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Abstract. The final control of sodium balance takes place in the

cortical collecting duct (CCD) of the nephron, where cortico-

steroid hormones regulate sodium reabsorption by acting

through mineralocorticoid (MR) and/or glucocorticoid (GR)

receptors. A clone of principal CCD cells (mpkCCDcl4) has

been established that is derived from a transgenic mouse (SV40

large T antigen under the control of the SV40 enhancer/L-type

pyruvate kinase promoter). Cells grown on filters form polar-

ized monolayers with high electrical transepithelial resistance

(RT approximately 4700 V 3 cm2) and potential difference (PD

approximately 250 mV) and have an amiloride-sensitive elec-

trogenic sodium transport, as assessed by the short-circuit

current method (Isc approximately 11 mA/cm2). Reverse tran-

scription-PCR experiments using rat MR primers, [3H]aldoste-

rone, and [3H]dexamethasone binding and competition studies

indicated that the mpkCCDcl4 cells exhibit specific MR and

GR. Aldosterone increased Isc in a dose- (10210 to 1026 M)

and time-dependent (2 to 72 h) manner, whereas corticosterone

only transiently increased Isc (2 to 6 h). Consistent with the

expression of 11b-hydroxysteroid dehydrogenase type 2,

which metabolizes glucocorticoids to inactive 11-dehydroderi-

vates, carbenoxolone potentiated the corticosterone-stimulated

Isc. Aldosterone (5 3 1027 M)-induced Isc (fourfold) was

associated with a three- to fivefold increase in a-ENaC mRNA

(but not in those for b- or g-ENaC) and three- to 10-fold

increases in a-ENaC protein synthesis. In conclusion, this new

immortalized mammalian CCD clonal cell line has retained a

high level of epithelial differentiation and sodium transport

stimulated by aldosterone and therefore represents a useful

mammalian cell system for identifying the genes controlled by

aldosterone.

The distal portions of the renal tubule are the main sites of

sodium reabsorption that are regulated by aldosterone (1).

Most in vitro studies on ion transport regulated by aldosterone

or studies on aldosterone-induced proteins and regulation of

the amiloride-sensitive sodium channel (ENaC) have been

performed on amphibian cell lines (2–5). Aldosterone acts on

sodium transport in A6 cells derived from the kidney of

Xenopus laevis (6) with a latent period (45 min), followed by

early (1 to 3 h) and late (3 to 24 h) phases during which sodium

transport increases (1,4). These cells form a tight epithelium

and bear apical ENaC, which is the rate-limiting step for

sodium entry, and a basolateral, ouabain-sensitive sodium

pump (Na1,K1-ATPase), which provides the driving force for

sodium exit (7). Canessa et al. (8,9) have determined the

primary structure of ENaC from the rat distal colon by expres-

sion cloning in Xenopus laevis oocytes. ENaC is composed of

three homologous subunits (a, b, and g). The reconstituted

channel has the characteristics of the native ENaC described in

A6 cells and rat cortical collecting duct (CCD) (10,11) when

injected in Xenopus oocytes. Immunocytochemical studies on

kidneys from rats on a low salt diet have also shown that the

three a-, b-, and g-ENaC subunits are present at the apical

membrane of the majority (presumably principal cells) of cor-

tical and outer medullary collecting duct cells (12).

Whether the time course and dose dependence of aldoste-

rone-induced sodium transport in the amphibian A6 cell model

are the same as their mammalian counterpart is not known.

There is as yet no evidence of a highly conserved response to

aldosterone in established mammalian CCD cell lines (13–15).

Thus, a mammalian immortalized CCD cell line that responds

to aldosterone would be most useful for analyzing the action of

corticosteroid hormones on sodium transport.

Targeted oncogenesis in transgenic animals is a powerful

method for deriving differentiated renal cell lines (16). We

have established differentiated renal proximal tubule and crypt

intestinal cell lines (17,18) from transgenic mice carrying the

large T antigen gene (Tag) under the control of the 59 regula-

tory sequences of the L-type pyruvate kinase (L-PK) gene (19).

This transgene is only active in the proximal renal tubule, but

an altered expression of integrated transgene was found in

another line of transgenic mice (SV-PK/Tag mice) in which the
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large T antigen gene is under the control of the SV40 early

enhancer placed in front of the 21004-bp region of the L-PK

promoter (20). The large T antigen is detected in proximal

tubule cells and also at a high degree in ascending limbs of

Henle’s loop, distal tubule, and collecting duct cells. This

particular strain of SV-PK/Tag transgenic mice was used to

derive CCD cells whose chloride transport is sensitive to

vasopressin and aldosterone (21). We therefore raised another

CCD cell line derived from another SV-PK/Tag transgenic

mouse and cloned them to establish a pure population of CCD

principal cells, as these are the main target cells for aldosterone

in the mammalian kidney (22).

The present study describes the major properties of a clonal

cell line, mpkCCDcl4, derived from CCD segments isolated

from the kidney of a 1-mo-old SV-PK/Tag transgenic mouse.

These cells have many of the features expected of an aldoste-

rone-responsive cell when grown on a porous substrate.

Materials and Methods
Materials

Culture media (Dulbecco’s modified Eagle’s medium [DMEM],

Ham’s F12) were from Life Technologies (Eragny, France).

[a-32P]dCTP and [3H]corticosterone were from New England Nuclear

(Le Blanc Mesnil, France). [3H]aldosterone and [3H]dexamethasone

were from Amersham (Les Ulis, France). Hormones and reagents

were from Sigma (St. Louis, MO). The polyclonal rabbit anti-Tag

antibody was a gift from D. Hanahan (University of San Francisco,

CA). The anti-cytokeratins K8-K18 antibody was kindly provided by

D. Paulin (Université Paris VII, France). The anti-ZO-1 antibody was

from Chemicon International (Temecula, CA). The anti-a-Na1,K1-

ATPase antibody was a gift from M. Caplan (Yale University, New

Haven, CT), and the biotinylated Dolichos biflorus agglutinin (DBA)

was purchased from Vector Laboratories (Burlingame, CA). The

RNA-PLUS extraction kit was purchased from Bioprobe Systems

(Montreuil-sous-Bois, France). The Moloney murine leukemia virus

reverse transcriptase was from Life Technologies. HPLC was per-

formed with the Beckman Gold HPLC system apparatus (Beckman

Instruments, Gagny, France). Tissue Culture Treated Transwell or

Snapwell filters (0.4 mm pore size, 1.2 cm2 diameter) were from

Corning Costar Corp. (Cambridge, MA). The Millicell Electrical

Resistance Clamp apparatus (VCC 600) was from Precision Instru-

ment Design (Tahoe City, CA).

Transgenic Mice
Experiments were carried out on SV-PK/Tag transgenic mice con-

taining a 2.7-kb fragment of the SV40 early region, including the

sequences encoding the transforming large tumor (T) and small tumor

(t) antigens under the control of the SV40 enhancer placed in front of

the 21004 nt fragment of the rat L-L9-pyruvate kinase gene regula-

tory region in the 59 flanking region (20).

Cell Isolation and Culture
The kidneys from a 1-mo-old SV-PK/Tag male mouse were re-

moved under sterile conditions, sliced, and incubated in medium

(DMEM:Ham’s F12, 1:1 vol/vol) containing 0.1% (wt/vol) collage-

nase for 1 h at 37°C. The slices were rinsed in medium, and CCD

fragments were microdissected using sterile fine needles. Pools of five

to 10 isolated CCD fragments were rinsed in fresh medium, trans-

ferred to collagen-coated 24-well trays, and cultured in modified DM

medium (DMEM:Ham’s F12, 1:1 vol/vol; 60 nM sodium selenate; 5

mg/ml transferrin; 2 mM glutamine; 50 nM dexamethasone; 1 nM

triiodothyronine; 10 ng/ml epidermal growth factor; 5 mg/ml insulin;

20 mM D-glucose; 2% fetal calf serum [FCS]; and 20 mM Hepes, pH

7.4) at 37°C in 5% CO2/95% air. The cells grew faster after the first

passage. They were cloned after the fourth passage and selected for

their epithelioid phenotype and the presence of SV40 large T antigen

in the nucleus. One clone of cells (mpkCCDcl4) was routinely sub-

cultured, and the medium was changed every 2 d. All studies de-

scribed in this report were performed on cells between the 15th and

40th passages.

Electrophysiologic Studies
Confluent cells seeded and grown in DM medium on collagen-

coated Transwell or Snapwell filters were placed in hormone-free,

epidermal growth factor-free DM (HFM) medium supplemented with

charcoal-treated steroid-free FCS for 24 h, and then in FCS-free HFM

medium in which Hepes was replaced by 15 mM NaHCO3 for an

additional 18 h. Isc was directly measured using Snapwell filters

mounted in a diffusion chamber (Costar Corp.) and connected to a

voltage clamp apparatus (VCC 600, Precision Instrument Design) via

glass barrel Micro-Reference Ag/AgCl electrodes (Precision Instru-

ment Design) filled with 3 M KCl. Cell layers were bathed on both

sides with 8 ml of HFM medium warmed to 37°C and continuously

gassed with 95% O2/5% CO2 to keep the pH at 7.4. Isc (mA/cm2) was

measured by clamping the open-circuit PD to 0 mV for 1 s. By

convention, a positive Isc is a flow of positive charges from the apical

to the basal solution. RT was calculated from PD and Isc using Ohm’s

law. For long-term experiments ($6 h), transepithelial electrical re-

sistance (RT) and transepithelial potential (PD) were measured on cells

grown on Transwell filters using dual silver/silver chloride (Ag/AgCl)

electrodes connected to the Millicell Electrical Resistance System.

Equivalent short-circuit current (Ieq) was calculated with Ohm’s law

from RT and PD.

Electron Microscopy
Confluent cells grown on 0.4-mm pore filters were fixed by im-

mersion for 2 h in 2.5% glutaraldehyde in 0.1 M cacodylate buffer,

embedded in Epon, and processed for transmission electron micros-

copy by standard procedures.

Immunohistochemical Methods
The frozen kidneys from an adult SV-PK/Tag transgenic mouse fed

a carbohydrate-rich diet and confluent cultured cells were fixed with

60% acetone-30% ethanol, and the SV40 large T antigen was immu-

nolocalized using an anti-Tag polyclonal antibody (20). Confluent

cells grown on glass coverslips or porous filters were also fixed in

ice-cold methanol for 8 min and processed for immunofluorescence

using anti-cytokeratins K8-K18, anti-ZO-1, anti-a-Na1,K1-ATPase

antibodies (18,21), or biotinylated Dolichos biflorus agglutinin. Spec-

imens were examined under a Zeiss photomicroscope or by confocal

laser scanning microscopy (Leica).

Immunoprecipitation Studies
Immunoprecipitation studies were done using preimmune sera and

specific anti-a, -b, and -g rat ENaC (rENaC) antibodies (12) as

described by May et al. (23). Confluent cells (day 7) grown on porous

filters in hormone-free, FCS-free medium were rinsed in methionine-

free medium, and 200 ml of methionine-free medium containing 1

mCi/ml [35S]methionine was added to the basal side of inverted filters

for 30 min at 37°C. Cells were rinsed again and incubated with 250 ml
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of homogenizing buffer (150 mM NaCl, 20 mM Tris-HCl, 5 mM

ethylenediaminetetra-acetic acid [EDTA], 1% [vol:vol] Triton X-100,

0.2% bovine serum albumin [BSA], 1 mM phenylmethylsulfonyl

fluoride, and 10 mg/ml leupeptin) for 10 min at 4°C. Cells were

scraped off, freezed-thawed, sonicated, and centrifuged (15,000 3 g

for 2 min) to eliminate nuclei and cell debris. The amount of incor-

porated [35S]methionine was determined by TCA (10%) precipitation.

Similar amounts of cpm were submitted to immunoprecipitation.

Sodium dodecyl sulfate (SDS; final concentration: 3.7%) was added

and samples were heated for 5 min at 95°C. Preparations were

precleared with each of the preimmune sera (diluted 1:20) plus 50 ml

of pansorbin (0.1 g/ml) for 60 min at 4°C, centrifuged, and then

incubated with the specific anti-a, -b, or -g rENaC antibodies (1:20)

overnight at 4°C. Samples were incubated with protein A-Sepharose

for 60 min at 4°C, centrifuged, and washed 4 times with the homog-

enizing buffer and then 3 times with 0.1% SDS, 2 mM EDTA, 10 mM

Tris-HCl, pH 7.5. The immunoprecipitated proteins were recovered in

Laemmli loading buffer, heated, loaded on 7.5% SDS-polyacrylamide

gels, and electrophoresed. Gels were fixed, incubated in EntensifyTM

solutions (Dupont de Nemours, Brussels, Belgium), and dried. Gels

were analyzed with an Instant ImagerTM (Hewlett Packard, Meriden,

CT) for quantification and then autoradiographed.

cAMP Assay
The influence of deamino-8-D-arginine vasopressin (dDAVP) and

isoproterenol (ISO) on the cell cAMP content was assayed as de-

scribed earlier (21).

RNA Extraction and Reverse Transcription-PCR
Total RNA were extracted from rat and mouse kidneys and con-

fluent mpkCCDcl4 cells grown on porous filters using the RNA-PLUS

extraction kit. RNA (2 mg) was reverse-transcribed with Moloney

murine leukemia virus-reverse transcriptase at 42°C for 45 min. A

total of 100 ng cDNA and non-reverse-transcribed RNA from

mpkCCDcl4 cells was amplified for 25 to 28 cycles in 100 ml of total

volume of PCR buffer (50 mM KCl, 20 mM Tris-HCl, pH 8.4)

containing 40 mM dNTP; 1.5 mM MgCl2; 1 mCi [a-32P]dCTP; 1 U

Taq polymerase; 29.2, 31.5, or 29.4 pmol of a-, b-, and g-rENaC

primers, respectively; and 9 pmol of hGAPDH (internal standard)

primers. The primers used were the same as those described by

Hummler et al. (24). The thermal cycling program was 94°C for 30 s,

54°C (a-rENaC) or 53°C (b- and g-rENaC) for 30 s, and 72°C for

60 s. Amplification products were run on a 4% polyacrylamide gel

and autoradiographed.

cDNA (250 ng) from rat or mouse kidneys and cultured cells were

amplified for 32 to 34 cycles in a 50-ml total volume of PCR buffer

containing 40 mM dNTP, 1.5 mM (for 11b-HSD2) or 3.5 mM (for

MR) MgCl2, 1 U Taq polymerase, 30 or 29 pmol of mouse 11b-

hydroxysteroid dehydrogenase type 2 (m11b-HSD2) primers, or 48

pmol of rat MR (rMR) primers. m11b-HSD2 primers (25) were: sense

59-TCGCCTGAAGCTGCTGCAGAT-39 in exon 2 and antisense 59-

TGTCTTGGAGCAGCCAGGCTTG-39 in exon 4 (30 pmol) or sense

59-TGACGTGGGACTGTCTCCAGT-39 in exon 3 and antisense 59-

CTGAGCTGCCAGCAATGCATCGAT-39 in exon 5 (29 pmol). rMR

primers, located near the 39 end of the rat MR coding region, were the

same as those described by Todd-Turla et al. (26). To assess the MR

PCR products identity, amplified products were digested using

HindIII and EcoRI as described (26). The thermal cycling programs

were 94°C for 30 s, 60°C (11b-HSD2) or 55°C (MR) for 30 s, and

72°C for 60 s. Amplification products were run on 3.5% agarose gel,

then stained with ethidium bromide and photographed.

Corticosteroid Binding Studies
Confluent mpkCCDcl4 cells were seeded in 100-mm diameter Petri

dishes and grown in charcoal-treated steroid-free medium for 48 h,

rinsed three times with 10 ml of ice-cold phosphate-buffered saline,

gently scraped off the dishes, collected by centrifugation (150 3 g for

10 min), and snap-frozen in liquid nitrogen. TEGW buffer (20 mM

Tris-HCl, 1 mM EDTA, 10% glycerol, and 20 mM sodium tungstate,

pH 7.4) was added to the frozen cell pellets (3:1 buffer/cell vol). The

suspended cells were homogenized with a Teflon glass homogenizer

and centrifuged at 105,000 3 g for 45 min. Cell cytosol preparations

were immediately used for steroid binding assays (27). Protein content

of the cytosols was measured by the Bradford method (28), using BSA

as standard.

Aliquots of cytosol (25 ml) were incubated with 0.1 to 40 nM

[3H]aldosterone or [3H]dexamethasone for 4 h at 4°C. Bound (B) and

free (F) hormone were separated using the dextran-charcoal method

(27), and B was analyzed as a function of F (29). For competition

studies, cytosols were incubated for 4 h at 4°C with [3H]aldosterone

alone or with excess (310 or 3100) unlabeled aldosterone, RU26752,

or RU486. Bound and free hormones were separated with the dextran-

charcoal method.

For sucrose gradient analysis, [3H]aldosterone-labeled cytosol (100

ml) was layered on a 5 to 20% sucrose gradient prepared in TEGW

buffer, and the tubes were centrifuged for 2 h at 416,000 3 g in a

Beckman VTi65.2 rotor. Three-drop fractions were collected by pierc-

ing the bottom of each tube and radioactivity was counted. BSA (4.6

S) and aldolase (7.9 S) were external standards.

11b-Hydroxysteroid Dehydrogenase Activity
The conversion of [3H]corticosterone to 11-dehydrocorticosterone

mediated by 11b-HSD was determined as described previously

(30,31). Briefly, confluent mpkCCDcl4 cells grown on Petri dishes

were incubated in hormonally free medium for 2 h. Afterward, cells

were incubated in this medium (500 ml) supplemented with 2 nM

[3H]corticosterone and with or without 1026 M carbenoxolone for 4 h

at 37°C. The reaction was stopped by adding 500 ml of cold methanol

containing 50 mg/ml unlabeled corticosterone and 11-dehydrocorti-

costerone. Corticosterone metabolites were separated by HPLC using

a reversed-phase column Novapack C18 (4 mm; Waters Associates,

Milford, MA) with precolumn (C18, 5 mm; Waters Associates) and

isocratic elution (flow rate: 1 ml/min) with methanol/H2O (50%

vol/vol). Ultraviolet detection of unlabeled corticosterone and 11-

dehydrocorticosterone was determined at 254 nm, and radioactivity

was counted in each collected fraction (30,31).

Statistical Analysis
Results are given as means 6 SEM from n experiments. Statistical

differences between groups were calculated using t test.

Results
Morphologic Features of Principal CCD Cells

Immunolabeling of the SV40 T antigen (Tag) was first

analyzed on frozen sections of kidney from an adult SV-PK/

Tag transgenic mouse fed a high carbohydrate diet. The trans-

gene construct is shown in Figure 1A. Weak Tag immunostain-

ing was found in the nuclei of proximal tubule cells, and the

nuclei from distal and collecting duct cells were also heavily

labeled (Figure 1, B and C). Cells from CCD fragments in

glucose-enriched medium multiplied rapidly after the first pas-

sage. Clones were isolated and subcultured. The mpkCCDcl4
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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, a b-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: 1126 6 87; ISO: 134 6 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: 249.1 6 2.2 mV), and a positive short-circuit current (Isc:

111.1 6 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, 50 mm.

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, 50 mm; B

through E, 10 mm; F and G, 1 mm.
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primers indicated that confluent cells grown on porous filters

contained mRNA for the three a-, b-, and g-subunits of the

ENaC gene (Figure 4A). There was more a-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 heavily 35S-labeled bands of 93 kD for

a-ENaC, 96 kD for b-EnaC, and 85 kD for g-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 inhibited Isc 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-maximum Isc inhibition required

5 3 1027 M amiloride and 3 3 1028 M benzamyl amiloride.

These Na1 channel blocking agents had almost no effect on Isc

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 on Isc when 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) inhibited Isc by 69 6 4% (n 5 5), but

did not alter Isc when it was added to the medium bathing the

apical side of the cells (data not shown). This is consistent with the

detection of the a-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 measuring Isc on confluent mpkCCDcl4 cells grown on

filters and incubated in hormone-free, steroid-free medium for

48 h. Aldosterone significantly increased Isc 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) increased Isc shortly after 1 h of

incubation. Although low, a significant rise in Isc was observed

after 2 h of incubation with low aldosterone concentrations

(,1028 M) compared with Isc values from the same sets of

untreated cells (Figure 6B). The increase in Isc 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 5 3 1027 M aldosterone on Ieq and RT of confluent

cells grown on porous filters showed that Ieq increased soon

after 75 min of hormone addition, and the maximal increase

Figure 3. Dolichos biflorus agglutinin (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, 10 mm.
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 for a- (lane 1), b- (lane 4), and g- (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: 7.5 6 0.3; 1

aldosterone: 34.1 6 0.4 mA/cm2, n 5 3, P , 0.001) when the

FCS-free HFM medium was changed daily. The increase in Ieq

was associated with a significantly large decrease in RT (Figure

7B). The increase in Ieq was due to increased sodium absorp-

tion, since Ieq 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 5 3 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 the Ieq 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 on Isc. Isc was 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 of Isc measured before the

addition of the blocking agents, are the mean 6 SEM from six

separate experiments.

Figure 6. Action of aldosterone on Isc. (A) Representative traces of Isc

measured in the absence (E) or presence of 10210, 1027, or 1026 M

aldosterone (F). (B) Dose-dependent response of Isc after 2 h of

incubation with (F) or without (E) various concentrations of aldoste-

rone. Values are means 6 SEM of four to seven experiments. *P ,

0.05, **P , 0.01, ***P , 0.001 versus untreated cell values (E).

Figure 7. Effect of aldosterone on Isc and RT. (A) Ieq was 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 values 6

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 means 6 SEM from six to eight individual

filters from eight passages (18th to 30th passages).
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(corticosterone: 6.8 6 0.3; corticosterone plus CBX: 27.1 6

4.5; aldosterone: 25.5 6 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 87 6 0.5% (n 5 4) after 4 h of incubation 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 (5 3 1027 M) on Isc were 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 stimulated Isc after 2 h.

A 20-fold excess of RU486 prevented the rise in Isc induced by

high concentrations of corticosterone or aldosterone, but did

not impair the rise in Isc 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 by HindIII 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 with EcoRI (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 means 6 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 means 6 SEM of four experiments.

Table 1. Effects of RU486 on aldosterone- and

corticosterone-stimulated Isc
a

Group
Isc (mA/cm2)

2RU486 1RU486

None 8.7 6 1.5 7.6 6 1.2

Aldosterone (1029 M) 15.6 6 1.5b 15.2 6 2.2

Aldosterone (5 3 1027 M) 22.8 6 1.3c 11.5 6 1.3d

Corticosterone (5 3 1027 M) 23.8 6 1.4c 13.1 6 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 5 3 1027 M), aldosterone plus a
20-fold excess of RU486, corticosterone (5 3 1027 M) and
corticosterone plus a 20-fold excess of RU486 for 2 h at 37°C. All
hormones and compounds were added to both basal and apical
sides of the filters. Values are means 6 SEM from three to seven
experiments.

b P , 0.05 versus untreated cells.
c P , 0.001 versus untreated cells.
d P , 0.001 versus aldosterone- 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 vivo and in 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 5 3 1027 M aldosterone

(Figure 10). The amounts of a-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 of b- and g-ENaC mRNA did not change (Figure

10A). The rate of a-ENaC protein synthesis also increased

threefold after a 2-h incubation with aldosterone (Figure 10B).

The increase in a-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 of b-ENaC or the

rate of g-ENaC protein synthesis.

Actinomycin D (a transcription inhibitor) and cyclohexi-

mide (a translation blocker) both prevented any increase in Ieq

by aldosterone (Figure 11A). Immunoprecipitation studies

showed that actinomycin D prevented the increase in a-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 on a-ENaC synthesis re-

quires gene transcription.

1028 M [3H]aldosterone for 4 h at 4°C in the absence (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 inhibits Isc 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 of bona fide electrogenic 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 increase Isc in one subclone of MDCK

cells (48), the Isc values 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). Miquerol et al. (20) have created

new lines of transgenic mice to determine the influence of the

distal region (21000 to 23000 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 for a- (f), b- (F), and g- (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 in a-ENaC mRNA expression

induced by aldosterone. (B, Top Panel) Rates of a- (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 in a-ENAC protein

synthesis over time. Values are means 6 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 by Ieq, was measured on mpkCCDcl4

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

M), cycloheximide (Cyclo., 0.3 mg/ml), aldosterone (Aldo., 5 3 1027

M), Aldo. plus Actino. or Aldo. plus Cyclo. for 2 and 6 h. Values are

means 6 SEM from three experiments. (B) Immunoprecipitation of

the a-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.
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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

classical ex vivo cell 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 increases Isc 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 (5 3 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 in Isc caused by

1029 M aldosterone, but almost completely prevented the rise

in Isc caused by 5 3 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, Geering et 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 on a-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 the a-ENaC subunit

has a short half-life (approximately 50 min) and that aldoste-

rone increases the rate of a-ENaC subunit within 60 min, in

parallel with the increase in Isc (23). These observations raise

the possibility that de novo synthesis of a-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 both a-ENaC mRNA

and protein in mpkCCDcl4 cells. The increase in a-ENaC

protein synthesis is already detectable after incubation with

5 3 1027 M aldosterone for 2 h, which correlates well with the

increase in Isc produced by aldosterone (Figures 7 and 10).

Thus, corticosteroid hormones rapidly stimulate a-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 in a-ENaC

protein produced by aldosterone.

Increased g-ENaC mRNA production has been also reported

in primary cultured rabbit CCD cells (57). We found that

aldosterone had no significant effect on b- 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 on Isc and on a-ENaC mRNA and protein in

cultured principal mpkCCDcl4 cells, but Renard et al. (58)

detected no change in this channel subunit in kidneys from rats

after chronic treatment with aldosterone. Asher et al. (59), in

contrast, found that aldosterone and dexamethasone only

slightly stimulated a-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 on a-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.
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receptors and 11 b-steroid dehydrogenase activity in renal prin-

cipal and intercalated cells. Am J Physiol 266: F76–F80, 1994

32. Schuster VL: Function and regulation of collecting duct interca-

lated cells. Annu Rev Physiol 55: 267–288, 1993

33. Kleyman TR, Cragoe EJ: Amiloride and its analogs as tools in

the study of ion transport. J Membr Biol 105: 1–21, 1988

34. Vigne P, Frelin C, Cragoe EJ, Ladzunski M: Ethylisopropyl-

amiloride: A new and highly potent derivative of amiloride for

the inhibition of the Na1/H1 exchange system in various cell

types. Biochem Biophys Res Commun 116: 86–90, 1983
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Pflügers Arch 420: 39–45, 1992

48. Blazer-Yost BL, Record RD, Oberleithner H: Characterization of

hormone-stimulated Na1 transport in a high-resistance clone of
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