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Abstract

Both purinergic stimulation and activation of cystic fibrosis transmembrane conductance regulator (CFTR) increases Cl ~ secretion and
inhibit amiloride-sensitive Na ™ transport. CFTR has been suggested to conduct adenosine 5'-triphosphate (ATP) or to control ATP release to
the luminal side of epithelial tissues. Therefore, a possible mechanism on how CFTR controls the activity of epithelial Na* channels (ENaC)
could be by release of ATP or uridine 5'-triphosphate (UTP), which would then bind to P2Y receptors and inhibit ENaC. We examined this
question in native tissues from airways and colon and in Xenopus oocytes. Inhibition of amiloride-sensitive transport by both CFTR and
extracellular nucleotides was observed in colon and trachea. However, nucleotides did not inhibit ENaC in Xenopus oocytes, even after
coexpression of P2Y, receptors. Using different tools such as hexokinase, the P2Y inhibitor suramin or the Cl1~ channel blocker 4,4’-
diisothiocyanatostilbene-2,2'-disulfonic acid (DIDS), we did not detect any role of a putative ATP secretion in activation of C1 ~ transport or
inhibition of amiloride sensitive short circuit currents by CFTR. In addition, N?,2’-O-dibutyrylguanosine 3’,5"-cyclic monophosphate (cGMP)
and protein kinase G (PKG)-dependent phosphorylation or the nucleoside diphosphate kinase (NDPK) do not seem to play a role for the

inhibition of ENaC by CFTR, which, however, requires the presence of extracellular Cl ~.

© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Amiloride-sensitive epithelial Na™ channels (ENaC) are
essential for electrogenic absorption of Na® in kidney,
airways, intestine and other epithelial tissues [6]. ENaC is
expressed in airway and colonic epithelial cells, together
with cystic fibrosis transmembrane conductance regulator
(CFTR) Cl~ channels [18]. CFTR is not only a CI~
channel but it also controls the activity of numerous other
ion transport proteins [15,35]. It has been demonstrated that

Abbreviations: CFTR, cystic fibrosis transmembrane conductance
regulator; IBMX, 3-isobutyl-1-methylxanthine; cAMP, 5’ cyclic adenosine
monophosphate; ENaC, epithelial Na" channel; UTP, uridine 5'-triphos-
phate; ATP, adenosine 5'-triphosphate; PKG, protein kinase G; cGMP,
N?,2'-O-dibutyrylguanosine 3/,5'-cyclic monophosphate; DIDS, 4,4'-
diisothiocyanatostilbene-2,2’-disulfonic acid; PKG (peptide) inhibitor, H-
Arg-Lys-Arg-Ala-Arg-Lys-glu-OH
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ENaC is inhibited by CFTR in airway and colonic epithelial
tissues and cells coexpressing both proteins recombinantly
[19,21]. Others have been unable to demonstrate inhibition
of ENaC by CFTR in Xenopus oocytes or demonstrated
activation of ENaC by CFTR in the sweat duct epithelium.
These differences are likely due to variable relative expres-
sion levels of CFTR and ENaC in Xenopus oocytes and
indicate functional differences between the different epithe-
lial tissues, respectively [14]. We have postulated that
activation of CFTR Cl~ channels and simultaneous inhib-
ition of ENaC results in a switch of epithelial ion transport
from absorption under control conditions, towards secretion
after stimulation by secretagogues [15,18].

In a surprising similarity to the regulation of ENaC by
CFTR, an inverse regulation of C1 ~ and Na " transport has
been found for the stimulation of purinergic P2Y receptors,
which are colocalized in respiratory epithelial cells together
with ENaC [2,27,32]. Binding of adenosine 5'-triphos-
phate (ATP) or uridine 5'-triphosphate (UTP) to P2Y
receptors leads to an increase in intracellular Ca®>* and
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activation of Ca® " -dependent C1~ channels (CaCC) [27].
In parallel, purinergic agonists attenuate amiloride-sensitive
Na " transport, probably by inhibition of ENaCs [2,27,32].
For both CFTR and purinergic inhibition of ENaC, the
underlying mechanisms have not yet been described in
detail [17]. Some requirements have been identified, such
as a functional first nucleotide binding domain (CFTR) or
G protein function (P2Y receptor) [16,20]. Along this line,
Cl™ transport induced by CFTR Cl~ channels or P2Y,-
activated CaCC channels plays a crucial role [14,20].
These similarities suggest a common link for CFTR and
purinergic inhibition of ENaC. Such a link could exist
through the control of ATP transport by CFTR [11,36,37].
ATP transport by CFTR, however, is a controversial issue.
It has been detected in some but not in other studies
[7,8,22,23,33,38,43]. ATP transport by CFTR or control of
an ATP transporting protein by CFTR [1] should lead to 5’
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cyclic adenosine monophosphate (cAMP)-mediated release
of ATP or UTP, stimulation of Ca?> " -activated C1 ~ channels
and inhibition of ENaC. We examined this possibility and
other ATP-dependent regulatory pathways in the present
study. We found no evidence for a CFTR-mediated release
of purinergic agonists and a functional link of both puriner-
gic and CFTR-dependent inhibition of ENaC via the pro-
posed mechanism.

2. Methods

2.1. ¢cRNAs for ENaC, CFTR, P2Y, and NDPK and
expression in Xenopus oocytes

c¢DNA encoding rat (o,(3,y) ENaC (kindly provided by
Prof. Dr. B. Rossier, Pharmacological Institute of Lau-
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Fig. 1. Expression of ENaC and CFTR in Xenopus oocytes. (A) Continuous recording of amiloride-sensitive whole cell conductance ( G amilorige) Over 90 min
does not show any run down of Gamiiorige- (B) Original recordings of the whole cell currents obtained in a CFTR/ENaC expressing oocyte. Activation of CFTR
by stimulation with IBMX (1 mmol/l) and forskolin (2 pmol/l) inhibits the amiloride-sensitive whole cell current. The inhibition shows a partial recovery of
G Amiloride 15 min after omission of IBMX/forskolin. (C) Gamilorige €an be inhibited repetitively by activating and deactivating CFTR. * indicate significant

difference from control (paired #-test). (Number of experiments).
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sanne, Switzerland), human CFTR, mouse nucleoside
diphosphate kinase A (NDPK) and rat P2Y, receptor
were linearized in pBluescript or pTLN [12] with Nofl
or Mlul, and in vitro transcribed using T7, T3 or SP6
promotor and polymerase (Message Machine, Ambion,
USA). Isolation and microinjection of oocytes have been
described in a previous report [9]. In brief, after isolation
from adult Xenopus laevis female frogs (Xenopus express,
South Africa), oocytes were dispersed and defolliculated
by a 0.8-h treatment with collagenase (type A, Boeh-
ringer, Germany). Subsequently, oocytes were rinsed and
kept at 18 °C in ND96-buffer (in mmol/l): NaCl 96, KCI
2, CaCl, 1.8, MgCl, 1, HEPES 5, Na-pyruvate 2.5, pH
7.55), supplemented with theophylline (0.5 mmol/l) and
gentamycin (5 mg/l).

2.2. Double electrode voltage clamp

Oocytes were injected with cRNA (1-10 ng) after
dissolving in about 50 nl double-distilled water (Nanoliter
Injector WPI, Germany). Water injected oocytes served as
controls. Two to four days after injection, oocytes were
impaled with two electrodes (Clark Instruments), which had
a resistance of <1 M) when filled with 2.7 mol/l KCI. Two
bath electrodes were used, which had resistances of 1.7 and
2.2 kQ, respectively, when immersed in ND96 bath sol-
ution. Using two bath electrodes and a virtual-ground head-
stage, the voltage drop across R, Was effectively zero.
Membrane currents were measured by voltage clamping of
the oocytes (Warner oocyte clamp amplifier OC725C) in
intervals from — 90 to +30 mV, in steps of 10 mV, each 1 s.
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Fig. 2. Effects of stimulation of luminal purinergic receptors by ATP or UTP on ion transport in mouse trachea and Xenopus oocytes expressing ENaC. (A)
Continuous recording of the transepithelial voltage (V) in mouse trachea. ATP (100 umol/l) induced a transient voltage deflection and inhibited amiloride (A)
sensitive transport. (B) Summary of the amiloride-sensitive short circuit currents before and after stimulation with ATP. (C) Whole cell currents measured in
Xenopus oocytes expressing the epithelial Na™ channel ENaC and effects of amiloride (10 umol/l) in the absence or presence of ATP (100 umol/l). (D)
Summary of the amiloride-sensitive whole cell conductances ( Ganmj)) measured in ENaC expressing oocytes. Stimulation by ATP or UTP (both 100 pM) has no

impact on Gam;. (Number of experiments).
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Current data were filtered at 50 Hz. Data were collected
continuously (PowerLab, AD-Instruments, Australia) and
were analyzed by using the programs chart and scope
(PowerLab, AD-Instruments). Conductances were calcu-
lated according to Ohm’s law and amiloride-sensitive con-
ductances ( Gany) is used in the present report to express the
amount of whole cell conductance that is inhibited by 10
pmol/l amiloride. During the whole experiment, the bath
was continuously perfused at a rate of 5—10 ml/min. All
experiments were conducted at room temperature (22 °C).

2.3. Ussing chamber experiments

Tracheas were taken from mice (Quackenbush, animal
facility of the University of Queensland) after sacrificing the
animal by cervical dislocation, and opened by a longitudinal
cut after connective tissues were removed. Mouse distal
colon was removed from the animal and the mucosa was
separated mechanically from the submucosal tissue. Small
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superficial mucosal biopsies were obtained from human
rectum of 11 individuals (Department of Pediatrics, Univer-
sity of Freiburg, Germany). The study has been approved by
the ethical committee of the University of Freiburg, Germany.
Tissues were put immediately into a cold buffer solution of
the following composition (mmol/l): NaCl 145, KCI 3.8, b-
glucose 5, MgCl, 1, HEPES 5, Ca-gluconate 1.3. The tissues
were mounted into a modified Ussing chamber with a circular
aperture of 0.95 mm?. The luminal and basolateral sides of the
epithelium were perfused continuously at a rate of 10 ml/min
(chamber volume 2 ml). The bath solution had the following
composition (mmol/l): NaCl 145, KH,PO, 0.4, K,HPO, 1.6,
D-glucose 5, MgCl, 1, HEPES 5, Ca-gluconate 1.3. pH was
adjusted to 7.4. Bath solutions were heated to 37 °C using a
water jacket. Experiments were carried out under open circuit
conditions. Values for transepithelial voltages (V;.) were
referred to the serosal side of the epithelium. Transepithelial
resistance (R,) was determined by applying short (1 s)
current pulses (A7=0.5 pA). Voltage deflections obtained
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Fig. 3. Effects of stimulation by IBMX (100 umol/l)/forskolin (2 pmol/l) (I/F) and ATP or UTP (both 100 pmol/l) on transepithelial voltages and summary of
short circuit currents measured in mouse trachea. (A) Incubation with hexokinase (5 U/ml) and glucose (15 mM) attenuates ATP-activated transport but has no
effect on I/F induced secretion. (B) The P2Y blocker suramin (100 pmol/l) inhibits UTP-activated transport but has no effect on I/F-induced secretion. (C) The
Cl ™ channel blocker DIDS inhibits ATP-activated transport but has no effect on I/F-induced secretion. * indicate significant difference from control (paired -

test). (Number of experiments).
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under conditions without the mucosa present in the chamber
were subtracted from those obtained in the presence of the
tissues. R, was calculated according to Ohms law (R, = AV,./
Al). The equivalent short circuit current (/,.) was calculated
(Isc = Vio/Re) and the amiloride-sensitive Iy, (Jsc_ami) 1S used
to express the amount of equivalent short circuit current that
is inhibited by 10 pmol/l amiloride. Tissue preparations were
only accepted if the transepithelial resistance exceeded that
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obtained for an empty chamber at least by a factor of 3.
Recordings were usually stable for 3—4 h.

2.4. Materials and statistical analysis
All used compounds were of highest available grade of

purity. ATP, UTP, suramin, carbachol, 3-isobutyl-1-methyl-
xanthine (IBMX), membrane-permeable N2,2’-0-dibutyry1—
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Fig. 4. Summary of whole cell conductances measured in Xenopus oocytes coexpressing ENaC and P2Y, receptors. A whole cell C1 ~ conductance is activated
by stimulation with ATP (100 pmol/l) (A), which does not affect amiloride-sensitive Na* conductance ( Gami)) (B). (C—E) Summary of whole cell
conductances measured in oocytes coexpressing ENaC, P2Y, receptors and CFTR. A whole cell C1 ~ conductance is activated by stimulation with ATP (100
pmol/l). Suramin itself has no effects on basal ion conductance (C) or amiloride sensitive conductance (D). However, the effect of ATP is completely
suppressed by suramin. Activation of CFTR by IBMX (1 mmol/l) and forskolin (2 pumol/l) (I/F) inhibits Ga,; in the absence or presence of suramin (D) or
hexokinase (5 U/ml) and glucose (15 mmol/l) (E). * indicate significant difference from control. (Number of experiments).
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guanosine 3,5'-cyclic monophosphate (cGMP), forskolin,
amiloride, 4,4'-diisothiocyanatostilbene-2,2’-disulfonic acid
(DIDS), hexokinase and naringenin were all from Sigma
(Australia). The peptide-inhibitor of protein kinase G (PKG
inhibitor) H-Arg-Lys-Arg-Ala-Arg-Lys-glu-OH was from
Calbiochem (Australia). Student’s #-test P values <0.05
were accepted to indicate statistical significance. (Number
of experiments).

3. Results
3.1. Inhibition of ENaC by CFTR and purinergic stimulation
When both CFTR and ENaCs were coexpressed in

Xenopus oocytes, an amiloride-sensitive whole cell con-
ductance was detected, which did not show a rundown
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during 90-min observation (Fig. 1A). The amiloride-sensi-
tive whole cell current was inhibited upon stimulation of
CFTR by IBMX (1 mmol/l) and forskolin (2 pmol/l). The
inhibition was partially reversible already after 15-min
washout of IBMX and forskolin (Fig. 1B). A complete
recovery of the amiloride-sensitive conductance was
obtained after omitting IBMX and forskolin for 30 min
and deactivation of CFTR. Subsequent restimulation of
CFTR again inhibited Gamiorige (Fig. 1C). Thus, the data
indicate a reversible and reproducible inhibition of ENaC
by CFTR in Xenopus oocytes, which cannot be explained
by a rundown of ENaC channel activity. A similar rever-
sible inhibition of amiloride-sensitive transport by CFTR
has been demonstrated in native airway and colonic
epithelia [24,26] and is also shown in Fig. 5 of this paper,
emphasizing on the physiological significance of this
finding.
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Fig. 5. (A) Continuous recording of the transepithelial voltage (¥;.) in mouse colon and effects of amiloride on V. in the presence or absence of IBMX/
forskolin and hexokinase/glucose. (B) Summary of the amiloride-sensitive short circuit currents (Is..ami1) obtained before and after stimulation of CFTR. /sc ami
is inhibited by CFTR, even in the presence of hexokinase/glucose. Inhibition in the presence of hexokinase/glucose is not different to inhibition of fi._ay; in the
absence of hexokinase/glucose. * indicate significant difference from control (paired #-test). (Number of experiments).
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Similar to CFTR, also purinergic stimulation inhibits apical side, mouse tracheas responded with a large
amiloride-sensitive Na™ transport in the airway epithe- increase in the lumen negative transepithelial voltage
lium. When stimulated with 100 umol/l ATP from the (i), indicating transient activation of Cl~ secretion
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Fig. 6. Transepithelial voltages measured in human colonic biopsies. (A) Continuous recording of the transepithelial voltage (V) in human colonic epithelia
and effects of stimulation by basolateral carbachol (CCH; 100 pmol/l) and luminal UTP (100 pmol/l). Experiments were performed in the continuous presence
of indomethacin and amiloride (both 10 pmol/l). AV,.=voltage deflection induced by pulsed current injection. (B) Summary of short circuit currents induced
by basolateral CCH and luminal ATP in the absence of stimulation by IBMX/forskolin ( —cAMP). (C) Summary of short circuit currents induced by
basolateral CCH and basolateral or luminal ATP in the absence (— cAMP) or after stimulation by IBMX/forskolin (+cAMP). No effect of ATP on short circuit

currents could be detected. (D,E) Missing effect of stimulation by luminal ATP on [, ;. * indicate significant difference from control (paired #-test). (Number
of experiments).
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(Fig. 2A). In parallel, the effect of amiloride on Vi, and
amiloride-sensitive short circuit currents were largely
inhibited (Fig. 2A,B). The inhibitory effects of purinergic
stimulation on amiloride-sensitive transport were reversi-
ble within 90-min washout of ATP (data not shown). We
further examined the effects of purinergic stimulation on
ENaC in Xenopus oocytes. When applied to ENaC
expressing oocytes, we did not detect an inhibitory effect
of ATP or UTP on amiloride-sensitive conductance, i.e.
whole cell currents inhibited by amiloride were similar in
the absence or presence of ATP or UTP (Fig. 2C,D).
These experiments exclude the possibility of a direct
inhibitory effect of purinergic agonists on ENaC and
indicate the requirement of additional proteins necessary
for inhibition of ENaC.
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3.2. Inhibition of ENaC by CFTR via release of ATP or
urp?

We examined the possibility that CFTR is controlling the
release of purinergic agonists to the luminal membrane of the
airway epithelium, where they would bind to P2Y receptors,
activate a Ca® " -dependent C1~ conductance and inhibit
amiloride-sensitive Na ™ channels. To that end, tracheas were
stimulated with IBMX and forskolin in the presence or
absence of hexokinase (5 U/ml) and glucose (15 mmol/l).
Hexokinase and glucose were applied in order to metabolize
nucleotides, eventually secreted to the luminal side of the
epithelium during activation of CFTR. In case of a substantial
CFTR-controlled release of nucleotides to the luminal side,
we would expect a parallel activation of cAMP and Ca®* -
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Fig. 7. Effects of cGMP on ENaC expressed in Xenopus oocytes. (A) Continuous recording of the whole cell currents measured in Xenopus oocytes
expressing the epithelial Na™ channel ENaC, and effects of amiloride (10 umol/l) (upper trace). Incubation with 1 mmol/l of membrane-permeable cGMP
inhibits ENaC (middle trace). The inhibitory effect of cGMP on ENaC is suppressed by an inhibitor of protein kinase G (lower trace). (B) Summary of the
effects of membrane permeable cGMP on amiloride-sensitive whole cell conductance ( Gan;) in the absence or presence of the PKG inhibitor. Note that
c¢GMP has a slight but significant inhibitory effect on Gy only in the absence of PKG inhibitor. The PKG inhibitor enhanced G a1 (C) Downregulation
of Gamil by activation of CFTR with IBMX (1 mmol/l) and forskolin (2 umol/l) (I/F) takes place in the absence or presence of the PKG inhibitor. # indicate
significantly enhanced Gan in the presence of PKG inhibitor (unpaired #-test). * indicate significant difference from control (paired #-test). (Number of

experiments).
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activated Cl1 ~ conductance and thus an attenuated secretion
in the presence of hexokinase and glucose. Although ATP-
induced ion transport was inhibited, IBMX/forskolin (I/F)
activated transport was identical in the presence or absence of
hexokinase/glucose (Fig. 3A). Similarly, the purinergic
inhibitor suramin (200 pmol/l) attenuated UTP-induced
transport but had no effect on I/F activated secretion (Fig.
3B). Finally, the blocker of Ca®" -activated Cl ~ channels
DIDS attenuated ATP-induced transport, but was without any
effect on I/F induced secretion (Fig. 3C). Thus, the present
experiments do not deliver any evidence for CFTR-mediated
nucleotide secretion and activation of Ca® " -dependent C1 ~
channels. We therefore suggest that CFTR-mediated inhib-
ition of ENaC is not due to release of ATP/UTP to the luminal
side of the epithelium.

We further examined a possible contribution of nucleo-
tide release to CFTR-mediated inhibition of ENaC in
Xenopus oocytes. To that end, we coexpressed purinergic
P2Y, receptors together with ENaC in Xenopus oocytes. As
shown in Fig. 4A, ATP activates a whole cell conductance
in P2Y,/ENaC expressing oocytes. However, no inhibition
of the amiloride-sensitive conductance was observed during
stimulation by ATP. In another series of experiments, P2Y,
receptors and ENaC were coexpressed with CFTR. In this
series of experiments, the transient whole cell conductance
activated by ATP (100 pmol/l) was completely suppressed
by suramin (Fig. 4C). Suramin, however, did not suppress
inhibition of G, due to activation of CFTR, which again
argues against a CFTR-mediated ATP/UTP release and a
role for inhibition of ENaC. Thus, inhibition of Ga,,; was
similar in the absence or presence of suramin (Fig. 4D).
Along this line, hexokinase and glucose did not suppress I/
F-induced inhibition of Gan,; (Fig. 4E).

The possibility of ATP/UTP release by CFTR in the
intact epithelium was further ruled out. Previous studies
have shown that CFTR inhibits amiloride-sensitive currents
in native human and mouse colonic epithelia [26,42]. In the
present study, we examined whether inhibition of amiloride-
sensitive Na* transport by CFTR in mouse colon may
involve secretion of nucleotides. Amiloride-sensitive trans-
port was measured before and after stimulation of CFTR by
IBMX (100 pmol/l) and forskolin (10 pumol/l) and in the
presence of hexokinase (5 mmol/l) and glucose (15 mmol/l).
As shown in Fig. 5, amiloride-induced voltage deflections
were attenuated after stimulation of CFTR and amiloride-
sensitive transport (/s..ami)) Was reduced even in the pres-
ence of hexokinase and glucose. Additional experiments
were performed in human colonic biopsies. A previous
study has demonstrated inhibition of l..amj by CFTR in
the human colon [26]. Since little is known about the effects
of purinergic stimulation in this tissue, we examined the
impact of luminal and basolateral ATP (100 pmol/l) on ion
transport. The experiments were performed in the presence
of amiloride, after deactivating luminal CFTR C1 ™~ channels
by inhibiting prostaglandin synthesis with indomethacin
[28], or after stimulation of CFTR by IBMX and forskolin.

After inactivation of CFTR, increase of intracellular Ca®”"
by stimulation of basolateral muscarinic M3 receptors with
carbachol (CCH; umol/l) activates a luminal K™ secretion.
Similar has been reported previously [25,28,41]. In contrast
to CCH, luminal ATP had no effect on transepithelial
voltage and ion transport in the human colon (Fig. 6A,B).
Moreover, neither luminal nor basolateral ATP showed
effects after stimulation of CFTR (+cAMP), while stimu-
lation with CCH induced a Cl1~ secretion. Finally, amilor-
ide-sensitive transport was not inhibited by stimulation with
luminal ATP (Fig. 6D,E). Taken together, these results
suggest that in contrast to the murine colon [18], the human
colonic epithelium does not express purinergic receptors.
Thus, the inhibitory effects of CFTR on ENaC in the human
colon cannot be explained by release of ATP or UTP.

3.3. ¢cGMP and NDPK do not participate in the inhibition of
ENaC by CFTR

Other ATP-dependent processes may play a role for the
inhibition of ENaC. The ATP and ion regulated dependent
NDPK has been shown to be expressed in airway epithelial
cells, where it may interfere with the ion transport
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Fig. 8. (A) Continuous recording of the transepithelial voltage (Vi) in
mouse trachea and effects of amiloride on V. in the presence or absence of
membrane permeable cGMP. (B) Summary of the amiloride-sensitive short
circuit currents (I..amj)) obtained before and application of membrane
permeable cGMP. (Number of experiments).
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[29,31,39]. Moreover, it has been shown recently that
NDPK binds to and is regulated by adenosine monophos-
phate dependent kinase (AMPK), which is a CFTR-associ-
ated protein defective in CF [40]. Upon activation of NDPK,
ATP is metabolized to UTP or GTP, which could contribute
to the formation of cGMP and inhibit ENaC [5]. This model
is further supported by the fact that both activation of NDPK
and inhibition of ENaC by CFTR are Cl~ -dependent
processes [14,31]. We examined the effects of cGMP on
amiloride-sensitive Na ™ currents in oocytes. As shown in
Fig. 7, the amiloride-sensitive Na " current is inhibited
slightly but significantly in the presence of 1 mmol/l

A

GAmil (US)
)
|
_I
=

5- . *
NI - =
Naringenin water

o

Gamil (US)

I/F / gluconate
I/F / gluconate

- NDPK

+ NDPK

Fig. 9. Summary of amiloride-sensitive whole cell conductances ( Gami1)
measured in Xenopus oocytes coexpressing ENaC and CFTR. (A) Oocytes
were injected with the inhibitor of nucleoside diphosphate kinase,
naringenin (final oocyte concentration 50 pmol/l), or water. Down-
regulation of Gan; by activation of CFTR with IBMX (I mmol/l) and
forskolin (2 pmol/l) (I/F) was not suppressed by naringenin. (B) Additional
coexpression of NDPK did not affect downregulation of G, by activation
of CFTR with IBMX and forskolin. Inhibition of Ga,; Was reversible upon
replacement of extracellular Cl~ by gluconate. * indicate significant
difference from control (paired z-test). (Number of experiments).

membrane-permeable cGMP (Fig. 7A,B). Inhibition of
ENaC by cGMP was abolished by injecting an inhibitor
of PKG. Interestingly, amiloride-sensitive whole cell con-
ductances were enhanced in oocytes injected with PKG
inhibitor, which may suggest a basic inhibition of ENaC by
PKG in Xenopus oocytes. However, an inhibitory effect of
cGMP on amiloride-sensitive transport could not be
detected in mouse trachea (Fig. 8). Moreover, the down-
regulation of ENaC by CFTR was undisturbed by the
presence of the PKG inhibitor (Fig. 7C). In addition, the
inhibition of ENaC by CFTR was examined in oocytes,
which had been injected with naringenin (final concentra-
tion 500 umol/l), a blocker of NDPK, or was demonstrated
in oocytes that coexpressed NDPK (Fig. 9A,B). Neither
naringenin nor NDPK interfered with the downregulation of
ENaC by CFTR. In further experiments, we tested the
effects of fisetin and naringenin on mouse airways, but
did not find any significant effects on C1 ~ secretion or Na "
absorption (data not shown). Taken together, the present
results do not support a role of either CFTR-mediated
release of ATP, or ATP-dependent NDPK for the inhibition
of ENaC by CFTR.

4. Discussion

4.1. ENaC is inhibited by CFTR and by purinergic
stimulation

Previous results and our present results indicate that
amiloride-sensitive Na ™ transport is inhibited by both
CFTR and purinergic stimulation in native epithelial tissues
[2,24,26,27]. When coexpressed in Xenopus oocytes, ENaC
is inhibited during activation of CFTR. As shown in this
study, downregulation of ENaC by CFTR is reproducible in
the same oocyte and is not due to ENaC channel rundown.
However, in contrast to inhibition by CFTR, purinergic
stimulation does not inhibit ENaC in Xenopus oocytes.
Even in oocytes expressing additional purinergic P2Y,
receptors, thus clearly demonstrating ATP/UTP-activated
whole cell C1™ currents, inhibition of ENaC by ATP or
UTP was not observed. Obviously, in Xenopus oocytes, a
regulatory element is missing, necessary for inhibition of
ENaC. As another explanation, activation of P2Y, receptors
with the subsequent signaling pathway might be too tran-
sient in oocytes, especially when compared to the airway
epithelium. As shown previously, the downregulation of
amiloride-sensitive short circuit currents in mouse trachea
requires 5—10 min of continuous stimulation with ATP or
UTP and a longer lasting activation of Ca® " -activated Cl
currents [20]. In the present study, we did not directly
measure ATP release by either epithelial cells or oocytes.
Instead, we performed a functional analysis of the effects of
purinergic stimulation in various tissues and compared the
effects of ATP/UTP on Cl~ conductance and amiloride-
sensitive Na "~ absorption. Although any conclusions regard-
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ing ATP/UTP release are indirect, the data obtained here do
not supply any evidence for CFTR-dependent nucleotide
release and do not indicate a role for ATP/UTP in inhibition
of ENaC by CFTR in Xenopus oocytes.

4.2. No evidence for release of ATP and activation of CaCC
during stimulation of CFTR

We sought for functional evidence of ATP release, not
by measuring ATP release directly but by detecting activa-
tion of CaCC during stimulation of CFTR in mouse
trachea. Although a recent study demonstrated very low
expression of CFTR in mouse trachea [34], our experi-
ments show activation of Cl~ secretion by CFTR, as
indicated by cAMP-induced negative voltage deflection.
Activation of short circuit currents by cAMP, however, was
not affected by hexokinase, a blocker of purinergic recep-
tors (suramin), or Ca’ " -activated Cl~ channels (DIDS).
This argues against any contribution of purinergic stimu-
lation to CFTR-mediated secretion in mouse trachea.
Therefore, our data are in agreement with previously
published reports, which deny a role of CFTR in luminal
ATP release in the airway epithelium [7,22,23,33,38,43].
The same holds true for the mouse intestinal epithelium.
Here, cAMP (IBMX and forskolin) activated secretion and
inhibition of amiloride-sensitive transport was not affected
by hexokinase treatment. Finally, CFTR-dependent inhib-
ition of Na ™ absorption described for the human intestinal
epithelium [26] is unrelated to ATP/UTP release since no
evidence was found in the present study for expression of
purinergic receptors in the human large intestine and no
effects of ATP on I amy could be detected. Taken
together, the present study does not support the idea of
an autocrine release of ATP by CFTR and inhibition of
amiloride-sensitive currents via this mechanism [36].

4.3. Inhibition of ENaC by CF1TR is not due to NDPK
Sfunction or cGMP-dependent inhibition

Regulation of ENaC by CFTR has been studied exten-
sively and recent results indicated that ENaC might be
inhibited through the CFTR Cl~ current and a change in
the intracellular C1 ~ concentration [14]. This asks for the
contribution of additional Cl~ -sensitive proteins to the
inhibition of ENaC. A Cl ~ -dependent mechanism has been
reported for the fetal rat alveolar epithelium and the feed-
back inhibition of ENaC in salivary duct cells [4,13,30]. In
salivary epithelial cells, ®Go and aGi2 proteins mediate the
inhibition of ENaC via increase in intracellular Na* and
Cl ™, respectively [3,4,13,30]. However, a contribution of
these G protein subunits to the Na* feedback or CFTR-
dependent regulation of ENaC in oocytes has not been
found [10,17]. In the present study, we examined the
possible role of NDPK, another C1 ~ -and cation-dependent
enzyme. NDPK is expressed in the airway epithelium and
is regulated by AMPK, which has been shown to be a

CFTR-associated protein being defective in cystic fibrosis
[31,39,40]. NDPK has been suggested to play a role in the
control of ion channels in the airway epithelium [31,39]
and thus could be the protein that is in charge of CFTR-
mediated inhibition of ENaC. The data shown here, how-
ever, do not support the idea of NDPK, being the CI -
sensitive protein in charge of inhibition of ENaC in airways
or oocytes. Moreover, although ¢cGMP- and/or cGMP-
dependent PKG may inhibit ENaCs in some cell types
such as Xenopus oocytes or murine nasal epithelium, this
regulatory loop does not affect the control of ENaC by
CFTR [5]. Taken together, it is unlikely that a release of
ATP or UTP contributes to the inhibition of ENaC by
CFTR. This, however, should have been expected if CFTR
shows a significant nucleotide transport. Other ATP-
dependent signaling pathways such as via NDPK or cGMP
are also unlikely to play a role. Since C1 ~ was found to be
crucial for the inhibition of ENaC, current studies examine
if C1~ ions directly inhibit Na" transport through ENaC.
Preliminary results suggest that N or C termini of ENaC
might not be required for the inhibition by CFTR, which
suggests a possible direct inhibition by Cl~ ions [42].
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