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Abstract. Inhibition of epithelial Na+ channels
(ENaC) by the cystic fibrosis transmembrane con-
ductance regulator (CFTR) has been demonstrated
previously. Recent studies suggested a role of cyto-
solic Cl) for the interaction of CFTR with ENaC,
when studied in Xenopus oocytes. In the present study
we demonstrate that the Na+/H+-exchanger regula-
tor factor (NHERF) controls expression of CFTR in
mouse collecting duct cells. Inhibition of NHERF
largely attenuates CFTR expression, which is paral-
leled by enhanced Ca2+-dependent Cl) secretion and
augmented Na+ absorption by the ENaC. It is fur-
ther demonstrated that epithelial Na+ absorption
and ENaC are inhibited by cytosolic Cl) and that
stimulation by secretagogues enhances the intracel-
lular Cl) concentration. Thus, the data provide a clue
to the question, how epithelial cells can operate as
both absorptive1 and secretory units: Increase in in-
tracellular Cl) during activation of secretion will in-
hibit ENaC and switch epithelial transport from salt
absorption to Cl) secretion.

Key words: CFTR — ENaC — Intracellular chloride
— PDZ domain — NHERF — Epithelial transport

Introduction

The cystic fibrosis transmembrane conductance reg-
ulator (CFTR) is a cAMP-regulated Cl) channel and
a regulator of other channels [26]. Well examined and
pathophysiologically most relevant is the inhibition
of amiloride-sensitive epithelial Na+ channels

(ENaC) by CFTR [26]. Due to the CFTR defect and
the lack of inhibition of ENaC, amiloride-sensitive
Na+ transport is enhanced in both, airways and co-
lon of CF patients [1, 29, 30]. It has been shown
previously that CFTR contains a common site for
protein interaction at the very C-terminal end of the
protein, a so-called PSD-95/DLG/ZO-1 (PDZ)-
binding domain. Binding of regulatory PDZ domain
proteins to this C-terminal end of CFTR, like the
Na+/H+-exchanger regulator factor (NHERF), the
hydrophilic PDZ protein CAP70 or CAL, has been
demonstrated [5, 46, 47]. The PDZ domain is essen-
tial for proper expression of CFTR in the apical
plasma membrane of respiratory epithelial cells [32,
33]. Thus, CFTR is anchored to the apical membrane
via cytoskeletal interaction with the ezrin-binding
phosphoprotein EBP50 [41]. Moreover, ezrin may
function as an A kinase anchoring protein (AKAP),
thereby linking protein kinase to CFTR and thus
facilitate protein kinase A-dependent activation of
CFTR [42]. The NHERF1 homologue E3KARP
(NHERF2, TKA-1, SIP-1) mediates the association
of ezrin and PKA with CFTR in airway cells [43].
Both NHERF1 and NHERF2 have been shown re-
cently to bind to b2 adrenergic and P2Y receptors and
to interact with CIC-3B Cl) channels [12, 35, 45].
Moreover, Na+/HCO3

) cotransport via NBC3 is
linked via the PDZ-binding motif [36]. Thus,
NHERF serves as a multifunctional adapter protein,
essential for intracellular signaling. However, when
expressed in non-polar Xenopus oocytes, the PDZ
domain is neither required for CFTR expression nor
for inhibition of ENaC [2]. As shown in these studies,
an increase in the intracellular Cl) concentration
[Cl)]i during activation of CFTR or via other Cl)

channels coexpressed with ENaC may cause inhibi-
tion of ENaC in Xenopus oocytes [2, 3, 19, 22].

Albeit substantial work has been done in Xen-
opus oocytes and other non-polarized cells, very little
is known about the role of PDZ-binding domains and
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[Cl)]i for regulation of ENaC and salt transport in
polarized epithelial cells. We therefore examined the
role of both NHERF1 and Cl) in polarized grown
mouse collecting duct cells. Using electrophysiologi-
cal and optical methods we demonstrate that an in-
crease in [Cl)]i is controlling the quantity and
direction of epithelial salt transport.

Materials and Methods

M1 CELL CULTURE AND ANTISENSE DNA

M-1 mouse cortical collecting duct cells were kindly provided by C.

Korbmacher (Physiologisches Institut, Universität Erlangen, Ger-

many) and were grown to confluence for 3–5 days on permeable

supports (Millipore MA, Germany) coated with rat-tail collagen

(Roche, Germany) or on glass cover slips in DMEM/F12 medium

containing 10% PCS; glutamine, 2 mmol/liter; penicillin, 100,000

units/liter; streptomycin, 100,000 units/liter; anddexamethasone, 0.1

lmol/liter. The resistances of the monolayers grown on permeable
supports were checked every day using a volt-X-meter (Millicell-
ERS,Millipore,Germany).Usually,monolayerswith transepithelial

resistances of around 1.5–2 kXwere used for the experiments. Calu-3
cells were kindly provided by Dr. M. Hug (University Freiburg,

Germany) and were kept in DMEM/F12 medium containing 15%

FCS, glutamine, 2 mmol/liter; penicillin, 100,000 units/liter; strep-

tomycin, 100,000 units/liter. For suppression of NHERF-1 expres-

sion,M1 cells grown on permeable supports were incubated for three

days in a medium containing either stabilized antisense (5¢-
gtccgcgctcatcttgtt-3¢) or missense (5¢-gcaggcgcgagtagaacaag-3¢)
oligonucleotides (10 lmol/l) for mouse NHERF-1.

WESTERN BLOTS AND IMMUNOCYTOCHEMISTRY OF
NHERF-1 AND CFTR

Cells were lysed in sample buffer containing 10% SDS and 100

mmol/l DTT. Protein concentrations were determined according to

a modified Laury method. Lysates containing 20 lg protein were
subjected to SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

and analyzed by Western blotting as described previously [4]. Pro-

teins were separated by 7% (CFTR) SDS-PAGE, transferred to ni-

trocellulose membranes (Bio-Rad, Hercules, CA) and bound

antibodies were detected by enhanced chemiluminescence (Amer-

sham,ArLingtonHeights, IL). Amousemonoclonal antibody (anti-

CFTR [CF3], abcam, UK) was used for detection of CFTR by

Western blotting. For immunocytochemistry, theM3A7 anti-CFTR

antibody was kindly provided by Prof. J. Riordan, MAYO Clinic

Scottsdale, Scottsdale, AZ) [15]. The rabbit antiNHERF-1 antibody

was kindly provided by E.J. Weinman (John Hopkins University,

Baltimore, USA). Horseradish peroxidase (HRPO)-conjugated and

FITC-conjugated goat anti-mouse antibodies were obtained from

Southern Biotechnology Associates (Birmingham, AL)2 . The Cy3-

labeled goat anti-rabbit antibody was obtained from Zymed Labo-

ratories (South San Francisco, CA). M1 cells grown on glass cover

slips were washed three times in PBS and fixed inmethanol at)20�C.
After washing in PBS, cells were incubated for 10 min in blocking

buffer containing 10% BSA and 10% fish skin gelatin (both from

Sigma, Australia). Cells were incubated overnight at 4�C in blocking
solution, containing primary antibodies in 1:100 dilution. Subse-

quently, cells were washed again in PBS, then incubated with FITC-

or Cy3-linked secondary antibodies for 45 min at 37�C. Tissues were
counterstained with 4¢,6-diamidino-2-phenylindole dihydrochloride
(DAPI) solution (Sigma, Australia) and embedded in Mowiol

(Sigma, Australia). Immunofluorescence was observed using an

Olympus AX70 (Olympus Optical, Australia) microscope equipped

with UplanApo 100·/1.35 andUplanApo 60·/1.40/0.17 objectives.
Excitation wavelength for FITC and Cy-3 were 490 and 550 nm,

respectively. FITC and Cy-3 fluorescence were observed at emission

wavelengths of 515–550 and ‡580 nm.

RT-PCR ANALYSIS

Total RNA was isolated from mouse total kidney and M1 cells

grown for 5 and 14 days, respectively, using NucleoSpin RNAII

(Macherey and Nagel3 , Düren, Germany). Total RNA was reverse-

transcribed at 37�C for 1 h by using random primer and reverse
transcriptase Superscript II (Life Technologies). Sequences specific

for NKCC1 were amplified by PCR (94�C for 2 min; 35 cycles:
94�C for 30 s, 52�C for 1 min and 72�C for 1 min; 72�C for 10 min)
using sense (s) 5¢-GCGAGAAGGTGCACAATAC-3¢ and anti-
sense (as) 5¢-CTGTACGGCTCGATCATGTC-3¢ primers and Taq
DNA Polymerase from Promega.

USSING-CHAMBER RECORDINGS

M1 cells were grown to confluence on permeable supports as de-

scribed above. Inserts were mounted into a perfused Ussing

chamber. The apical and basolateral surfaces of the epithelium

were perfused continuously at a rate of 10 ml/min (chamber volume

2 ml). The bath solution contained (mmol/liter): NaCl, 145;

KH2PO4, 0.4; K2HPO4, 1.6; D-glucose, 5; MgCI2, 1;4 HEPES 5; and

Ca-gluconate, 1.3, pH 7.4. Bath solutions were maintained at 37�C.
Experiments were carried out under open-circuit conditions. Values

for transepithelial potential differences (Vte) were referred to the

serosal side of the epithelium. Currents were regarded as positive

when conventional current flowed from the apical to the serosal

side of the epithelium. The transepithelial resistance (Rte) was de-

termined by applying short (1 s) current pulses (I = 0.5 lA), and
the equivalent short-circuit current (Isc) was calculated from Vte
and Rte using Ohm’s law.

PATCH-CLAMP EXPERIMENTS

Cell culture dishes were mounted on the stage of an inverted mi-

croscope (IM35, Zeiss, Oberkochen, Germany) and kept at 37�C.
The bath was continuously perfused with Ringer solution at a rate

of about 10 ml/min. Patch-clamp experiments were performed in

the fast whole-cell configuration according to [20]. The patch pi-

pettes had an input resistance of 2–4 MX when filled with a solu-
tion containing (mmol/l) KCl 30, K-gluconate 95, NaH2PO4 1.2,

Na2HPO4 4.8, EGTA 1, CaCl2 0.726, MgCl2 1.034, D-glucose 5,

ATP 1 (32 Cl). The Cl) concentration was adjusted to 2, 32 and 127

mmol/l by replacing appropriate amounts of Cl) by gluconate. The

pH was adjusted to 7.2, the Ca2+ activity was 0.1 lmol/l. The
access conductance was measured continuously and was between

30 and 120 nS. Currents (voltage clamp) and voltages (current

clamp) were recorded using a patch-clamp amplifier (EPC 7, List

Medical Electronic, Darmstadt, Germany) and data were stored

continuously on a computer hard disc. In regular intervals, mem-

brane voltages (Vc) were clamped in steps of 10 mV from )100 mV
to +40 mV. Membrane conductance5 Gm was calculated from the

measured I and Vc values according to Ohm’s law [20]. CFTR Cl
)

currents were activated by 3-isobutyl-1-methylxanthine (IBMX;

100 lM) and forskolin (2 lM) (Sigma, Deisenhofen, Germany).

YFP-FLUORESCENCE AND DETECTION OF
INTRACELLULAR Cl) CONCENTRATIONS

Mouse kidney cortical collecting duct (M1) cells were grown on

glass coverslips and transfected with pcDNA3.1(+) EYFP-V163S
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[9] using lipofectamine (Invitrogen) according to the manufactur-

er’s protocol. The EYFP-V163S plasmid was kindly provided by A.

Verkman (USCF, USA). Two to three days after transfection, cells

were mounted under an inverted microscope IM35 (Zeiss, Ger-

many) and perfused with a ringer solution (mmol/l: NaCl 145;

KH2PO4 0.4; K2HPO4 1.6; glucose 5;6 MgCl2 1; Ca
2+-gluconate

1.3). For single-cell measurements the excitation wavelength was

500 nm, using a polychromatic illumination system for microscopic

Fig. 1. Original recording of the transepithelial voltage Vte in po-

larized M1 cells. (A) Continuous recording of Vte and voltage de-

flection (DVte) induced by pulsed current injection. Effects of
amiloride (A, 10 lmol/l) and stimulation with IBMX/forskolin (100
lmol/l/2 lmol/l) on Vte. (B) Continuous recording of the effects of

amiloride and glibenclamide (Gliben, 100 lmol/l) in the absence or

presence of IBMX/forskolin. (C) Summary of amiloride-sensitive

equivalent short-circuit currents (Isc-Amil) before and after stimu-

lation with IBMX/forskolin and in the absence or presence of

glibenclamide. Asterisk indicates significant difference compared to

control (paired t-test). (16) = number of experiments.
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fluorescence measurement (T.I.L.L. Photonics, Germany) and light

emission was measured at 535 ± 15 nm with a photomultiplier

detector (SF, Zeiss). For in vivo calibration of the Cl) sensitivity of

EYFP-V163S, a high-potassium buffer was used (mmol/l: K+ 100;

Na+-gluconate 38, variable Cl) concentrations with remaining

anion being gluconate,7 HEPES 20; Ca2+-gluconate 0.5; MgSO4
0.5, pH 7.4) containing nigericin (5 lmol/l), valinomycin (5 lmol/l),
carbonyl cyanide 3-chlorophenylhydrazone (CCCP, 5 lmol/l),
tributylinchlorid (10 lmol/l) and forskolin (2 lmol/l). To estimate
chloride fluxes, cells were perfused with Ringer solution containing

5 mmol/Cl). Initial changes of fluorescence intensity with time in

the presence or absence of IBMX (0.1 mmol/l) and forskolin (2

lmol/l) were calculated through linear regression.

MATERIALS AND STATISTICAL ANALYSIS

All compounds used were of highest available grade of purity. 3-

Isobutyl-1-methylxanthine (IBMX), forskolin, amiloride, nigericin,

valinomycin, CCCP, glibenclamide, bumetanide, cyclopiazonic

acid, 4,4¢-diisothiocyanatostilbene-2,2¢-disulfonic acid (DIDS) were
all from Sigma (Deisenhofen, Germany). All other chemicals were

obtained from Merck (Darmstadt, Germany). Paired or unpaired

Student’s t-tests were used for statistical analysis, P values <0.05

were accepted to indicate statistical significance (*).

Results

AMILORIDE-SENSITIVE ISC ARE INHIBITED BY CFTR IN

M1 CELLS

After mounting M1 monolayers in the perfused Us-
sing chamber, a transepithelial voltage (Vte) of
)8.2 ± 0.62 mV was measured and an equivalent
short-circuit current (Isc) of )17.2 ± 0.93 lA/cm2 (n
=16) was calculated from the voltage deflections
(DVte) induced by pulsed current injection (0.5 lA).
Short-circuit currents were dominated by electrogenic
Na+ absorption, since 10 lmol/l amiloride reduced
Isc reversibly to )1.89 ± 0.19 lA/cm2 (n = 16)
(Fig. 1A). A biphasic response was observed when
tissues were stimulated with IBMX (100 lmol/l) and
forskolin (2 lmol/l): Vte and Isc were transiently in-
creased to )11.7 ± 0.94 mV and )22.1 ± 1.82 lA/
cm2 and returned to a steady-state Vte and Isc of
)9.9 ± 0.74 mV and )21.2 ± 1.92 lA/cm2 (n =
16). Steady-state Isc was due to activation of luminal
CFTR Cl) currents, since glibenclamide (100 lmol/l)
reduced Vte ()8.9 ± 1.03 mV) and Isc ()17.8 ± 1.32
lA/cm2) (n = 16). The effects of amiloride on Vte
were reduced and thus amiloride-sensitive equivalent
short-circuit currents (Isc-Amil) were inhibited by
IBMX/forskolin (Fig. 1A,C). This inhibitory effect
on Isc-Amil was attenuated in the presence of gliben-
clamide, suggesting a role of CFTR for inhibition of
ENaC by IBMX/forskolin (Fig. 1B,C).

Stimulation with IBMX and forskolin activated
both transient and steady-state Isc, which may be due
to an increase in both intracellular Ca2+ and cAMP,
respectively. This may activate Ca2+-dependent Cl)

channels as well as CFTR. Such an increase in in-

tracellular Ca2+ and stimulation of Cl) secretion has
been demonstrated for respiratory cells of cystic fi-
brosis patients and tracheas of CFTR knockout mice
[11, 34, 38]. Along the same line, a mixed Ca2+/
cAMP response has been found for stimulation of
basolateral adrenoceptors in M1 cells [7]. We exam-
ined the effects of IBMX/forskolin in the presence of
cyclopiazonic acid (CPA, 10 lmol/l), which depletes

Fig. 2. (A) Summary of amiloride-sensitive equivalent short-circuit

currents (Isc-Amil) before and after stimulation with IBMX/forsko-

lin and in the absence or presence of cyclopiazonic acid (CPA, 10

lmol/l). (B) Summary of the transient and steady-state equivalent
short-circuit currents (Isc) activated by IBMX/forskolin, and effects

of CPA. (C) Summary of the transient and steady-state equivalent

short-circuit currents (Isc) activated by IBMX/forskolin and effects

of diphenylamine-2-carboxylate (DPC, 1 mmol/l) and 4,4¢-diiso-
thiocyanatostilbene-2,2¢-disulfonic acid (DIDS, 200 lmol/l). As-
terisk indicates significant difference compared to control (without

IBMX/forskolin, paired t-test). The number of experiments is given

in parentheses.
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intracellular Ca2+ stores. Incubation with CPA did
not affect baseline Vte, amiloride sensitive Isc, or
downregulation of Isc-Amil by IBMX/forskolin
(Fig. 2A). However, the transient Isc activated by
IBMX/forskolin, was eliminated by CPA, while
steady-state Isc remained unaffected (Fig. 2B).
Moreover, transient Isc was also inhibited by 200
lmol/l 4,4¢-diisothiocyanatostilbene-2,2¢-disulfonic
acid (DIDS), but was unaffected by 1 mmol/l DPC
(or 100 lmol/l NPPB, data not shown). In contrast,
steady-state Isc was inhibited by DPC, but not by
DIDS (Fig. 2C). Thus, stimulation with IBMX/
forskolin does not only increase intracellular cAMP,

but also leads to a transient increase in intracellular
Ca2+ and Ca2+-dependent Cl) secretion.

In a separate set of experiments we examined
whether delayed activation of luminal K+ channels
contributes to the transient voltage deflection induced
by IBMX/forskolin. To that end we examined the
effects of luminal application of K+ channel inhibi-
tors such as barium (5 mmol/l), charybdotoxin (100
nmol/l), apamin (100 nmol/l) and a-dendrotoxin (100
nmol/l). The inhibitors were examined in the absence
or presence of IBMX/forskolin and before and after
blocking Na+ absorption by amiloride (10 lmol/l).
Since we were unable to detect any effects of these

Fig. 3. Expression of the Na+/H+ exchanger

regulatory factor 1 (NHERF) and CFTR and

effects of treatment with NHERF-antisense (AS)

and missense (MS) oligonucleotides. (A)

Expression of CFTR in M1 cells as shown by

Western blot analysis. For comparison, expression

of CFTR in T84 colonic carcinoma cells is shown.

Right lane shows a blot without (w/o) primary

anti-CFTR antibody. (B) Expression of NHERF

in M1 cells and effects of treatment with NHERF–

antisense and missense oligonucleotides. (C)

Immunocytochemistry of NHERF (red) and

CFTR (green) in M1 control cells and M1 cells

incubated with either NHERF–antisense or

missense oligonucleotides. DAPI nuclei stain (blue)

is shown below the individual cell preparations.

Preparations treated without primary antibody

(control) did not supply any fluorescence and were

therefore omitted.
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inhibitors, we conclude that M1 cells do not possess a
significant luminal K+ conductance (data not shown).
In contrast, basolateral application of 5 mmol/l Ba2+

inhibited both amiloride-sensitive and IBMX/forsk-
olin-activated transport (data not shown).

CONTROL OF CFTR AND ENaC BY NHERF

CFTR has been shown to bind to and to be regulated
by NHERF. To learn more about the potential role
of NHERF for inhibition of amiloride-sensitive
transport by CFTR in epithelial tissues, NHERF
expression was suppressed by antisense oligonucleo-
tides (AS). M1 cells do express CFTR, as detected by
Western blotting (Fig. 3A). For comparison, expres-
sion of CFTR in T84 colonic carcinoma cells is shown
[40]. Incubation of M1 cells by NHERF - AS for three
days abolished NHERF expression, as shown by
Western blot analysis, while missense oligonucleotides
(MS) showed very little effect (Fig. 3B). Using im-
munocytochemistry, we further examined expression
and localization of NHERF and CFTR in control
cells and M1 cells treated with either AS or MS. As
shown in Fig. 3C, control cells showed NHERF
staining throughout the cells, while CFTR was
localized mainly to the cell membrane. In AS-treated
cells, expression of both NHERF and CFTR was
reduced, while no obvious effects were found in cells
treated with MS. For comparison, nuclei-staining
with DAPI is included. Thus, NHERF is essential for
expression and proper cellular localization of CFTR.
These data confirm previous results, showing regula-
tion of membrane expression of CFTR by binding to
NHERF [14, 17].

We further asked whether the inhibition of
amiloride-sensitive Na+ currents by CFTR is different
in cells treated with NHERF antisense. To that end,
inhibition of amiloride-sensitive Na+ transport by
IBMX and forskolin was examined in control cells and
cells that have been exposed to either AS or MS. As
demonstrated in Fig. 4, both MS and AS-treated cells

are dominated by amiloride-sensitiveNa+absorption,
which, however, is augmented in AS-treated cells. AS-
treated cells show an augmented but only transient
activation of Isc by IBMX/forskolin (Fig. 4A,B,C). In
both, MS- and AS-treated cells, Isc-Amit is inhibited by
IBMX/forskolin. Taken together, Cl) secretion by
CFTR is abolished in cells lacking NHERF expres-
sion, while Ca2+-activated secretion is enhanced.
Ca2+-activated Cl) channels may compensate for the
lack of CFTR and will maintain Cl) transport and
inhibition of ENaC. Thus, fractional inhibition of
Isc-Amit during stimulation of the cells is similar
(around 30%) in control, AS- and MS- treated cells.

ROLE OF Cl) FOR INHIBITION OF ISC-AMIL

We previously found a role of Cl) ions for inhibition
of ENaC by CFTR [19, 39]. Thus, we examined how
removal of extracellular (basolateral and luminal) Cl)

affects the downregulation of Isc-Amil by CFTR. To
that end, we replaced 90 mmol/l of Cl) in the extra-
cellular bath solution by gluconate and activated
CFTR Cl) conductance. Under these conditions, no
significant inhibition of Isc-Amil by CFTR was
detected (Fig. 5A). Moreover, we exposed M1 cells to
a hypertonic extracellular bath solution, by adding 80
mmol/l mannitol. This reduced Isc-Amil significantly
and a further inhibition was observed during stimu-
lation with IBMX and forskolin. In contrast, change
from an isotonic solution, in which 40 mmol/l NaCl
had been replaced by 80 mmol/l mannitol, to a
hypotonic solution (removal of 80 mmol/l mannitol)
had no impact on Isc-Amil. In the presence of hyper-
tonic media, no inhibition of Isc-Amil by activation of
CFTR was observed (Fig. 5B). These experiments
suggest that cell shrinkage, which is likely to be ac-
companied by an increase in [Cl)]i, does inhibit
ENaC. The opposite, namely cell swelling and thus
lowering of [Cl)]i, may antagonize CFTR-mediated
inhibition of ENaC. Very similar results have been
seen when mouse airways were stimulated with ATP
in the presence of either hypertonic or hypotonic bath
solutions [39].

During activation of Cl) secretion, several
transport proteins are activated and contribute to
changes in [Cl)]i. Thus, secretory epithelial cells take
up Cl) from the basolateral side of the epithelium by
the Na+/2Cl)/K+-cotransporter (NKCC1). Indeed,
mRNA encoding NKCC1 was amplified by RT-PCR
in the present study in M1 cells cultured for different
periods of time (Fig. 6D). Moreover, in transepi-
thelial measurements, Cl) secretion was completely
blocked by the NKCC1 inhibitor bumetanide (baso-
lateral, 100 lmol/l) (Fig. 6A,B). These results are in
contrast to a previous study, which did not find evi-
dence for the presence of NKCC1 in M1 cells [7].
Glibenclamide, when applied in the presence of
bumetanide, was without any further effects on Cl)

Fig. 4. Original recording of the transepithelial voltage Vte in po-

larized M1 cells. Continuous recording of Vte and effects of amil-

oride (A, 10 lmol/l) and stimulation with IBMX/forskolin (100
lmol/1/2 lmol/1) on Vte in M1 cells treated with missense oligo-

nucleotides (A) and NHERF-antisense oligonucleotides (B). (C)

Summary of Isc measured in control cells (con) and cells incubated

with missense (MS) or antisense (AS) oligonucleotides, before

(white bars) and after (black bars) stimulation with IBMX/forsko-

lin. Transiently activated Isc and steady-state Isc activated by

IBMX/forskolin are summarized separately. (D) Summary of Isc-

Amil measured in control cells (con) and cells incubated in missense

(MS) or antisense (AS) oligonucleotides, before (white bars) and

after (black bars) stimulation with IBMX/forskolin. Asterisk indi-

cates significant difference compared to control (without IBMX/

forskolin, paired t-test) and § indicates significant difference com-

pared to non-treated control cells (unpaired t-test). The number of

experiments is given in parentheses.

b
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secretion, which indicates the requirement of baso-
lateral NKCC1 for Cl) secretion in M1 cells. No-
ticeably, bumetanide blocked downregulation of
ENaC by CFTR. This result indicates that Cl) up-
take by basolateral NKCC1 is essential for inhibition
of Isc-Amil during cAMP-dependent stimulation of
secretion in M1 cells.

ROLE OF Cl)AS DETERMINED BY YFP FLUORESCENCE
AND PATCH-CLAMP EXPERIMENTS

Recent reports demonstrate the use of the yellow
fluorescent protein YFP for detection of [Cl)]i [9, 10,

13]. In order to assess putative changes in [Cl)]i
during activation of transport, we expressed YFP in
M1 cells. The mutant EYFP–V163S was used for
assessment of changes in [Cl)]i during activation of
CFTR by IBMX (100 lmol/l) and forskolin (2 lmol/
l). Initially, a calibration curve was obtained, which
showed an almost linear dependence of the fluores-
cence intensity from [Cl)]i (Fig. 7A). During stimu-
lation of the cells with IBMX and forskolin, the
fluorescence was quenched due to increase in [Cl)]i,
which caused a 3.1 ± 3.37% (n ¼ 22) decrease of
fluorescence intensity. This change in YFP fluores-
cence is equivalent to a change in the intracellular Cl)

Fig. 5. Summary of Isc-Amil
measured in M1 cells before (white

bars) and after stimulation with

IBMX/forskolin (black bars). (A)

Cells were exposed either to Ringer

solution containing 140 mmol/l Cl)

(140 Cl)) or a buffer solution in

which 90 mmol/l Cl) has been

replaced isosmotically by gluconate

(50 Cl)). (B) Cells were exposed to a

hypertonic bath solution containing

additional 80 mmol/l mannitol

(+ Mannitol) or to a solution in

which 40 mmol/l NaCl has been

replaced isotonically by 80 mmol/l

mannitol (-NaCl/+Mannitol) or to

a hypotonic bath solution

(-Mannitol). Asterisk indicates

significant difference compared to

control Ringer solution; # indicates

significant difference compared to

control (without IBMX/forskolin,

paired t-test). The number of

experiments is given in parentheses.
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concentration of 16.8 ± 3.3 mmol/l. Replacing
extracellular Ringer solution by a low (5 mmol/l) Cl)

solution induced an efflux of Cl) and a dequenching
of the fluorescence signal. The efflux was more pro-
nounced, and thus the slope of the fluorescence in-
crease was steeper, after stimulation of additional
CFTR Cl) channels with IBMX and forskolin
(Fig. 7B,C). These data demonstrate that activation
of CFTR Cl) channels in absorptive M1 cells causes
an increase in [Cl)]i in the presence of physiological
extracellular salt concentrations.

To provide further evidence for a Cl–-dependent
regulation of ENaC, we performed fast whole-cell
patch-clamp experiments, in which we used different
pipette filling solutions, containing either 2, 32 or 127
mmol/l Cl). The extracellular bath solution was kept
constant in these experiments andwas a regularRinger
solution. In about 15% of all approaches, longer last-
ing stable tight seal recordings were obtained, which
allowed for the entire experimental protocol.

The original whole-cell recording in Fig. 8A
shows an inhibitory effect of amiloride, which is

Fig. 6. (A, B) Original recording of the transepithelial voltageVte in

polarized M1 cells. Continuous recording of Vte and effects of

amiloride (A, 10 lmol/l) and stimulation with IBMX/forskolin (100
lmol/l / 2 (lmol/l) in the absence or presence of bumetanide (100
lmol/l) (A) or bumetanide/glibenclamide (100 lmol/l) (B). (C)
Summary of Isc-Amil measured before (white bar) and after stimu-

lation with IBMX/forskolin in either absence or presence of

bumetanide and bumetanide/glibenclamide. Asterisk indicates sig-

nificant difference compared to control (without IBMX/forskolin,

paired t-test). In parentheses, the number of experiments. (D) RT-

PCR analysis of the expression of the Na+/2Cl)/K+ cotransporter

NKCC1 in kidney epithelial cells and M1 cells grown for either 5 or

14 days. An NKCC1-specific fragment (747 bp) was amplified in the

presence (+) but not absence ()) of reverse transcriptase.
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abolished after stimulation of the cell with IBMX and
forskolin and activation of a Cl) conductance. The
insert indicates the voltage-clamp protocol used.
Current voltage (I/V) relationships obtained in a
typical experiment with a 32 mmol/liter Cl) pipette
filling solution, are shown in Fig. 8B. I/V curves were
obtained under control conditions (empty circles),
after applying 10 lmol/l amiloride (filled circles), af-
ter stimulation with IBMX/forskolin (empty squares)
and after applying amiloride in the presence of
IBMX/forskolin (filled squares). Fig. 8C summarizes
amiloride-sensitive whole-cell currents (IAmil), meas-
ured at a clamp voltage of )100 mV, and amiloride-
induced hyperpolarization of the membrane voltage

(DVAmil). It is obvious that with increasing pipette
Cl) concentrations, both IAmil and DVAmil are re-
duced. This result suggests inhibition of ENaC by
[Cl)]. Remarkably, inhibition of IAmil during stimu-
lation of CFTR by IBMX and forskolin (I/F) (DIAmil)
was observed with either 2, 32 or 127 mmol/l Cl) in
the pipette filling solution (Fig. 8D). Taken together,
ENaC currents are attenuated in the presence of a
high [Cl)]i and thus, accumulation of Cl

) during
stimulation of epithelial cells coexpressing CFTR and
ENaC may inhibit amiloride-sensitive Na+ absorp-
tion.

Discussion

THE TRANSPORT PROPERTIES OF M1 COLLECTING DUCT
CELLS AND INHIBITION OF ENaC

Ion transport properties of M1 cells have been stud-
ied extensively. Apart from apical amiloride-sensitive
Na+ channels, which have been detected in patch-
clamp experiments [27], K+ currents [18] and Cl)

currents, activated by Ca2+ or cAMP [6, 7, 28, 31]
have been found. We found Ca2+- and cAMP- de-
pendent Cl) secretion in the present study and found
further evidence for activation of Ca2+-activated Cl)

channels by luminal ATP in unpublished experi-
ments. Thus, M1 cells maintain both absorptive as
well as secretory properties, similar to epithelial cells
[24]. Because M1 cells express both ENaC and
CFTR, interferences between both ion channels can
be studied in polarized fashion. In fact, a recent
patch-clamp study demonstrated activation of CFTR
Cl) currents in M1 cells, which is paralleled by inhi-
bition of amiloride-sensitive Na+ channels [28].

Fig. 7. (A) Calibration curve for Cl) sensitivity of EYFP-V163S

can be fit (red line) to an almost linear relationship of YFP fluo-

rescence intensity and Cl) concentration. (B) Original recording of

the YFP fluorescence intensity. Quenching of the fluorescence by

stimulation with IBMX and forskolin (I/F) in the presence of a

high extracellular Cl) concentration and dequenching of the fluo-

rescence signal in the presence of a low (5 mmol/l) extracellular Cl)

concentration. (C) Summary of the change in fluorescence intensity

during stimulation of M1 cells with IBMX and forskolin in the

presence of a low Cl) (5 mmol/l) bath solution. Asterisk indicates

significant difference compared to control (without IBMX/forsko-

lin, paired t-test). In parentheses, the number of experiments.

Fig. 8. Fast whole-cell patch-clamp experiments. (A) Original

recording of the whole-cell current in an M1 cell, showing the effect

of amiloride (10 (lmol/l), which was abolished after stimulation
with IBMX (100 lmol/l) and forskolin (10 lmol/l). The membrane
voltage was voltage-clamped from the zero-current membrane

potential according to the protocol shown in the insert. (B) Current

voltage (I/V) relationships obtained in a typical experiment using a

pipette filling solution with 32 mmol/l Cl). I/V curves were ob-

tained under control conditions (empty circle), after applying 10

lmol/l amiloride (filled circles), after stimulation with IBMX/

forskolin (empty squares) and after applying amiloride in the

presence of IBMX/forskolin (filled squares). (C) Summaries of

amiloride-sensitive whole-cell currents (IAmil) measured at a clamp

voltage of )100 mV, and amiloride-induced hyperpolarization of
the membrane voltage (DVAmil) in fast whole-cell patch-clamp ex-
periments. IAmil and DVAmil were determined in experiments using
different pipette filling solutions with either 2, 32 or 127 mmol/l

Cl). (D) Summary of the amount of IAmil inhibited during stimu-

lation of CFTR by IBMX and forskolin (I/F) (DIAmil) in the
presence of 2, 32 or 127 mmol/l Cl) in the pipette solution. Asterisk

indicates significant difference compared to control (without

IBMX/forskolin, paired t-test). In parentheses, the number of ex-

periments.

c
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These results are confirmed in the present report.
Interestingly, a basolateral Na+/K+/2Cl) cotrans-
porter (NKCC1) was not detected in M1 cells previ-
ously [6, 7]. NKCC1, which is a hallmark of secretory
epithelial cells, is thought to play a role for the uptake
of Cl) in the collecting duct [8, 16, 23]. The present
RT-PCR analysis shows clear evidence for expression
of NKCC1 in M1 cells, while functional expression is
demonstrated by inhibition of secretion by blocking
NKCC1 with bumetanide or azosemide.

Expression of transport proteins and thus the
transport properties of M1 cells may largely depend
on the culture conditions. This has been proposed
previously [7, 18] and is further confirmed by the
present study. Generally, we observed a decline in
CFTR-mediated Cl) secretion and an increase in
transepithelial Na+ absorption with age of the M1
cell culture, which is in line with previous results [7].
In the present study, we intended to examine the in-
teraction between CFTR and ENaC in a polarized
environment and therefore used M1 cells at an earlier
stage (3–4 days), when they possess both, a large Na+

transport by ENaC along with CFTR-dependent Cl)

secretion. We detected reversible inhibition of ENaC
currents during activation of CFTR in M1 cells,
similar to the results of a recent patch-clamp study on
M1 cells grown on glass cover slips [28]. Inhibition of
ENaC, however, was not observed on M1 cells grown
on permeable supports for up to 12 days. This is
probably due to the comparatively small Cl) con-
ductance activated by noradrenaline [7].

NHERF-1 MAY CONTROL BOTH CFTR AND ENaC

The present data show blocking of NHERF-1 ex-
pression, which results in a decrease of CFTR ex-
pression as well as cAMP-dependent Cl) secretion.
These results are in line with the PDZ domain inter-
action, which controls the endocytic recycling path-
way and the activity of CFTR [37, 44]. Moreover,
two PDZ proteins, NHERF and CAL, have been
shown to compete for binding at the PDZ binding
domain of CFTR [5]. While binding to the Golgi-
associated CAL protein inhibits membrane expres-
sion of CFTR and favors retention within the cell,
binding to NHERF promotes cell surface expression
and chloride currents [5]. As CAL shows a broad
expression, including epithelial tissues from kidney,
airways and colon, a similar scenario is likely to take
place in M1 collecting duct cells.

Remarkably, we found an increase of amiloride-
sensitive Na+ transport in cells that have been
treated with NHERF-antisense. This may indicate a
lack of CFTR-dependent inhibition of ENaC. It may
also reflect improved expression of ENaC in cells
with reduced NHERF protein expression, or when
Golgi retention proteins such as CAL preferentially
bind to CFTR. Such a dynamic interaction between

different PDZ domain proteins could also be the
reason for the augmenting effects of ENaC-coex-
pression on CFTR Cl) currents, as observed by some
investigators [14, 17]. Moreover, suppression of
CFTR expression by NHERF-antisense was paral-
leled by an augmented transient Ca2+-activated Cl)

conductance. This result is reminiscent of the inhibi-
tion of endogenous Ca2+-activated Cl) conductance
by CFTR in Xenopus ooctyes and bovine pulmonary
artery endothelial cells [25, 48].

A main result of the present study is the revers-
ible inhibition of ENaC currents by CFTR and its
coupling to Cl) transport. Previously, we reported
Cl–-dependent inhibition of ENaC in Xenopus oo-
cytes [2, 3, 19, 21, 39], while other data were obtained
from mouse trachea [22]. The present patch-clamp
data indicate inhibition of ENaC by a high Cl)

concentration in the patch-pipette filling solution.
Further inhibition of IAmil by stimulation with se-
cretagogues in the presence of a high [Cl)]i (pipette)
may have different reasons, such as i) Cl–independent
effects of CFTR on ENaC, ii) inhomogeneous dis-
tribution of Cl) with low [Cl)]i in close proximity to
the cell membrane, iii) electroneutral uptake of NaCl
via parallel CFTR/ENaC shunts, or iv) Na+ feed-
back inhibition of ENaC. The present data show an
initial increase in [Cl

)

]i upon stimulation of the cell by
IBMX/forskolin. This initial increase may occur via
luminal Cl) channels as well as basolateral Na+/K+/
2Cl) cotransporter. Cl) may be taken up into the cell
via CFTR during the onset of stimulation, since Cl)

is close to the electrochemical equilibrium and
opening of CFTR will allow for electroneutral uptake
of NaCl. Upon further increase of intracellular Cl)

and partial inhibition of ENaC, the electrochemical
equilibrium for Cl) will shift towards secretion.

According to the present results, NKCC1 is re-
quired for Cl) secretion and is therefore likely to in-
crease [Cl)]i. Since Ca

2+-dependent Cl) transport is
enhanced in NHERF1-AS treated cells, this may
compensate for the lack of CFTR and will maintain
Cl) transport and inhibition of ENaC.

In summary, we propose a mechanism for the
inhibition of ENaC by CFTR in polarized epithelial
cells and how the epithelium may switch from salt
absorption under baseline conditions to salt secretion
after stimulation with secretagogues. An increase in
intracellular Cl) may play a crucial role, which is
supported by the present patch-clamp recordings
demonstrating inhibition of Na+ currents by high
[Cl)]i.
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