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bstract

In our present study we used preparations from Xenopus laevis lungs to perform electrophysiological Ussing chamber measurements, uni-
irectional flux measurements, and employed molecular approaches to elucidate the presence and function of a cystic fibrosis transmembrane
onductance regulator (CFTR) homolog in this tissue. Application of different CFTR blockers (NPPB (5-nitro-2-(3-phenylpropylamino)benzoic
cid), niflumic acid (NFA), glibenclamide, lonidamine, CFTRinh-172) to the apical side of the tissues was able to significantly decrease the measured
hort circuit current (ISC) indicating a Cl− secretion due to luminal located CFTR channels. This was further supported by a net 36Cl− secretion
etermined by radioactive tracer flux experiments. Further, Xenopus pulmonary epithelia responded to apical chlorzoxazone exposure – a CFTR
ctivator – and this activated current was inhibited by CFTRinh-172. We performed reverse transcription-PCR (RT-PCR) and Western blot analysis
nd with both approaches we found characteristic signals indicating the presence of a CFTR homolog in Xenopus lung. In addition, we were able to

etect CFTR in apical membranes of Xenopus lung slices with immunohistological techniques. We conclude that Xenopus lung epithelium exhibits
unctional CFTR channels and that this tissue represents a valuable model for the investigation of ion transport properties in pulmonary epithelia.

2007 Elsevier B.V. All rights reserved.

eywords: Alveolar ion transport; Alveolar epithelium; Pulmonary ion transport; Transepithelial ion transport; Ussing chamber; Frog lung; Xenopus laevis; Chloride
hannel; Chloride channel blocker; CFTR; Reverse transcription-PCR; Immunofluorescence; Radioactive flux measurements; 36Cl−
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. Introduction

The lung surface of air breathing vertebrates is lined by an
pithelium that forms a barrier separating the external environ-
ent from the internal milieu. This barrier function is facilitated

y a liquid surface layer, which covers the entire luminal surface
f the respiratory tract (Boucher, 2003).

This liquid layer consists of a mucous layer and a layer
f periciliary fluid, separated by surfactant proteins (Rubin,
002) and represents the first barrier against inhaled irritants and
athogens to protect the entire organism (Knowles and Boucher,
002). Further, surfactants decrease the surface tension in the
ulmonary alveoli to facilitate gas exchange (Whitsett, 2005).

hese two functions – effective host defense and sufficient gas
xchange – crucially depend on the viscosity as well as on
he height of the liquid surface layer. The composition of this

∗ Corresponding author. Tel.: +49 641 99 35255; fax: +49 641 99 35059.
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uid layer is controlled by active transepithelial ion transport
onducted by the pulmonary epithelia (Matthay et al., 2002).

It is well accepted that the control of lung fluid content is
ccomplished by the interaction of Na+ absorption involving
pithelial Na+ channels (ENaCs, Matalon and O’Brodovich,
999) and Cl− transport via luminal Cl− channels, in particular
he cystic fibrosis transmembrane conductance regulator (CFTR,
’Grady and Lee, 2003). The net transport of these ions create
transepithelial osmotic gradient, which is the effective driv-

ng force for the movement of water across the epithelium and
hereby controls the content of fluid in the lung as well as the
iscosity of this fluid layer (Matthay et al., 1996).

Malfunctions of pulmonary ion transport are associated with
evere diseases in humans. For example, the hyperabsorption of
a+ and deficient Cl− secretion observed in patients with cys-

ic fibrosis increases the viscosity of the airway surface layer

nd thereby hampers mucociliary clearance (Donaldson and
oucher, 2003). This leads to insufficient host defense associ-
ted with increased infections and damage to the respiratory
ract (Pilewski and Frizzell, 1999). Conversely, formation of

mailto:martin.fronius@bio.uni-giessen.de
dx.doi.org/10.1016/j.resp.2007.03.016
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ulmonary edema – independent of its origin – is associated
ith decreased water clearance from the airspace due to insuf-
cient ion absorption (Matthay et al., 2005). This leads to fluid
ccumulation and impaired gas exchange.

Although the participation of CFTR-dependent Cl− transport
n the mammalian pulmonary epithelium is beyond dispute, little
s known about its distinct role. In the upper airways and submu-
osal glands in particular, there is sufficient evidence concerning
he participation of CFTR in Cl− secretion (Devor et al., 2000).
n distal airway epithelium as well as in the alveolar epithelia lit-
le is known about the function of the CFTR and its contribution
o transcellular ion transport. Preliminary studies indicate that
FTR is involved in Cl−absorption (Fang et al., 2002, 2006),
ut there is also evidence concerning CFTR mediated Cl− secre-
ion (Brochiero et al., 2004). One reason for this controversy

ay be the difficulties in performing transepithelial ion trans-
ort studies using isolated cells from the distal lung (e.g. alveolar
ells), since in some cases cells of uncertain phenotypes have
een used (Lazrak et al., 2000a). Further, several studies have
emonstrated that the ion transport properties of isolated alveo-
ar cells may vary depending on the culture conditions (Dobbs,
990; Kunzelmann et al., 1996; Jain et al., 2001).

In the present study, freshly isolated Xenopus laevis lungs
ere employed for ion transport studies. An important feature
f this organ is its simple, sac-like structure. This relatively
imple anatomy makes this organ suitable for transepithelial
ssing chamber recordings permitting measurements on a native

pithelium with intact cell–cell interactions. Prior studies have
learly demonstrated similarities concerning the morphology of
he air–blood barrier between amphibian and mammalian alveo-
ar epithelia (Meban, 1973; Dierichs, 1975; Fischer et al., 1989).
urther, there are substantial similarities between the Xeno-
us lung and mammalian pulmonary epithelia concerning the
asic transepithelial ion transport properties involving apical
NaCs (Fischer et al., 1989; Kim, 1990; Baxendale-Cox, 1999),
asolateral Na/K-ATPase (Fischer and Clauss, 1990; Illek et
l., 1990) and basolateral K+ channels (Illek et al., 1990)—the
ain components of sodium absorbing epithelia following the

wo-membrane hypothesis developed by Koefoed-Johnson and
ssing (1958).
Here, we present evidence concerning a luminal Cl−

ecretion in this tissue, which was sensitive to common
FTR inhibitors (NPPB, NFA, glibenclamide, lonidamine and
FTRinh-172; Schultz et al., 1999; Ma et al., 2002) and could
e augmented by the CFTR activator chlorzoxazone (Singh et
l., 2000; Cuthbert, 2001). The presence of a putative CFTR
on channel in this tissue is further supported by reverse
ranscription-PCR, Western blot analysis and immunofluores-
ence.

. Materials and methods

.1. Animals and tissue preparation
Lungs of adult female South African clawed frogs (X. laevis)
ere used for this study. The animals were purchased from H.
aehler (Hamburg, Germany), kept in tap water and fed once
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e

& Neurobiology 158 (2007) 97–106

week with commercial fish-food. Most of the used animals
ere injected 48 and 24 h before killing with adrenocorticotropic
ormone (ACTH) to increase basal ion transport rates (Fronius
t al., 2004). Further we have performed some experiments
ith non-ACTH injected animals to ensure that CFTR is not
nly induced by ACTH injection (immunofluorescence staining,
lectrophysiological recordings and tracer flux measurements).
receding removal of the lungs, all animals were hypothermally
naesthetized and killed by decapitation. For Ussing chamber
xperiments the lungs were incised along the large pulmonary
rtery and dissected to flat sheets. In order to mount the tissues
nto Ussing chambers, they were fixed either by a Lucite ring,
hich was glued from the pleural side, or by a Lucite ring con-

aining pins. Preparations were then mounted in adapted Ussing
hambers and bathed from both sides with identical Ringer’s
olution.

.2. Electrophysiological recordings

We used adapted 200 �l pipette tips containing 1 M
gar–KCl as holder for the Ag/AgCl wires (surrounded by 1 M
Cl) to connect the bath solution with the voltage-clamp ampli-
er. Solely electrodes with a spontaneous potential difference
1 mV were used for electrophysiological recordings. In a rep-
esentative series of experiments (n = 6) ouabain was applied
o determine zero current levels. Under these conditions we
btained a putative electrode drift of about 8% with respect to
he current values before ouabain application. Since this drift
s relative low, the measured values were not corrected. After
–5 min of equilibration the spontaneous generated transepithe-
ial potential difference (VT, lumen negative) was clamped to
V and the short circuit current (ISC) was recorded contin-
ously. Additional experiments were performed in the open
ircuit mode, monitoring the transepithelial potential (VT). In all
xperiments, tissues were allowed to equilibrate (30–180 min),
rior to drug administration. Data were digitized by a MacLab
nterface (ADInstruments, Australia) and stored on computer
Apple LC II, USA). Additionally, the ISC/VT was monitored on
strip–chart recorder (Kipp and Zonen, Netherlands). In order

o estimate the transepithelial resistance (RT), current/voltage
eflections due to voltage/current pulses of 2.5 mV/5 �A (dura-
ion 1 s) were determined and used to calculate RT according to
hm’s law. Effective aperture of the chambers used was 0.5 cm2.
ll experiments were performed at room temperature.

.3. Unidirectional flux measurements

For these recordings tissues were mounted on modified Uss-
ng chambers with an affective aperture of 1 cm2 and bathed with
volume of 3.5 ml Ringer’s solution (composition see below)

n each side. Measurements were performed in the open cir-
uit mode as well as in the short circuit mode. Chambers were
onnected via agar bridges to a voltage-clamp amplifier (Mußler

atentechnik, Germany). After an equilibration period of 90 min

6Cl− (29 kBq) was added either to the apical or the basolateral
ide of the tissues. After every 30 min, samples were taken from
ach side of the chambers to determine effective tracer fluxes
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n order to calculate net 36Cl− fluxes. Solutions were bubbled
ith compressed air and experiments were performed at room

emperature.

.4. Solutions and chemicals

Generally, symmetrical Ringer’s solution (NRS) was applied
o both compartments containing: 100 mM NaCl, 3 mM
Cl, 1 mM CaCl2, mM MgCl2, 10 mM glucose and 5 mM
EPES (pH 7.4, adjusted with trizma base). The apical

olution was additionally gassed with compressed air con-
aining 20% oxygen, to ensure sufficient oxygen supply
o the tissue. The following substances were used in this
tudy: amiloride to inhibit epithelial Na+ channels; NPPB (5-
itro-2-(3-phenylpropylamino)-benzoate), NFA (niflumic acid),
libenclamide, lonidamine and CFTRinh-172 as designated
FTR inhibitors. All compounds were purchased from Sigma

except NPPB; Tocris) and added from stock to the experimental
olution. Except amiloride (water), all blockers were dissolved
n DMSO. In order to avoid side effects by the solvent with con-
entrations >0.2%, equal amounts of DMSO were added to the
erfusion solution prior to the blocker application.

.5. Statistical analyses

Values are given as means ± standard error of the mean
S.E.M.), n indicates the number of performed experiments.
aired Student’s t-test was used to estimate the significance
etween means (comparing the influence of a compound with
alues before the compound was added). Significant different
eans are indicated by * or # and a P-value of at least <0.05
as considered as statistically significant. To determine half-
aximal inhibition concentrations (IC50) mean values of at least

hree applications for each blocker concentration were plotted
nd fitted by Hill equation.

.6. Reverse transcription-PCR

Freshly isolated Xenopus lungs were frozen and homoge-
ized in liquid nitrogen. Total RNA was extracted with RNeasy®

idi Kit (Qiagen) according to the manufacturer’s protocol
ncluding a DNase digestion step. RNA was reversed tran-
cribed with Oligo-dT primers and the ImProm-II Reverse
ranscription Kit (Promega). Negative controls were performed
nder the same conditions but in the absence of reverse tran-
criptase. The following PCR was carried out with the GoTaq
ystem (Promega) in a 50 �l sample containing 2 mM MgCl2.
pecific primers were designed from the published sequence
f Xenopus CFTR (GenBank accession number X65256). In
rder to detect contamination with genomic DNA, intron
panning primers were selected. Forward primer sequence
as 5′-ATCAGTTTCCAGGACAATTG-3′ and reverse primer
equence was 5′-ACCAGAAAGCGCTGGCATTC-3′, which
mplified a product with an expected size of 259 bp. The proto-
ol for the thermal cycler was as follows: 45 s at 95 ◦C, 30 s at
5 ◦C and 45 s at 72 ◦C for 35 cycles. The product was visualized

1
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w
C
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n a 2.5% agarose gel and bands of expected size were excised.
he amplicon was isolated using the Wizard SV Gel and PCR
lean-Up System (Promega) and ligated into pGEM-TEasy vec-

or (Promega). Plasmid isolation was done with Wizard Plus SV
iniprep kit (Promega). Sequencing confirmed 100% identity

o the published sequence of Xenopus CFTR.

.7. Western blots

Frozen Xenopus lungs and oocytes, were homogenized in
iquid nitrogen, resuspended in lysis buffer (150 mM NaCl,
0 mM Tris, 1 mM EDTA, 1 mM EGTA and 0.5% IGEPAL®

A-630, Na3VO4 (10 �l/ml lysis buffer), CompleteTM (40 �l/ml
ysis buffer)) for approximately 10–15 min and dispersed
ia a syringe. Following centrifugation for 15 min at 4 ◦C
13,000 rpm) 20 �l of each sample was separated on 10%
DS–polyacrylamide gels and transferred to polyvinylidene
ifluoride (PVDF) membranes. To avoid unspecific binding,
embranes were incubated for 1 h with 5% non-fat dry milk in
BST. Afterwards, the primary antibody (1:500; CFTR (H-182),
anta Cruz) was incubated overnight at 4 ◦C. For visualiza-

ion the horseradish-peroxidase bound secondary antibody was
dded (1:3000), followed by detection with enhance chemilu-
inescence system (ECL, Pierce).

.8. Immunofluorescence

Freshly isolated lungs of non-ACTH injected frogs were gen-
ly inflated by injecting a 1:2 dilution of Tissue-Tek (Sakura
inetek) and phosphate buffer solution (PBS, pH 7.4). The
rgans were embedded in Tissue-Tek and shock frozen in isopen-
ane (Roth Chemicals), which was cooled with liquid nitrogen.
ryostat sections (10 �m, Frigocut 2800E, Leica) were mounted
n poly-l-lysine-covered glass slides, stored in methanol at
◦C for 10 min and incubated for 1 h at room temperature.
nspecific binding sites were then blocked by incubation for
h with 50% horse serum (diluted with PBS) and the primary
ntibody (1:100, CFTR (H-182), Santa Cruz) was added over
ight at room temperature. Covers were then washed with PBS
nd incubated for 1 h at room temperature with Cy-3 conju-
ated donkey anti-rabbit immunoglobulin secondary antibody
1:1000, Chemicon). Finally, sections were treated for 10 min
ith paraformaldehyde, washed in PBS, embedded in glycerol

nd evaluated with an epifluorescence microscope (Axioplan 2,
eiss).

. Results

.1. Basic properties of Xenopus lung epithelium

The greatest part of the measured current in Xenopus lung
reparations is sensitive to the diuretic amiloride and represents
a+ absorption through epithelial Na+ channels (Fischer et al.,

989; Kim, 1990; Baxendale-Cox, 1999; Fronius et al., 2004).
o elucidate the function of luminal CFTR channels in this tissue
e used NPPB, NFA, glibenclamide and lonidamine as putative
FTR channel blockers. All blockers were applied to the api-
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Fig. 1. Unidirectional tracer flux measurements across Xenopus lung epithelium. (A) 36Cl− fluxes were determined under short circuit conditions, indicating a net Cl−
secretion from the basolateral to the apical compartment (n = 4 for each side, apical to basolateral and basolateral to apical fluxes were determined with preparations
d 6Cl−
t . (B)
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erived from one donor). Tissues were allowed to equilibrate for 90 min, then 3

o determine flux rates were taken in 30 min intervals following 36Cl− addition
uxes were reduced compared to the short circuit conditions, although we still

al side of the tissues and we found that all of them were able
o inhibit ISC under basal conditions—independent of the used
onditions (short circuit versus open circuit, data not shown).
his indicates that this tissue secretes Cl− via luminal Cl− con-
uctances. This finding is further supported by unidirectional
ux measurements revealing a net 36Cl− flux from the basolat-
ral to the apical side of the tissues (Fig. 1). Further experiments
ere performed with the selective CFTR blocker CFTRinh-172

Ma et al., 2002) and chlorzoxazone, a CFTR activator (Singh
t al., 2000).

.1.1. NPPB and NFA
NPPB and NFA are well-established blockers of different

ypes of Cl− channels, including CFTR (Schultz et al., 1999).
n our experiments apical application of 200 �M NPPB inhib-
ted 18 ± 3% of the measured baseline current (Fig. 2; n = 9,

< 0.001). Similar results were obtained with 300 �M api-

al NFA (22 ± 5%, n = 9, Fig. 2B). Following application of
0 �M amiloride in addition to NPPB, decreased ISC by about
2 ± 5% (with respect to baseline current without blocker; n = 9,

e
l
w
c

ig. 2. Effect of NPPB and NFA on short circuit current (ISC) in Xenopus lung. (A) O
nhibition saturated within 10–30 min and the remaining current was further blocked
xperiments as shown in panel A. NFA was applied in a concentration of 300 �M to t
eans (±S.E.M.) represent normalized values before (contr., control) and after block
was added either to the apical or to the basolateral side of the tissues. Samples
Fluxes determined under open circuit conditions. Under these conditions Cl−
ed a net secretion within 90 min after 36Cl− addition (n = 5 for each side).

< 0.001). Although the effect of NPPB was dose-dependent,
e found that concentrations above 300 �M induced unspecific

nhibition of the ISC accompanied by an obvious decrease of
he transepithelial resistance (RT). This unspecific inhibition
ersists even after NPPB was removed from the apical compart-
ent indicating additional effects as reviewed by Schultz et al.

1999). Therefore, we were not able to determine adequate half-
aximal inhibitory concentrations for NPPB (data not shown).
alf-maximal inhibition of ISC was determined with 232 �M
FA (see Fig. 3C) (Table 1).

.1.2. Glibenclamide and lonidamine
Further experiments were performed with glibenclamide

nd lonidamine, since these two compounds are indicated to
e more CFTR selective compared with NPPB and NFA,
espectively (Schultz et al., 1999; Gong et al., 2002). Inter-

stingly, apical application of low concentrations (<250 �M
onidamine; <500 �M glibenclamide) slightly increased ISC,
hereas lonidamine concentrations ≥250 �M and gliben-

lamide concentrations ≥500 �M inhibited ISC (Fig. 3A and

riginal recording displaying the effect of 200 �M apical NPPB. NPPB induced
by additional amiloride (amilo.; 10 �M,) application. (B) Summarized data of
he apical side of the tissues (NPPB: n = 9, *P < 0.001; NFA: n = 9, *P < 0.001).
er application.
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Fig. 3. Dose-dependent effects of designated CFTR inhibitors. (A) Apical glibenclamide concentrations from 10 to 200 �M induced stimulation of ISC, whereas
concentrations ≥500 �M inhibited transepithelial currents. Data represent means (±S.E.M.) of at least three administrations for each concentration (n ≥ 3); values
were normalized to control conditions represented by the dotted line (*P < 0.05 with respect to control). (B) Lonidamine produced similar results as obtained with
glibenclamide. Concentrations from 20 to 100 �M increased I , concentrations ≥250 �M obviously decreased the measured current (n ≥3, *P < 0.05 with respect
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With CFTRinh-172 (5 �M) at the apical side of the tissues
we observed a small but significant decrease of the ISC (9 ± 2%,
n = 7, P < 0.01). Further, the greatest part of the CFTRinh-172
induced inhibition was reversible (Fig. 4B).

Table 1
Summarized values from dose-dependent effects of Cl− channel inhibitors on
Xenopus lung epithelia

IC50

(�M)
95% confidence
interval of IC50 (�M)

Hill coefficient

NFA 232 202–266 −2.43
SC

o control). Inhibition of ISC by both drugs is in agreement with inhibition of C
quation to determine IC50 values for drug-induced inhibition. IC50 values wer
ith 748 �M.

). To determine half-maximal inhibition concentrations, those
oncentrations were plotted and fitted by Hill equation where
n inhibition of the ISC was observed (Fig. 3C). The determined
C50 value for lonidamine was 218 �M and for glibenclamide
48 �M (Table 1). At this point one should consider that both
ompounds were poorly soluble at high concentrations. And
lthough we were able to observe dose-dependent inhibition
f ISC, the determined IC50 values may not represent adequate
harmacological profiles, since we were not able to distinguish
etween the added amount of the drugs and the dissolved effec-
ive concentration. Nevertheless, the observed net-inhibition
ith glibenclamide and lonidamine confirm the results obtained
ith NPPB and NFA concerning Cl− secretion, further indicat-

ng the participation of a CFTR like ion channel.

.2. Effect of CFTRinh-172 on chlorzoxazone induced
urrents
Finally, we used the highly selective inhibitor CFTRinh-172
Ma et al., 2002) in combination with the putative CFTR acti-
ator chlorzoxazone (Singh et al., 2000). Because of the poor

L
G

M
e

mediated Cl− secretion. (C) Means were plotted and fitted according the Hill-
ulated for NFA with 232 �M, for lonidamine with 218 and for glibenclamide

olubility of CFTRinh-172 in our experimental solution, the
locker was dissolved in relatively high amounts of DMSO.
inal DMSO concentration in the perfusion solution was 1%
nd in order to avoid side effects of DMSO, 1% DMSO was
dded to the experimental solution (not shown) before CFTRinh-
72 and/or chlorzoxazone was added.
onidamine 218 204–233 −2.96
libenclamide 748 573–976 −2.07

eans were plotted and fitted by Prism 4 (GraphPad) according to the Hill
quation.



102 D. Sommer et al. / Respiratory Physiology & Neurobiology 158 (2007) 97–106

Fig. 4. Effects of CFTR-specific inhibitor and activator on transepithelial ISC. (A) Application of apical CFTRinh-172 (5 �M) decreased transepithelial ISC under
basal (unstimulated) conditions, indicating a Cl− secretion due to CFTR ion channels. (B) CFTRinh-172 induced effect under basal conditions and following
CFTR activation via apical chlorzoxazone (500 �M) application. Note that the CFTRinh-172 induced inhibition was reversible after wash out of the compound. (C)
Summarized data of experiments as shown in panels A and B; values are normalized with respect to control conditions (before drug application) indicated by the
dotted line. CFTRinh-172 significantly decreased ISC (n = 7, *P < 0.01). Chlorzoxazone (chlorz., 500 �M) significantly activated a current, which was sensitive to
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FTRinh-172 (n = 8, *P < 0.001, #P < 0.001).

Exposure of the epithelia to 500 �M chlorzoxazone obvi-
usly increased the basal ISC (35 ± 5%, n = 8, P < 0.001,
ig. 4B). Administration of CFTRinh-172 following the chlor-
oxazone induced current activation largely inhibited this
urrent (n = 8, Fig. 4B and C). In some experiments (n = 3, data
ot shown) no effect of CFTRinh-172 was detected under basal
onditions, but in these cases a CFTRinh-172 sensitive current
ould be induced with chlorzoxazone.

.3. Reverse transcription-PCR, Western blots and
mmunofluorescence
In addition to the electrophysiological studies we used molec-
lar biological techniques to verify the presence of CFTR at
NA and at the protein level. For both approaches freshly iso-

i
n
U
f

ated lungs were homogenized and samples were used for PCR
nd antibody detection.

With the used primers, which were designed according to
he published sequence of X. laevis CFTR (GenBank acces-
ion number X65256), we were able to amplify a product with
n expected size of 259 bp (Fig. 5A). This finding indicates
he presence of a CFTR mRNA within the homogenates of
enopus lung. In addition, Western blot analyses were per-

ormed using an antibody against the amino acids 1–182,
apping the N-terminus of human CFTR. With this antibody
e detected a characteristic band at the expected size (approx-
mately 160–170 kDa) in samples from lung homogenates but
ot from oocytes, which were used as negative control (Fig. 5B).
sing the same antibody for immunofluorescence detection we

ound characteristic signals in the apical membranes of the sec-
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Fig. 5. Molecular identity of a CFTR homolog from Xenopus lung. (A) Agarose
gel showing the RT-PCR product amplified from Xenopus lung homogenates.
cDNA derived from total RNA was amplified with primers spanning the region
between nucleotides 3995 and 4253 (259 bp fragment). Lane 1: 100 bp marker
(M), lane 2: PCR product derived from reverse transcribed RNA (+RT), lane 3:
PCR product derived from RNA not reversed transcribed (−RT). (B) Detection
of CFTR protein (indicated by arrow) by Western blot analysis from Xenopus
lung homogenates. With proteins isolated from Xenopus lung we were able to
detect a characteristic band at the expected size (approximately 160–170 kDa).
Samples from Xenopus oocytes (oocy.) were used as controls, since there is
no evidence for CFTR protein in these well-characterized cells (M: marker).
(C) Immunofluorescence staining of Xenopus laevis lung slices. With the used
antibody we were able to detect characteristic staining of the apical membrane
indicating the presence of a CFTR homolog in Xenopus pneumocytes. White
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ar corresponds to 100 �m. (D) Control staining of Xenopus where the pri-
ary antibody was omitted. In these slices no fluorescence was detected (white

ar = 100 �m).

ions. For these studies organs solely from non-ACTH injected
nimals were used (Fig. 5C).

These data provide clear evidence concerning the transcrip-
ion, the translation and the localization of a CFTR homolog ion
hannel in Xenopus lung epithelium.

. Discussion

While the importance of Na+ absorption as the major driving
orce to remove fluid from the alveolar airspace is well accepted,
he role of Cl− ion channels in this process has not been estab-

ished. It remains unclear if the alveolar epithelium secretes or
bsorbs Cl− ions (Brochiero et al., 2004; Fang et al., 2006).
aining further insight on this issue is hampered for two rea-

ons: (a) native mammalian alveolar preparations are recently

p
S
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ot available for electrophysiological measurements under con-
rolled conditions, which of course must be attributed to the
omplex anatomy of mammalian lungs; (b) the lack of ade-
uate cell culture models, because these models hardly represent
he physiological conditions, since a variety of different supple-

ents (including hormones and growth factors) are added to the
ulture media, thereby influencing the expression of ion channels
Jain et al., 2001; Lazrak et al., 2000a,b). Also time-dependent
hanges concerning the expression of distinct ion channels were
bserved (Leroy et al., 2004).

Keeping the usefulness of amphibian tissues (frog skin) and
ell culture models (A6 cells) for transepithelial ion transport
tudies in mind, we tried another approach. We used freshly
solated, native preparations from Xenopus lungs for Ussing
hamber recordings. Prior studies have already shown that this
rgan displays several similar features compared with mam-
alian pulmonary epithelia. Among these are the air–blood

arrier (Meban, 1973; Dierichs, 1975; Fischer et al., 1989) and
he pneumocytes from Xenopus lung, which exhibit morphology
f AT I cells combined with functional characteristics of AT II
ells (Fischer et al., 1989). The Xenopus lung epithelium exhibits
ctive Na+ reabsorption through amiloride sensitive epithelial
a+ channels, which were detected (Puoti et al., 1995) and

unctionally characterized by different groups (Baxendale-Cox,
999; Kim, 1990; Fischer et al., 1989; Fronius et al., 2003).
ne basic feature of this tissue is that the effect of blockers on
acroscopic currents is relative slow compared with other tis-

ues as mammalian trachea for example. This might be due to the
nlarged luminal surface formed by septa (Fischer et al., 1989),
educing the diffusion of applied compounds to distinct parts of
he epithelium. Nevertheless, the amiloride sensitive reabsorp-
ion observed this tissue is in accordance with recent suggestions
hat active Na+ reabsorption represents the main driving force
o remove alveolar fluid in mammalian lungs (Matthay et al.,
002).

In our present study we focused on Cl− transport and
ddressed two questions: (a) whether or not Xenopus lung may
ossess a functional CFTR-like ion channel and (b) how this ion
hannel may contribute to transepithelial ion transport.

Our results using different Cl− channel blockers clearly indi-
ate, that this tissue exhibits a basal Cl− secretion. This was
urther conformed in tracer flux measurements under short cir-
uit as well as open circuit conditions. Although in the open
ircuit mode the net secretion of 36Cl− was decreased compared
ith the secretion under short circuit conditions, we were still

ble to detect a net secretion within 90 min of incubation (Fig. 1).
n the short circuit Ussing chamber measurements, each of the
pically applied compounds was able to decrease the transep-
thelial ISC, which is in accordance with inhibition of luminal
l− secretion (Figs. 2–4).

Although each of the used substances blocks CFTR ion chan-
els, it is difficult to conclude that the CFTR ion channel is
resent only by applying these drugs. NFA and NPPB for exam-

le are able to inhibit CFTR ion channels (Schultz et al., 1999;
cott-Ward et al., 2004; Linsdell, 2005) but are also known to
lock other Cl− channels (Jentsch et al., 2002). Inhibition of
FTR by NPPB and NFA is suggested to occur via binding to the
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nner vestibule of the CFTR channel from the cytoplasmic side
Hwang and Sheppard, 1999; Scott-Ward et al., 2004; Linsdell,
005). But taking into consideration, that both compounds are
ble to inhibit different types of Cl− channels (Jentsch et al.,
002), we cannot exclude inhibition of at least two types of Cl−
hannels including CFTR in our experiments.

Glibenclamide and lonidamine in contrast are, so far, indi-
ated to be more selective CFTR inhibitors in comparison to
PPB and/or NFA (Sheppard and Welsh, 1992; Schultz et al.,
999; Gong et al., 2002). Interestingly, we found that both
rugs slightly increased ISC when added in relative low con-
entrations. With increasing concentrations an inhibition of the
easured current was observed. The observed increase of ISC

y glibenclamide could be reasoned by the inhibition of luminal
+ channels and/or by activation of ENaC, respectively. Gliben-

lamide is a very potent inhibitor of KATP channels (Zunkler
t al., 1988) and this type of channel was already described
n human alveolar epithelial cells to be involved in luminal

+ secretion (Sakuma et al., 1998). Thus inhibition of such a
ecretory K+ conductance would produce an increase of the
ransepithelial short circuit current as observed in our study.
nother explanation may be a stimulation of apical ENaCs. Dif-

erent studies were able to demonstrate activation of the Xenopus
NaC clone by glibenclamide (Chraibi and Horisberger, 1999;
chnizler et al., 2003). Unfortunately, at this time we cannot
xplain the stimulation of the ISC by low concentrations of
onidamine. The interference of lonidamine with distinct K+

hannels has already been demonstrated (Cheranov and Jaggar,
004), therefore, we cannot rule out such side effects in our
xperiments. In addition, similar observations concerning acti-
ation as well as inhibition of human CFTR were shown with
hloxine B (Bachmann et al., 2000; Cai and Sheppard, 2002)
nd with genistein (Wang et al., 1998) indicating that these com-
ounds may bind to different binding sites of the CFTR molecule
nd thereby produce opposite effects.

Nevertheless, the observed inhibition of the ISC as detected
n our experiments with high concentrations of lonidamine and
libenclamide are in accordance with an inhibition of a CFTR-
ependent Cl− secretion (Fig. 3).

Concerning the half-maximal inhibitory concentrations
IC50) determined from our experiments with NFA, gliben-
lamide and lonidamine, different aspects should be considered:
a) other ion channels and chloride channels in particular may be
nvolved in the observed inhibition, (b) most of the pharmacolog-
cal profiles of CFTR inhibitors are achieved from patch–clamp
tudies in the inside-out configuration, (c) CFTR inhibitors in
hese patch–clamp recordings were tested under relative high
egative voltages and in general these compounds exhibit a
reater efficiency at hyperpolarized membrane potentials, (d)
lmost all inhibitors used in these studies were applied from
he cytoplasmic side and thus are easy accessible to the desig-
ated binding site (from our recordings it is difficult to determine
dequate pharmacological profiles concerning the effective drug

oncentrations), (e) species-dependent differences in the amino
cid sequences may also influence the affinity of the compounds
o the ion channel. For example, lonidamine was found to block
uman CFTR with an IC50 value of 58.5 �M in inside-out

e
w
a
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atches (Gong et al., 2002) but for rat CFTR an IC50 value
f 631 �M was reported on whole cell recordings by the same
roup (Gong and Wong, 2000).

CFTRinh-172 is reported to be a highly selective inhibitor of
FTR (Ma et al., 2002; Sheppard, 2004) although the mecha-
ism of inhibition remains to be further elucidated (Taddei et
l., 2004). In our study, we found that low concentrations of this
ompound applied to the apical side of the tissues significantly
nhibited the short circuit current under basal conditions (Fig. 4)
nd that the inhibition was largely reversible as described by
ther studies (Ma et al., 2002; Wang et al., 2004). In order to
urther support our assumption concerning a role for CFTR in
on transport participation in this tissue we used chlorzoxazone

compound, which like other benzimidazolones is known to
ctivate CFTR by two different mechanisms: either by a direct
nteraction with CFTR (Cuthbert, 2001; Caci et al., 2003), or
ndirect by activation of K+ channels inducing hyperpolarization
nd thus increasing the driving force for Cl− extrusion (Singh et
l., 2000). Independent of the underlying mechanism, we found
hat chlorzoxazone activated a current and this current was sen-
itive to apical CFTRinh-172 application. From these results we
onclude that the observed increase in ISC is due to an activa-
ion of a designated CFTR channel, especially since we were
ble to block almost the entire chlorzoxazone induced current
ith CFTRinh-172 (Fig. 4C). This assumption is further sup-
orted by observations that a functional CFTR is required to
ctivate chlorzoxazone induced transepithelial currents, since
here was no chlorzoxazone effect detectable in DF508 human
irway epithelia (Singh et al., 2000).

In addition to the electrophysiological data, we used molec-
lar and immunofluorescence approaches to detect CFTR
ranscripts as well as translated CFTR protein. Since the Xeno-
us CFTR homolog was already cloned (Tucker et al., 1992),
e used this sequence to create primers for the suggested Xeno-
us CFTR in the lung. These primers produced a band at the
redicted size indicating the presence of CFTR ion channel
RNA in the Xenopus lung. Further we used an anti-human
FTR antibody directed against the N-terminal region that is
onserved between human and Xenopus (identity on amino acid
evel 85%). This antibody also produced a band at the expected
ize in Western blots, clearly showing the presence of translated
FTR protein in the Xenopus lung. This finding is further sup-
orted by immunofluorescence staining of the apical membrane
sing the same antibody. These results are in agreement with
study demonstrating the presence of CFTR mRNA derived

rom early developmental stages (Tucker et al., 1992) as well
s CFTR protein in Xenopus skin (Engelhardt et al., 2004). The
act that CFTR homologs were also identified in different non-
ammalian vertebrates (e.g. the shark rectal gland, which is a

aluable model for Cl− secreting epithelia; Marshall et al., 1991;
iordan et al., 1994), indicates that this ion channel plays a cru-
ial role in epithelial ion transport and electrolyte homeostasis
ithin the vertebrates.

Taken together, our data indicate that a CFTR homolog is

xpressed and translated in Xenopus lung epithelium. Further
e have evidence that this channel is functionally located in the

pical membranes of Xenopus pneumocytes and contributes to
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ransepithelial ion transport and thus to the regulation and control
f transepithelial water movement. In Xenopus lung epithelium,
he designated CFTR functions as a secretory ion channel, thus
epresenting the situation known from human fetal alveolar cells
O’Grady and Lee, 2003) as well as from the upper airway
pithelia in mammals (Devor et al., 2000). From our present
ata we suggest that this amphibian tissue may represent a valu-
ble tool for basic pulmonary ion transport studies, exhibiting
arge similarities compared to mammalian lung epithelia includ-
ng functional CFTR ion channels and their participation in
ulmonary ion transport.
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