide pharmacologic evidence
that the early effect of aldosterone ona-ENaC synthesis re-
quires gene transcription.

1028 M [3H]aldosterone for 4 h at 4°C in theabsence (F) or presence
(E) of a 100-fold excess unlabeled aldosterone. Sedimentation mark-
ers were aldolase (A, 7.9 S) and bovine serum albumin (BSA, 4.6 S).
(F) The cytosol was also incubated with 1028 M [3H]aldosterone
without (black bar) or with a 10-fold (hatched white bars) or 100-fold
(hatched black bars) excess of unlabeled aldosterone, RU26752, or
RU486.

Figure 9. Mineralocorticoid and glucocorticoid receptors in mouse
cultured CCD cells. (A) Samples of cDNA (250 ng) from rat and
mouse kidneys and cultured mpkCCDcl4 cells were amplified by PCR
for 34 cycles using sets of rMR primers. Amplified products of the
expected size (380 bp) were obtained in rat kidney (lane 1), mouse
kidney (lane 2), and cultured CCD cells (lane 3). An additional band
of amplified products (not identified) was also detected in mouse
kidney and cultured cells. (B) Digestion of the amplified products
with HindIII yielded two bands of expected size (263 bp and 117 bp)
in both mouse kidney (lane 1) and cultured CCD cells (lane 2). As
control, no amplified products were detected by omitting cDNA (lane
3). Fs, fragment sizes of DNA molecular weight markers. (C and D)
Scatchard plots of [3H]aldosterone (F) and [3H]dexamethasone (Œ)
binding to mpkCCDcl4 cytosol. The cytosol was incubated with 0.1 to
40 nM [3H]aldosterone or [3H]dexamethasone for 4 h at 4°C. Bound
(B) and free (F) hormone fractions were separated by the dextran-
charcoal method. The curve was simulated from the best interaction
model, which was one class of specific sites and nonspecific binding.
(E) Gradient sedimentation analysis of [3H]aldosterone-receptor com-
plex in the cytosol of mpkCCD cells. Cytosol was incubated with
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Discussion
An Ex Vivo Model of CCD Principal Cells

The mpkCCDcl4 cell clone has the phenotype of a polarized
tight epithelium with morphologic and functional features re-
tained from the parental principal CCD cells. Previously char-
acterized SV40-transformed rat rCCD1 cells (15), and the
immortalized mouse M-1 CCD cells (13) both contain the two
main CCD cell types, principal (PC) and intercalated (IC) cells.
mpkCCDcl4 cells are essentially PC, since they respond to
vasopressin, and more than 90% of the cells do not bind DBA.
IC are primarily involved in acid/base secretion, whereas PC
are the main cells implicated in sodium absorption and potas-
sium secretion in the rat and rabbit (46). In accordance with the
presence of a significant Ba21-sensitive K1 conductance in the
basolateral membrane of the rat CCD (47), Ba21 (1024 M)
added to the basal side of the mpkCCDcl4 cells inhibitsIsc by
almost 20%, but has no effect when added apically (data not
shown). However, we did not check the ability of the cells to
secrete potassium. The results from short-circuit current exper-
iments performed with aldosterone and corticosterone, together

with the identification of the CCD-specific 11b-HSD2 isoform
(25,31), indicate that these clonal mouse principal CCD cells
display all of the features ofbona fideelectrogenic amiloride-
sensitive sodium transport stimulated by aldosterone.

Several groups have attempted to establish lines of collect-
ing duct cells, but most, if not all of them, did not maintain the
steroid hormonal control of ionic transport. Although aldoste-
rone has been shown to increaseIsc in one subclone of MDCK
cells (48), theIscvalues that were measured remained very low,
about 100-fold lower than those of mpkCCDcl4 cells. The M-1
cells, derived from isolated CCD from mice transgenic for the
early region of SV40 (13), can still produce the ENaC subunits
(49), but are insensitive to aldosterone (B. C. Rossier, personal
communication). Because the M-1 and our mpkCCD cells are
both derived from transgenic mice harboring the large T anti-
gen, this difference is not readily explained. One possible
explanation is that we used a transgene in which the immor-
talizing SV40 large T antigen is under the control of the L-PK
tissue-specific promoter. The L-PK gene is a particular exam-
ple of a gene controlled by the combination of two pairs of
proximal-distal regions, each specific to hepatocytes, entero-
cytes, and proximal tubule cells, or erythroid cells (50). This
gene is also regulated by diet (carbohydrate-rich diet) and
hormones (51). A 183-bp proximal promoter of the L-PK gene,
referred to as the L-type promoter, is all that is needed to direct
tissue-specific expression in the liver, kidney, and intestine
from transgenic mice (19). Miquerolet al. (20) have created
new lines of transgenic mice to determine the influence of the
distal region (21000 to23000 bp) of the L-PK promoter gene

Figure 10. Action of aldosterone on the amounts of ENaC subunit
mRNA and protein in cultured mouse CCD cells. Confluent
mpkCCDcl4 cells grown on filters were incubated without (time 0) or
with 5 3 1027 M aldosterone for 2 to 24 h. (A, Top Panel) cDNA
from cells were submitted to RT-PCR and amplified with sets of
primers specific fora- (f), b- (F), andg- (Œ) ENaC and GAPDH,
used as internal standard. The graph provides the fractional changes in
ENaC subunits over GAPDH mRNA ratios (arbitrary unit), which
were normalized to 1 for the untreated cells. (A, Bottom Panel)
Illustration of time-dependent increase ina-ENaC mRNA expression
induced by aldosterone. (B, Top Panel) Rates ofa- (f), b- (F), and
g- (Œ) ENaC protein syntheses assessed by immunoprecipitation
studies. The graph shows the fractional changes in ENaC subunits,
normalized to 1 for the values from untreated cells. (B, Bottom Panel)
Illustration of the aldosterone-dependent increase ina-ENAC protein
synthesis over time. Values are means6 SEM from four separate
experiments.

Figure 11.Action of actinomycin D and cycloheximide on aldoste-
rone-induced sodium transport in mpkCCDcl4 cells. (A) The transep-
ithelial Na1 transport, assessed byIeq, was measured on mpkCCDcl4

cells grown on filters with or without actinomycin D (Actino., 1026

M), cycloheximide (Cyclo., 0.3mg/ml), aldosterone (Aldo., 53 1027

M), Aldo. plus Actino. or Aldo. plus Cyclo. for 2 and 6 h. Values are
means6 SEM from three experiments. (B) Immunoprecipitation of
thea-ENaC subunit from cells labeled with [35S]methionine (30 min)
after incubation for 2 h (top panel) and 6 h (bottom panel). Lanes 1,
untreated cells; lanes 2, actinomycin D-treated cells; lanes 3, aldoste-
rone-treated cells; lanes 4, aldosterone plus actinomycin D-treated
cells.

J Am Soc Nephrol 10: 923–934, 1999 Aldosterone and Na1 Transport in CCD 931



on diet responsiveness and tissue specificity. They found that
the expression of Tag directed by composite regulatory se-
quences consisting of the L-PK promoter fused to the SV40
early enhancer was regulated by a carbohydrate-rich diet.
Strikingly, the expression of the transgene was considerably
increased in the kidney, and particularly in CCD. This finding,
in part related to the fact that the SV40 enhancer is especially
strong in the kidney (52), thus permitted us to derive this new
clonal mpkCCD cell line using this particular strain of trans-
genic mice fed a carbohydrate-rich diet.

Aldosterone-Induced Electrogenic Sodium Transport in
Mouse CCD Principal Cells

Two amphibian cell lines (TBM and A6) have been the
classicalex vivocell model systems used to analyze the action
of aldosterone on sodium transport (1). The present report
shows that aldosterone increases sodium absorption in a clone
of mouse CCD principal cells, mpkCCDcl4, within 60 to 90
min, a latent period similar to those of TBM and A6 cells. The
steroid hormone progressively increasesIsc over 1 to 5 h,
during which time the transepithelial electrical resistance de-
creases. Such dissociated effects of aldosterone closely resem-
ble that described for A6 cells (2).

Aldosterone stimulates sodium channels and sodium pumps
via its specific binding to corticosteroid receptors (53). Like
other target tissues for aldosterone, CCD possess the two
corticosteroid receptors MR and GR. The relatively high con-
centration of aldosterone (53 1027 M) required to stimulate
maximal Na1 absorption suggests that aldosterone occupies
GR. Results from RT-PCR performed with rat MR primers and
digestion of the amplified products by restriction enzymes (26)
strongly suggest that the mpkCCDcl4 cells have maintained the
expression of the MR gene. Binding studies also indicate that
these cells have one class of high affinity receptor for aldoste-
rone, MR, as in A6 cells and intact rabbit CCD (42,43). The
binding site for [3H]dexamethasone in the mpkCCDcl4 cells
has the same characteristics as GR. The glucocorticoid receptor
antagonist RU486 does not prevent the rise inIsc caused by
1029 M aldosterone, but almost completely prevented the rise
in Isc caused by 53 1027 M aldosterone or corticosterone. In
mpkCCDcl4 cells, in which 11b-HSD2 is fully active, corti-
costerone will be metabolized and not bind to either MR or
GR. Under this condition, however, low concentrations of
aldosterone (#1029 M) will bind to MR, whereas higher
concentrations of aldosterone ($1029 M) will occupy GR as
well. Interestingly, Geeringet al. (54) have shown that the
aldosterone-dependent sodium transport response was medi-
ated by occupancy of both type 1 (MR) and type 2 (GR)
receptors in the toad bladder system, and that at least 55% of
the overall Na1 transport response was mediated by the occu-
pancy of GR by aldosterone. In the present study, we show that
this scenario may also take place in the mpkCCDcl4 cell line;
the proportion of the sodium transport mediated by GR occu-
pancy, however, appears to be slightly higher.

Action of Aldosterone ona-ENaC mRNA and Protein
Synthesis in Mouse CCD Principal Cells

The increase in sodium permeability in aldosterone-respon-
sive cells is due to enhanced sodium transport via the amilo-
ride-sensitive sodium channel (1). There may be several not
mutually exclusive ways of activating the sodium channel.
Aldosterone may initially activate preexisting Na1 channels
(11), but this has not been unambiguously proved (55). A
recent study on A6 cells demonstrated that thea-ENaC subunit
has a short half-life (approximately 50 min) and that aldoste-
rone increases the rate ofa-ENaC subunit within 60 min, in
parallel with the increase inIsc (23). These observations raise
the possibility thatde novosynthesis ofa-ENaC, which is the
limiting factor in the assembly and/or export of newly synthe-
sized ENaC to the plasma membrane (56), is part of the early
effect of aldosterone on Na1 transport. Our results show that
aldosterone also increases the amounts of botha-ENaC mRNA
and protein in mpkCCDcl4 cells. The increase ina-ENaC
protein synthesis is already detectable after incubation with
5 3 1027 M aldosterone for 2 h, which correlates well with the
increase inIsc produced by aldosterone (Figures 7 and 10).
Thus, corticosteroid hormones rapidly stimulatea-ENaC pro-
tein synthesis in these cultured mammalian CCD cells. The
early (2 h) and late (6 h) increases in Na1 transport induced by
aldosterone are impaired by the transcription inhibitor actino-
mycin D. Actinomycin D also prevents the increase ina-ENaC
protein produced by aldosterone.

Increasedg-ENaC mRNA production has been also reported
in primary cultured rabbit CCD cells (57). We found that
aldosterone had no significant effect onb- or g-ENaC sub-
units, in agreement with findings in A6 cells (23). These
apparent differences may arise because cells in primary culture
have populations of both PC and IC, whereas the clonal mp-
kCCDcl4 cells are essentially principal cells. Aldosterone has a
clear effect onIsc and on a-ENaC mRNA and protein in
cultured principal mpkCCDcl4 cells, but Renardet al. (58)
detected no change in this channel subunit in kidneys from rats
after chronic treatment with aldosterone. Asheret al. (59), in
contrast, found that aldosterone and dexamethasone only
slightly stimulateda-rENaC mRNA synthesis, but not that of
b- or g-rENaC mRNA in the rat kidney cortex. One cannot
exclude that the major effect of aldosterone ona-ENaC mRNA
and protein syntheses observed in cultured CCD cells is related
to different or altered biosynthesis pathways compared with
intact kidneys. The differences observed between intact kidney
and primary cultured CCD (35), or the present mpkCCDcl4
cultured cells on the effects of aldosterone on Na transport
suggest that GR remains the main steroid receptor pathway in
cultured kidney CCD cells. However, a significant rise in Na
transport remains detectable in the present established mouse
CCD principal cell line using low concentrations of aldoste-
rone (#1028 M), thus suggesting that these cells have con-
served functional MR receptors.

In conclusion, we have produced a new clone of mammalian
principal cells that have retained their sodium transport capac-
ities and are stimulated by corticosteroid hormones. These
transimmortalized mouse CCD cells should provide a murine
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cell system in which to develop a strategy for identifying
corticosteroid-induced or -repressed proteins.

Acknowledgments
This study was supported by the Institut National de la Sante´ et de

la Recherche Médicale and by grants from the Association pour la
Recherche sur le Cancer (no. 6797) and the European Union (BIO 4
CT 960052). We thank D. Hanahan for the anti-Tag antibody, D.
Paulin for the anti-cytokeratins K8-K18 antibody, and M. Caplan for
the anti-Na1,K1-ATPase antibody. We thank D. Martini (Hoechst
Marion Roussel Laboratories), who kindly provided the RU26752.
We also thank S. Roger and P. Disdier for photographic work and O.
Parkes for editorial assistance.

References
1. Rossier BC, Palmer LG: Mechanisms of aldosterone action on

sodium and potassium transport. In:The Kidney: Physiology and
Pathophysiology, edited by Seldin DW, Giebisch G, New York,
Raven, 1992, pp 1373–1409

2. Verrey F, Schaerer E, Zoerkler P, Paccolat MP, Geering K,
Kraehenbuhl JP, Rossier BC: Regulation by aldosterone of Na1,
K1-ATPase mRNAs, protein synthesis, and sodium transport in
cultured kidney cells.J Cell Biol 104: 1231–1237, 1987

3. Paccolat MP, Geering K, Gaeggeler HP, Rossier BC: Aldoste-
rone regulation of Na1 transport and Na1-K1-ATPase in A6
cells: Role of growth conditions.Am J Physiol252: C468–C476,
1987

4. Verrey F: Transcriptional control of sodium transport in tight
epithelia by adrenal steroids.J Membr Biol144: 93–110, 1995

5. Vallet V, Chraibi A, Gaeggeler HP, Horisberger JD, Rossier BC:
An epithelial serine protease activates the amiloride-sensitive
sodium channel.Nature389: 607–610, 1997

6. Handler JS, Perkins FM, Johnson JP: Hormone effects on trans-
port in cultured epithelia with high electrical resistance.Am J
Physiol240: C103–C105, 1981

7. Verrey F, Beron J, Spindler B: Corticosteroid regulation of renal
Na, K-ATPase.Miner Electrolyte Metab22: 279–292, 1996

8. Canessa CM, Horisberger J-D, Rossier BC: Epithelial sodium
channel related to proteins involved in neurodegeneration.Na-
ture 361: 467–470, 1993

9. Canessa CM, Schild L, Buell G, Thorens B, Gautschi I, Horis-
berger J-D, Rossier BC: Amiloride-sensitive epithelial Na1

channel is made of three homologous subunits.Nature 367:
463–467, 1994

10. Palmer LG, Frindt G: Amiloride-sensitive Na channels from the
apical membrane of the rat cortical collecting tubule.Proc Natl
Acad Sci USA83: 2767–2770, 1986

11. Kemendy AE, Kleyman TR, Eaton DC: Aldosterone alters the
open probability of amiloride-blockable sodium channel in A6
epithelia.Am J Physiol263: C825–C837, 1992

12. Duc C, Farman N, Canessa CM, Bonvalet JP, Rossier BC:
Cell-specific expression of epithelial sodium channela, b, g
subunits in aldosterone-responsive epithelia from the rat: Local-
ization by in situ hybridization and immunocytochemistry.J Cell
Biol 127: 1907–1921, 1994

13. Stoos BA, Náray-Fejes-Tóth A, Carretero OA, Ito S, Fejes-To´th
G: Characterization of a mouse cortical collecting duct cell line.
Kidney Int39: 1168–1175, 1991

14. Rafestin-Oblin ME, Farman N, Cassingéna R, Ronco P, Vande-
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