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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 Clal site (—1004 nt) of the rat L-PK promoter fused to the
BamHI-Bcll fragment (2.7 kb) of the SV40 coding sequences of the
large tumor (T) and small tumor (t) antigens. Hatched boxes indicate
the erythroid- (L) and liver (L)-specific exons of the L-PK gene. (B
and C) lllustrations 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, 5am.

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 containedFigure 2.Morphology of confluent cultured mouse cortical collecting
typical network of cytokeratins &K, (Figure 2B) and the duct (CCD) cell_s. _(A) Phase-contrast micrograph of conf!uent cells
tight junction-associated protein ZO-1 at the cell peripheri@éown on a Petri dish (passage 25). The cells are all cuboid and form

: : Lo domes. (B) Cells contain cytokeratinsg¥K,o, as detected with a
(Figure 2C). The mpkCCPy, cells grew rapidly (doubling time (I%yclonal antibody. (C) Tight junctions appear as fine, regular out-

; P,
20 10 30 h), had a Ipng “fe. span (more than .45 passages"ﬁ s around all cells when labeled with the anti-ZO-1 antibody. (D)
datg), and all of thelr ngdel contained Tf’ig (Figure 2D). I‘a‘l'he nuclei of all cells are immunoreactive for large T antigen. (E)
beling with the antie-Na",K"-ATPase antibody analyzed by| ateral and basal locations of N& *-ATPase pumps is illustrated
confocal laser scanning microscopy revealed that Namps by confocal laser analysis of preparations labeled with a specific
were in the lateral and basal domains of the cells (Figure 2@jti-o-Na",K "-ATPase antibody. (F and G) Cells grown on filters
The cells maintained their structural polarity when grown oform confluent monolayers of closely apposed cuboid cells (F), sep-
porous filters and formed monolayers of epithelial cells close#yated by tight junctions and desmosomes (G). Bars: Auf0) B
apposed and sealed by typical junctional complexes (Figuretirough E, 10um; F and G, Ium.
F and G).

Biochemical and Functional Properties of Mouse CCD

Cultured Cells lectin that binds to the intercalated cells in the mouse kidney
Intact CCD contain two cell types, the principal and théigure 3A), showed that very few mpkCGPcells (less than

intercalated cells, each having distinct sensitivities to hos%) were DBA-positive (Figure 3, B and C). Hence, the

mones and functions (22,32). Deamin@-&rginine vasopres- cultured mpkCCR, cells were mainly principal cells. These

sin (dDAVP, 10 ® M), an analog that binds specifically to thecells also had the typical electrophysiologic features of a tight

V2 receptors on principal cells, increased the cell cAMP coepithelium; cells grown to confluence on permeable filters

tent 43-fold, whereas 16 M isoproterenol, aB-adrenergic developed a high transepithelial electrical resistanBg: (

agonist thought to act on intercalated cells (22), increased #890 + 234 () X cn¥), a negative potential difference

cell cAMP only fivefold over that of untreated cells (control(Py: —49.1+ 2.2 mV), and a positive short-circuit curremfy

26 + 3; dDAVP: 1126+ 87; ISO: 134+ 49 pmol/7 min per +11.1+ 0.8 uA/cm?, n = 65).

mg protein;n = 6). Immunofluorescence studies with DBA, a Reverse transcription (RT)-PCR analyses using specific
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Figure 3. Dolichos biflorusagglutinin (DBA) binding to intact col-

lecting ducts and cultured CCD cells. (A) DBA specifically binds tc 66 -
intercalated cells from intact CCD (arrows), whereas the adjace

pairs of principal cells are not stained (arrowhead). (B and C) On

few cultured mpkCCR, cells (less than 5%) are positively stainec 1 2 1 2 1 2
with DBA, while most of the cells surrounding and forming domes arg
not stained. Bar, 1@Gm.

igure 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 fow- (lane 1),3- (lane 4), andy- (lane 7)
rENaC and hGAPDH. As control, no amplified products were de-

primers indicated that confluent cells grown on porous fIItertgcted when the mRNA was non-reverse-transcribed (lanes 2, 5, and

contained mR!\IA for the three-, 8-, and y-subunits of the 8) or when cDNA was omitted (lanes 3, 6, and 9). (B) Proteins were
ENaC gene (Figure 4A). There was mareENaC mRNA than pulsed with f°Smethionine and immunoprecipitated with specific

B and y mRNA. Immunoprecipitation with rabbit anéi; an- anti-, -8, and ¥ENaC sera (lanes 1) and the corresponding preim-
ti- B, and antiy ENaC sera (23) of cells incubated with labeledhune sera (lane 2).

methionine revealed heavifPS-labeled bands of 93 kD for

a-ENaC, 96 kD forp-EnaC, and 85 kD fory-ENaC (Figure

4B). No labeled bands were detected using the correspondii@s€ and Time Dependencies of Aldosterone on
preimmune sera. Stimulated-Sodium Transport

Short-circuit current experiments indicated that amiloride 1he €ffect of aldosterone on sodium transport was assessed

added to the apical side of the cells inhibiteg in a dose- Y measéjfing'gc o _Cogf'“e”t mfpkcc?4 C.‘;”f grown on
dependent manner (Figure 5A). Benzamyl amiloride, a moﬁJ €rs and incubated in hormone-iree, steroid-iree medium for

potent ENaC channel blocking agent than amiloride (33), alﬁo h. Aldosterone significantly increaségt in a dose- and

T : ; L : me-dependent manner over that of untreated cells (Figure
inhibited I (Figure 5A). Half-maximuml; inhibition required .

L o A). All of th | t trat test M
5 X 10’ M amiloride and 3% 108 M benzamy! amiloride. 6A) of the aldosterone concentrations tested (fOM,

. 1077 M, and 10° M) increasedl, shortly after 1 h of
These N& channel blocking agents had almost no effect gn incubation. Although low, a significant rise Ig.was observed

when they were added to the basal side of the filters (Figure 5By 5 1y ofincubation with low aldosterone concentrations
Ethylisopropyl-amiloride, a more specific blocker of the N&i ™ (<108 M) compared withl__ values from the same sets of
antiport (34), had almost no effect tpwhen it was added to the \,ntreated cells (Figure 6B). The increaséjrwas much more
apical or basal side of the cells (Figure 5, A and B). Ouabajfjarked for higher concentrations-10 8 M) of aldosterone
(10 M) added to the basal side of mpkCGDeells grown on  wjith maximal increase for I M (Figure 6, A and B).

porous filters (not shown) inhibited. by 69 = 4% (n = 5), but  The stimulatory effect of aldosterone on short-circuit current
did not alterls. when it was added to the medium bathing the/as maintained over a long period of time. Measurement of the
apical side of the cells (data not shown). This is consistent with tbgfect of 5x 10~" M aldosterone o, and R of confluent
detection of thex-subunit of the N&,K "-ATPase in the basolat- cells grown on porous filters showed that, increased soon
eral membrane of the cells (Figure 2E). after 75 min of hormone addition, and the maximal increase
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Figure 5.Effects of ENaC blocking agents og. I,.was measured on
confluent mpkCCR, cells before and after adding amilorid®,(©O), 8000 ,/§/§
benzamyl amiloride (MJ), or ethylisopropyl-amiloride (A{) to the &

£
apical side (A) or basal side (B) of the filters for 10 min. Values, & 60007

expressed as percentage of inhibition Igf measured before the G n——0~0/°‘—°/l
addition of the blocking agents, are the meanSEM from six E 4000 I/’/.
separate experiments.

2000
A A|d°(M)B O mT—T—T T T T 7 7177 771
35 ws 307 — © 1 2 3 4 5 6 7 8 24 48 72
30 25 Time (hours)
¢ 25 o "‘E 20+ Figure 7.Effect of aldosterone oh andR;. (A) I,,was measured on
ﬁ 20 bl - confluent mpkCCR, cells incubated without (O) or with (@) 5 X
f % 15 x 10~ 7 M aldosterone, added (arrows) to both basal and apical sides of
8157, 1010 £ o the filters for various times. (Inset) Bars represent the mean vatues
10 ° 107 SEM (n = 4) from the 24-h aldosterone-treated cells in the absence
54 ————— 54—~ ———— (=) or presence (+) of apical benzamyl amiloride (B.Am). B8)was
0 30 60 90 120 150 180 o0 10 9 8 7 e measuredon the same sets of filters incubated without (O) or with (@)
Time (minutes) Aldo [LOG M] aldosterone. Values are meansSEM from six to eight individual

Figure 6.Action of aldosterone oh... (A) Representative traces f,  filters from eight passages (18th to 30th passages).

measured in the absencd®)(or presence of 10'°, 107, or 10 ¢ M

aldosterone (@). (B) Dose-dependent responsé ofifter 2 h of

incubation with (@) or without (O) various concentrations of aldostegffacts of Corticosterone and Carbenoxolone on

rone. Values are means SEM of four to seven experiments. "R giym Transport: Identification of BtHSD2

0.05, **P < 0.01, **P < 0.001versusuntreated cell values ). 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

(fourfold) occurred at 6 h and continued for up to 8 h (Figureatural glucocorticoid hormone in the mouse, was tested under

7A). lg, slightly decreased thereafter, but was still 4.5-folthe same conditions used to study the action of aldosterone.

higher than in untreated cells after 72 h (control: Z8.3; + The I, of mpkCCD,, cells incubated with 5x 10’ M

aldosterone: 34.1 0.4 uA/cm? n = 3, P < 0.001) when the corticosterone for up to 12 h was stimulated (threefold) in the

FCS-free HFM medium was changed daily. The increasg,in first 2 to 4 h (Figure 8A). The effect of corticosterone was

was associated with a significantly large decreageitFigure almost completely blocked by adding 10M benzamyl amilo-

7B). The increase i, was due to increased sodium absorpride to the apical medium (data not shown). The stimulatory

tion, sincel ., was almost completely inhibited by adding 0 effect of corticosterone gradually decreased after 4 h (Figure

M benzamyl amiloride to the apical side of the cells (Figur8A). Carbenoxolone (CBX), a potent inhibitor of B HSD

7A, inset). Thus, aldosterone stimulates sodium transp¢88,39), restored thk,, of cells incubated with corticosterone

through the amiloride-sensitive epithelial sodium channel. (5 X 107 M) to that of aldosterone-treated cells after 12 h
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A B 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-

,,\} Fs1 2 3 4 5 6  sterone was mediated via the occupancy of MR and/or GR. The

w
5]
1
(¢)

effects of aldosterone (I8 M and 5x 10 7 M) and corti-
—CBX _+CBX  costerone (5 10 ' M) on |, 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 stimulbjedfter 2 h.
A 20-fold excess of RU486 prevented the riséjrinduced by
0 high concentrations of corticosterone or aldosterone, but did
not impair the rise in. caused by 10° M aldosterone (Table
1).

Results from RT-PCR experiments using sets of primers
Figure 8. Effects of carbenoxolone (CBX) on corticosterone-stimuiocated near the end of the rMR 8oding region (26) evi-
lated I, and identification of 1B-HSD2 in cultured mouse CCD denced MR PCR products of expected size (380 bp) in both rat
cells. (A) leq was measured on sets of confluent mpkG(;Bells  and mouse kidneys (Figure 9A). An additional band was also
grown on filters in the absence) or presence®) of 5 X 10" "M gaacted with mouse kidney cDNA. These two amplified prod-

cor_tlcostr.erone and _cortlcosterone plus M1 carbenoxoloneX) for ucts were also detected in mpkCGDcells (Figure 9A). Di-
various times. Corticosterone and carbenoxolone were added (arrov(\_é tion of the amplified products from whole mouse kidne
to the apical and basal side of filters. Values are mear®M from 9 P P y

six to eight individual filters from eight passages (20th to 35tﬁmd Cu“ur?d cells biAindlll y'e_lded two l_)ands of 263 _an_d 117
passages). (B) Samples of cDNA (250 ng) from mouse kidney ahg long (Figure 9B), as described previously (26). Similarly to
cultured mpkCCR,, cells were amplified by PCR for 32 cycles usingthat reported for rat kidney (26), two bands (305 and 75 bp)
primers from m1B-HSD2 exon 2 and 4 (lanes 1 to 3) or exon 3 antvere also obtained by digestion of the amplified products from
5 (lanes 4 to 6). Amplified products of expected sizes (412 bp: lanesole mouse kidney and cultured CCD cells witboRI (data

1 and 2; 475 bp: lanes 4 and 5) were obtained in both mouse kidnegt shown). These results strongly suggested that cultured
(lanes 1 and 4) and cultured CCD cells (lanes 2 and 5). As control, MpkCCD,, cells have retained specific MR mMRNA expres-
amplified products were detected by omitting cDNA (lanes 3 and &jgn.

Fs, fragment sizes of DNA molecular weight markers. (C) The con- gteroid binding studies at equilibrium confirmed the pres-

version, expressed in percentage of total radioactivity, of 2 nM coy- . : .
ticosterone (CS) to 11-dehydrocorticosterone (11-DHCS) was m(?/éva?t;ec?r]:eMgairsldo?Z (géﬁﬁcrzgacng:g [E)z)(‘;i:cn llj?r:?jriﬁcugi?e?o(ggl)
sured on confluent mpkCGR) cells incubated with 2 nM P P 9

[*H]corticosterone for 4 h at 37°C in the absence ([J) or presence ( owed that cultured mouse CCD cells had one class of high

of 105 M CBX. Values are means SEM of four experiments. ~ affinity receptor for aldosterone (K0.6 nM; Nya,c 20 to 50
fmol/mg protein) (Figure 9C). No binding offfijaldosterone
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% of radioactivity

(corticosterone: 6.8 0.3; corticosterone plus CBX: 27%

4.5; aldosterone: 25.% 0.6 uA/cm? n = 5). These results Table 1. Effects of RU486 on aldosterone- and
suggested that corticosterone was metabolized to inactive me- corticosterone-stimulateld 2

tabolites (11-dehydrocorticosterone) byg#HSD2, which pre- c
vents the illicit occupation of MR by glucocorticoids (40,41). loc (LA/CM?)

Consistent with these results, BHSD2 mRNA expression Group _RU486 L RUA486
was found in mpkCCQR, cells. RT-PCR experiments per-

formed with two different sets of mBtHSD2 primers (25) None 87+15 76+ 1.2
evidenced amplified products of expected size in both mousgldosterone (10° M) 156+ 158 152+22

kidney and cultured CCD cells (Figure 8B). FurthermoreAldosterone (5x 10’ M) 228+1.F 115+1.%
mpkCCDQ, cells converted corticosterone to 11-dehydrocorti-Corticosterone (5< 107 M) 23.8+ 1.4 13.1+ 0.6
costerone by 87 0.5% (n= 4) after 4 h ofincubation with

3 ; o —fom _ 2|, was measured on confluent mpkCGDRcells grown on
2nM [ H]Cortlcosterpne a3z F:’ whereas CBX pre ftherscand incubated without (none) or with RU486 (fOM) or
vented the conversion of corticosterone to 11-dehydrocorfia, Aidosterone (10° M and 5x 10~ 7 M), aldosterone plus a

costerone (Figure 8C). 20-fold excess of RU486, corticosterone X510~ 7 M) and
corticosterone plus a 20-fold excess of RU486Zch at37°C. All

Mineralocorticoid versus Glucocorticoid Receptor hormones and compounds were added to both basal and apical
Specificity: Physiologic and Pharmacologic sides of the filters. Values are meansSEM from three to seven

: : - : : xperiments.
Ewdence for thelr Relative Roles in Sodlum Transporf bp < 0.05versusuntreated cells.

Kidney CCD, like other targets for corticosteroid hormones, ¢p < 0.001versusuntreated cells.
possess two types of corticosteroid receptors: a high affinity® P < 0.001versusaldosterone- or corticosterone-treated cells.




930 Journal of the American Society of Nephrology J Am Soc Nephrol 10: 923-934, 1999

A B to GR was detected; however, GR were evidenced by equilib-
bp bp rium binding studies usingH]dexamethasone as ligand{ 6
NM; Naxe 80 fmol/mg protein) (Figure 9D). Sucrose gradient
600+ 600

analysis also showed that the peak#i]pldosterone-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 fH]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 andin vitro (44,45) (Figure 9F). The
specific PH]aldosterone binding was also displaced by excess

400~

100~

10 0-» |

0.04 - .08 —
oo RU486, which is consistent with binding of aldosterone to GR
(Figure 9E).
0.03 0.06
E 0.02 - ; 0.04 - a ENaC as Mediator of the Amiloride-Sensitive
Electrogenic Sodium Transport: Early and Late
0,014 002 Effects of Aldosterone
) o ) The mpkCCR,, cells grown on porous filters contain the
mRNA-encoding amiloride-sensitive ENaC subunit and the
0 . 0 . , oJ —r—r—1—711 proteins themselves (Figure 4). The effects of aldosterone on
0 02 04 06 08 0 05 1 15 2 25 the amounts of ENaC mRNA and protein were assessed by
E B (i) F B M) growing mouse CCD cells on filters in steroid-free medium for
B0 A BsA 30 - 48 h, then incubating them with % 10’ M aldosterone
— 2 (Figure 10). The amounts af-ENaC mRNA, normalized to
T the amount of GAPDH mRNA, increased twofold after incu-
§ %7 82 0 bation with aldosterone for 2 h. Longer incubation with aldo-
g 500 ga sterone (6 to 24 h) further increased (three- to fivefold) the
Z 4004 §§’ amount of a-ENaC mRNA (Figure 10A). In contrast, the
g 300~ g:o 104 amounts ofB- and y-ENaC mRNA did not change (Figure
e s E 10A). The rate ofa-ENaC protein synthesis also increased
| - v threefold after a 2-h incubation with aldosterone (Figure 10B).
e - éé The increase ilv-ENaC protein synthesis remained 10-fold
o—0 ) 0- R Q’e higher after 6 h and sevenfold higher after 24 h of incubation
Fraction number F s with aldosterone compared with untreated cells (Figure 10B).

O :
2 In contrast, aldosterone did not alter the ratg@dENaC or the
rate of y-ENaC protein synthesis.

Figure 9. Mineralocorticoid and glucocorticoid receptors in mouse Actinomvei g AR :
ycin D (a transcription inhibitor) and cyclohexi-

cultured CCD cells. (4) Samples of CDNA (250 ng) from rat anC}nide (a translation blocker) both prevented any increasg,in

mouse kidneys and cultured mpkCgGPcells were amplified by PCR &

for 34 cycles using sets of rMR primers. Amplified products of tth aldOSterone. (Flgurg 11A). ImmunOpr_eC'p'tat'on studies
expected size (380 bp) were obtained in rat kidney (lane 1), moudaowed that actinomycin D prevented the increase-ENaC
kidney (lane 2), and cultured CCD cells (lane 3). An additional barffotein synthesis caused by 2- and 6-h aldosterone treatment
of amplified products (not identified) was also detected in moug&igure 11B). These data thus provide pharmacologic evidence
kidney and cultured cells. (B) Digestion of the amplified productthat the early effect of aldosterone @aENaC synthesis re-
with Hindlll yielded two bands of expected size (263 bp and 117 bpjyires gene transcription.

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®H]aldosterone (@) and®*H]dexamethasone (A)
binding to mpkCCRQ,, cytosol. The cytosol was incubated with 0.1 toj0~® M [3H]aldosterone fo4 h at 4°C in theabsence®) or presence

40 nM [’H]aldosterone orH]dexamethasone for 4 h at 4°C. Bound(O) of a 100-fold excess unlabeled aldosterone. Sedimentation mark-
(B) and free (F) hormone fractions were separated by the dextrais were aldolase (A, 7.9 S) and bovine serum albumin (BSA, 4.6 S).
charcoal method. The curve was simulated from the best interacti@n The cytosol was also incubated with TOM [*H]aldosterone
model, which was one class of specific sites and nonspecific bindingithout (black bar) or with a 10-fold (hatched white bars) or 100-fold
(E) Gradient sedimentation analysis 8fialdosterone-receptor com- (hatched black bars) excess of unlabeled aldosterone, RU26752, or
plex in the cytosol of mpkCCD cells. Cytosol was incubated witRU486.
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GAPDH |#s = = = & Figure 11.Action of actinomycin D and cycloheximide on aldoste-
rone-induced sodium transport in mpkCGPcells. (A) The transep-
gilllizlliallllslliaa 0o 2 6 24 ithelial Na* transport, assessed by, was measured on mpkCGD
Time (hours) Time (hours) cells grown on filters with or without actinomycin D (Actino., 10

Figure 10. Action of aldosterone on the amounts of ENaC subuni), cycloheximide (Cyclo., 0.3g/ml), aldosterone (Aldo., & 10" *
mRNA and protein in cultured mouse CCD cells. ConfluenM). Aldo. plus Actino. or Aldo. plus Cyclo. for 2 and 6 h. Values are

mpkCCD,, cells grown on filters were incubated without (time 0) ofmeans* SEM from three experiments. (B) Immunoprecipitation of
with 5 X 10~ M aldosterone for 2 to 24 h. (A, Top Panel) cDNAthea-ENaC subunit from cells labeled witfi%5]methionine (30 min)

from cells were submitted to RT-PCR and amplified with sets g¥fter incubation for 2 h (top panel) and 6 h (bottom panel). Lanes 1,
primers specific forx- (M), p- (@), andy- (A) ENaC and GAPDH, untreated cells; lanes 2, actinomycin D-treated cells; lanes 3, aldoste-
used as internal standard. The graph provides the fractional change®@f¢-treated cells; lanes 4, aldosterone plus actinomycin D-treated
ENaC subunits over GAPDH mRNA ratios (arbitrary unit), whictfells.
were normalized to 1 for the untreated cells. (A, Bottom Panel)
lllustration of time-dependent increasearENaC mRNA expression
induced by aldosterone. (B, Top Panel) Rates-o(ll), 8- (@), and With the identification of the CCD-specific BtHSD2 isoform
v- (A) ENaC protein syntheses assessed by immunoprecipitati@b,31), indicate that these clonal mouse principal CCD cells
studies. The graph shows the fractional changes in ENaC subunitisplay all of the features dfona fideelectrogenic amiloride-
normalized to 1 for the values from untreated cells. (B, Bottom Panglgnsitive sodium transport stimulated by aldosterone.
lllustration of the aldosterone-dependent increase-ENAC protein Several groups have attempted to establish lines of collect-
synthesis over time. Values are meansSEM from four separate jnhq duct cells, but most, if not all of them, did not maintain the
experiments. steroid hormonal control of ionic transport. Although aldoste-
rone has been shown to incredggn one subclone of MDCK
cells (48), thd . values that were measured remained very low,
Discussion about 100-fold lower than those of mpkCGRcells. The M-1
An Ex Vivo Model of CCD Principal Cells cells, derived from isolated CCD from mice transgenic for the
The mpkCCR,, cell clone has the phenotype of a polarize@arly region of SV40 (13), can still produce the ENaC subunits
tight epithelium with morphologic and functional features re49), but are insensitive to aldosterone (B. C. Rossier, personal
tained from the parental principal CCD cells. Previously chacommunication). Because the M-1 and our mpkCCD cells are
acterized SV40-transformed rat rCCD1 cells (15), and thmth derived from transgenic mice harboring the large T anti-
immortalized mouse M-1 CCD cells (13) both contain the twgen, this difference is not readily explained. One possible
main CCD cell types, principal (PC) and intercalated (IC) cellexplanation is that we used a transgene in which the immor-
mpkCCD,, cells are essentially PC, since they respond talizing SV40 large T antigen is under the control of the L-PK
vasopressin, and more than 90% of the cells do not bind DB#ssue-specific promoter. The L-PK gene is a particular exam-
IC are primarily involved in acid/base secretion, whereas Rile of a gene controlled by the combination of two pairs of
are the main cells implicated in sodium absorption and potgsoximal-distal regions, each specific to hepatocytes, entero-
sium secretion in the rat and rabbit (46). In accordance with thgtes, and proximal tubule cells, or erythroid cells (50). This
presence of a significant Ba-sensitive K* conductance in the gene is also regulated by diet (carbohydrate-rich diet) and
basolateral membrane of the rat CCD (47)>B410 % M) hormones (51). A 183-bp proximal promoter of the L-PK gene,
added to the basal side of the mpkCgxells inhibitsl . by referred to as the L-type promoter, is all that is needed to direct
almost 20%, but has no effect when added apically (data risisue-specific expression in the liver, kidney, and intestine
shown). However, we did not check the ability of the cells terom transgenic mice (19). Miqueret al. (20) have created
secrete potassium. The results from short-circuit current expeew lines of transgenic mice to determine the influence of the
iments performed with aldosterone and corticosterone, togethéstal region (-1000 to—3000 bp) of the L-PK promoter gene
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on diet responsiveness and tissue specificity. They found tifsttion of Aldosterone or-ENaC mRNA and Protein

the expression of Tag directed by composite regulatory s8ynthesis in Mouse CCD Principal Cells

guences consisting of the L-PK promoter fused to the SV40The increase in sodium permeability in aldosterone-respon-
early enhancer was regulated by a carbohydrate-rich digive cells is due to enhanced sodium transport via the amilo-
Strikingly, the expression of the transgene was consideraliife-sensitive sodium channel (1). There may be several not
increased in the kidney, and particularly in CCD. This findingnutually exclusive ways of activating the sodium channel.
in part related to the fact that the SV40 enhancer is especiafifiosterone may initially activate preexisting Nachannels

strong in the kidney (52), thus permitted us to derive this neldl), but this has not been unambiguously proved (55). A
clonal mpkCCD cell line using this particular strain of transiecent study on A6 cells demonstrated thatdHeNaC subunit
genic mice fed a carbohydrate-rich diet. has a short half-life (approximately 50 min) and that aldoste-
rone increases the rate afENaC subunit within 60 min, in
parallel with the increase ih (23). These observations raise
Aldosterone-Induced Electrogenic Sodium Transport ifi'e Possibility thatle novosynthesis of-ENaC, which is the
Mouse CCD Principal Cells imiting factor in the assembly and/or export of newly synthe-
Two amphibian cell lines (TBM and A6) have been thgized ENaC to the plasma membrane (56), is part of the early
. pr . effect of aldosterone on Natransport. Our results show that
classicalex vivocell model systems used to analyze the actloa osterone also increases the amounts of BeENaC MRNA
of aldosterone on sodium transport (1). The present repQr

h that aldost . di b tion i | nd protein in mpkCCR, cells. The increase iw-ENaC
shows that aldosterone increases sodium absorption in a CBP&ein synthesis is already detectable after incubation with

of mouse CCD principal cells, mpkCGC[ within 60 to 90 5 X% 10~ 7 M aldosterone for 2 h, which correlates well with the

min, glatent period similar _to thoge of TBM and A6 cells. Thﬁmrease inl_, produced by aldosterone (Figures 7 and 10).
stermd ho_rmo_ne progresswely |n<_:reaslg§ over 1 fto 5 N, Thus, corticosteroid hormones rapidly stimulat&NaC pro-
during which time the transepithelial electrical resistance dgsj,, synthesis in these cultured mammalian CCD cells. The
creases. Such dissociated effects of aldosterone closely resggy (2 h) and late (6 h) increases in Naansport induced by
ble that described for A6 cells (2). aldosterone are impaired by the transcription inhibitor actino-
Aldosterone stimulates sodium channels and sodium pumggcin D. Actinomycin D also prevents the increased&ENaC
via its specific binding to corticosteroid receptors (53). Lik@rotein produced by aldosterone.
other target tissues for aldosterone, CCD possess the twoncreasedy-ENaC mRNA production has been also reported
corticosteroid receptors MR and GR. The relatively high coim primary cultured rabbit CCD cells (57). We found that
centration of aldosterone (8 10’ M) required to stimulate aldosterone had no significant effect @a or y-ENaC sub-
maximal Na absorption suggests that aldosterone occupigsits, in agreement with findings in A6 cells (23). These
GR. Results from RT-PCR performed with rat MR primers an@pparent differences may arise because cells in primary culture
digestion of the amplified products by restriction enzymes (26pve populations of both PC and IC, whereas the clonal mp-
strongly suggest that the mpkCGPcells have maintained the KCCDy, cells are essentially principal cells. Aldosterone has a
expression of the MR gene. Binding studies also indicate tHdgar effect onls. and ona-ENaC mRNA and protein in
these cells have one class of high affinity receptor for aldost@ltured principal mpkCCp, cells, but Renarcet al. (58)
rone, MR, as in A6 cells and intact rabbit CCD (42,43). Theetected no change in thig channel subunit in kidneys frqm rats
binding site for fH]dexamethasone in the mpkCGPcells after chronic treatment with aldosterone. Askeml. (59), in
has the same characteristics as GR. The glucocorticoid recefitrast. found that aldosterone and dexamethasone only
antagonist RU486 does not prevent the risd jncaused by slightly stimulateda-rENaC mRNA synthesis, but not that of

10 ° M aldosterone, but almost completely prevented the ri@é (I)r dy-rtENﬁﬁ mRNA '?f thte fratl dkld?ey cort;il. (éneRcsznot
in 1. caused by 5< 10~/ M aldosterone or corticosterone. ipcXciude that the major efiect of aldosteronecorivat, m

mpkCCDy, cells, in which 1B-HSD2 is fully active, corti- and'protein syntheses opserved in cultured CCD cells is relgted
costerone will be metabolized and not bind to either MR 0 dlﬁerent or altereq biosynthesis pathways compared'wnh
. o . htact kidneys. The differences observed between intact kidney
GR. Under this 7cgond|t|0r.1, hgwever, low concentrat'lons %{nd primary cultured CCD (35), or the present mpkCCDcl4
aldosterong £10 M) will bind to MR’_ whereas higher cultured cells on the effects of aldosterone on Na transport
concentranor!s of aldost_erone (=10M) will occupy GR as suggest that GR remains the main steroid receptor pathway in
well. Interestingly, Geeringet al. (54) have shown that the cjtyred kidney CCD cells. However, a significant rise in Na
aldosterone-dependent sodium transport response was Mggdiisport remains detectable in the present established mouse
ated by occupancy of both type 1 (MR) and type 2 (GR}CD principal cell line using low concentrations of aldoste-
receptors in the toad bladder system, and that at least 55%@He (<10® M), thus suggesting that these cells have con-
the overall Nd transport response was mediated by the occgerved functional MR receptors.

pancy of GR by aldosterone. In the present study, we show thain conclusion, we have produced a new clone of mammalian
this scenario may also take place in the mpkGgPell line;  principal cells that have retained their sodium transport capac-
the proportion of the sodium transport mediated by GR occities and are stimulated by corticosteroid hormones. These
pancy, however, appears to be slightly higher. 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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