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Abstract

Background Cystic fibrosis (CF) respiratory epithelia are characterized by a
defect Cl− secretion and an increased Na+ absorption through epithelial Na+
channels (ENaC). The present study aimed to find an effective inhibitor of
human ENaC with respect to replacing amiloride therapy for CF patients.
Therefore, we developed specific antisense oligonucleotides (AON) that
efficiently suppress Na+ hyperabsorption by inhibiting the expression of
the α-ENaC subunit.

Methods We heterologously expressed ENaC in oocytes of Xenopus laevis
for mass screening of AON. Additionally, primary cultures of human nasal
epithelia were transfected with AON and were used for Ussing chamber
experiments, as well as biochemical and fluorescence optical analyses.

Results Screening of several AON by co-injection or sequential microinjec-
tion of AON and ENaC mRNA in X. laevis oocytes led to a sustained decrease
in amiloride-sensitive current and conductance. Using primary cultures of
human nasal epithelia, we show that AON effectively suppress amiloride-
sensitive Na+ absorption mediated by ENaC in CF and non-CF tissues. In
western blot experiments, it could be shown that the amount of ENaC protein
is effectively reduced after AON transfection.

Conclusions Our data comprise an initial step towards a preclinical test
with AON to reduce Na+ hyperabsorption in CF epithelia. Copyright  2009
John Wiley & Sons, Ltd.
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Introduction

Na+ absorption in epithelia lining e.g. the distal nephron, the ducts of secre-
tory glands, the distal colon and the respiratory airways is mainly mediated
by the epithelial Na+ channel in the apical membranes (ENaC) [1]. ENaC
mediates the uptake of Na+ from the luminal side into the cells using a gra-
dient that is maintained by the basolateral Na+/K+-ATPase. These channels
are characterized by their high affinity to the K+-sparing diuretic amiloride
(K1/2 ∼ 0.1 µM). ENaC exhibits a very low single-channel conductance of
approximately 3–5 pS and shows extremely slow gating in the range of
seconds [2]. The channel is composed of up to four subunits (α, β, γ and
δ) that share 35% homology at the amino acid level [3]. Although the
α-subunit alone is able to form a functional low conductance channel, the
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β- and γ -subunits accomplish regulatory functions that
are necessary for proper channel gating [4]. The δ-ENaC
subunit can also form amiloride-sensitive Na+ channels
when co-expressed along with β and γ accessory subunits
in heterologous cell systems; however, the generated
currents are different from that of the classical subunit
composition (α, β and γ ) [5]. Furthermore, the δ-subunit
shows a different tissue distribution because it is expressed
mainly in brain, heart and pancreas and may be activated
by external protons [5,6]. Recently, this subunit was
also detected in human respiratory epithelium [7]. The
channel stoichiometry is still a matter of debate, although
it is hypothesized that the functional ENaC exhibits
a tetrameric structure of two α-subunits, one β- and
one γ -subunit [8]. Other studies suggest a nonameric
structure (α3, β3 and γ3) [9,10], although, recently,
a trimeric structure was postulated [11]. Defects in
ENaC cause diseases such as Liddle’s syndrome and
pseudohypoaldosteronism [12,13]. Furthermore, ENaC
is involved in the pathogenesis of cystic fibrosis (CF),
the most frequent genetic disease in the Caucasian
population [14,15]. CF is the result of mutations in
a gene coding for an epithelial Cl− channel termed
cystic fibrosis transmembrane conductance regulator
(CFTR). Beside defective Cl− secretion, CF epithelia are
characterized by a dramatic increase of Na+ absorption
via ENaC [14]. Furthermore, it was shown, in a β-
ENaC overexpressing mouse model, that hyperabsorption
of Na+ by ENaC is sufficient to evoke the typical
symptoms of cystic fibrosis-like lung disease that is
found in CF patients, such as airway surface liquid
depletion, mucus retention and neutrophilic inflammation
[16]. Previously, we demonstrated that ENaC shows
an upregulated subunit expression in CF respiratory
epithelia compared to non-CF epithelia [17]. Although the
molecular mechanism of ENaC Na+ hyperabsorption in CF
epithelia is not yet fully understood, the ENaC inhibitors
amiloride and benzamil were used for inhalation to reduce
the Na+ hyperabsorption [18]. Furthermore, a recent
study reported that the amiloride therapy demonstrated
therapeutic benefits on airway inflammation in β-ENaC-
overexpressing mice when started directly after birth [19].
The positive effects of amiloride and benzamil do not
last long enough to yield sustained relief for patients
who already suffer from CF-related symptoms [20,21].
Therefore, the present study aimed to develop a method
that leads to the inhibition of Na+ hyperabsorption
through ENaC in CF respiratory epithelia. We developed
specific antisense oligonucleotides (AON) that resulted
in a potent inhibition of ENaC. AON are synthetic DNA
molecules with a sequence complementary to a specific
mRNA sequence. Binding of the AON complementary
to the mRNA transcript evokes a blockage of the
translation and stimulates degradation of the mRNA
by lysosomes [22]. Previous studies showed that AON
directed against the α-subunit of ENaC had the ability
to block nonselective cation channels in rat alveolar
type II cells [23] and human B lymphocytes [24]. To
specifically silence ENaC with AON, we developed a

method for the selection of the target sequence on
ENaC that allows designing AON effective for related
molecules from different tissues. In a first step, we
used the Xenopus laevis oocyte expression system to
test the effectiveness of the AON in silencing ENaC.
Measuring the amiloride-sensitive membrane current and
conductance mediated by ENaC, we showed that two
AON of different sequences prevent the expression of
ENaC in oocytes or suppress ENaC effectively when
already expressed. In a second step, we used primary
cultured human CF and non-CF nasal epithelia cells, which
were shown to express ENaC as the dominant cation
transport system [14,25]. Because of their accessibility
and the close morphologic and cell-physiologic similarity
to the lower regions of the respiratory tract, primary
cultures of human airway epithelium have proven to be
very useful for studying ion transport in these epithelia
[26]. Because there is no available animal model for
ENaC hyperabsorption, such primary cultured cells offer
a useful model for demonstrating ion transport defects
in CF. To test the inhibitory effect, we transfected the
cells with AON after measuring transepithelial amiloride-
sensitive currents mediated by ENaC. Statistical analyses
revealed that the AON suppressed more than 66% of Na+
absorption via ENaC. From these data we conclude that
ENaC-specific AON could circumvent the shortcomings of
the conventional amiloride inhalation therapy in cystic
fibrosis. In addition to the first and second generation
of ENaC suppressors (amiloride, benzamil and phenamil
[27]), the AON molecules could form a novel generation
of ENaC inhibiting substances.

Material and Methods

AON screening using the oocyte
expression system

Oocyte preparation
Oocyte extraction and technical procedures are described
in more detail elsewhere [28]. Briefly, X. laevis females
were purchased from African Xenopus Facility (Knysna,
Republic of South Africa). Anaesthetized frogs (tricaine:
MS222, 1.5 g/l, pH 7.0) underwent surgery to remove
ovarian lobes, and then the incision was sutured and
animals were returned to the tank. Oocytes were
defolliculated by incubation for 2 h in Oocyte Ringer (Ori;
for composition, see below) with 1 mg/ml collagenase
(Serva, Heidelberg, Germany) and subsequently washed
for 10 min with Ca2+-free Ringer to remove the follicle cell
layer. mRNA or other compounds were microinjected in
adjustable amounts using a nanoliter pump (Drummond
Nanoject, Broomall, PA, USA). The RNA-injected oocytes
(2 ng of mRNA for each ENaC subunit) were allowed
1 day to express ENaC in an incubator at 16 ◦C. During
this time, the oocytes were incubated in an ENaC storage
Ringer (ESR; for composition, see below). Afterwards,
23 ng of the respective AON were injected per oocyte.
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Only healthy-looking, full-grown oocytes (stages V–VI)
were used for the experiments that were performed at
room temperature (approximately 22 ◦C).

Two microelectrode voltage clamp
The oocyte was placed in a small (0.3 ml) Plexiglas
chamber and continuously perfused at adjustable rates.
The clamp circuit consisted of two intracellular micro-
electrodes (for voltage and current) with resistances of
approximately 1 M�, and two Ag/AgCl pellets in the
bath to provide the reference and the virtual ground
circuitry. The clamp amplifier (OC-725C; Warner Instru-
ments, Hamden, CT, USA) was interfaced via a series of
anti-aliasing filters and digital control circuits with two
acquisition boards (Model 310B; Dalanco Spry, Rochester,
NY, USA) equipped each with a digital signal processor
(DSP), four channels for high-speed 14-bit A/D conver-
sion and two-high speed, 12-bit D/A converters. The DSP
boards were programmed to generate the clamp com-
mand and to digitize and preprocess the raw data. They
were linked to the host computer for final data process-
ing, display, storage and user interface. Our oocyte setup
allowed simultaneous and continuous monitoring of the
membrane current (Im), conductance (Gm) and capaci-
tance (Cm). Cm was recorded during each experiment at
five different frequencies and is considered as a measure of
the membrane surface area. The amiloride-sensitive ENaC
current (INa) and conductance (GNa) were evaluated as the
difference before and after application of 50 µM amiloride.
By convention, a current carried by positive charges
moving from the bath into the cell is termed ‘inward’,
considered negative and plotted downwards in all graphs.

AON design
We designed two AON with sequences complemen-
tary to the mRNA of both rat and human α-ENaC
subunit. The free Vienna RNA software package
(http://www.tbi.univie.ac.at/∼ivo/RNA/) was used to
compute the predicted secondary structures [29] of rat
and human α-ENaC mRNA at 31 different temperatures
in the range of 4–36 ◦C (accession numbers: α-rat ENaC:
X70497, α-human EnaC: NM 001038). Using custom
made software, each base was assigned a score based
on the probability of it being in a single-stranded con-
formation. We then used further software to search for
sequences of 16 bases that are common to the two species
and have the highest combined single-strand score, with
the rationale being that single-stranded RNA is energeti-
cally more favorable to AON binding. The two AON that
we termed ‘green AON’ (gAON; 5′-TGG ATG GTG GTG
CTG T-3′) and ‘black AON’ (bAON; 5′-TTG AAG AAG
ATG TTG A-3′), correspond to α-human ENaC mRNA at
positions 290 and 1670, respectively, and to α-rat ENaC
mRNA at positions 347 and 1733. The actual molecules
were synthesized as 2′-O-methyl-RNA phosphorothioates
by Eurogentec S.A. (Liège, Belgium). This renders the
molecules more resistant to nuclease attack and blends

the properties of both DNA and RNA. Because RNA has
a greater affinity for mRNA than does DNA, this enables
the molecule to form a tighter bond with its target.

Solutions
The composition of the basic ORi was (in mM): 90 NaCl, 3
KCl, 2 CaCl2 and 5 HEPES (N-2-hydroxylethylpiperazine-
N-ethanesulfonic acid). The low Na+ solution (LNS)
differed from ORi by having only 15 NaCl and an addi-
tional 75 N-methyl-D-glucamine (NMDG) chloride. The
ESR contained 10 NaCl and 80 NMDG chloride, in addi-
tion to the other compounds (same as ORi or LNS). The
pH of all Ringer solutions was adjusted to 7.6 with NaOH
or HCl, accordingly. Unless otherwise stated, substances
were purchased from Roth (Karlsruhe, Germany).

AON testing in human nasal epithelium
(HNE)

Patients
We obtained nasal specimens from CF and non-CF
patients undergoing nasal surgery. The specimens were
typically nasal polyps or nasal turbinates of patients
suffering from chronic sinusitis. The study was approved
by the committees for human studies of the University
of Muenster (Ethik Kommission Muenster) and the
University of Giessen (Ethik Kommission der Justus-
Liebig-Universitaet Giessen). Declaration of Helsinki
protocols were followed and all patients (or their parents,
respectively) provided their written, informed consent.

Cell culture
Primary cell culture of HNE was performed as described
before [30]. Briefly, the CF and non-CF nasal epithelial
cells were isolated by enzymatic digestion for 24–48 h
and subsequently seeded on permeable collagen fil-
ters with a diameter of 14 mm (Cellagen TM dics CD
24; ICN Biomedicals, Costa Mesa, CA, USA) for Ussing
chamber experiments. For biochemical or fluorescence
optical analyses, the cells were seeded on collagen
coated (0.15 mg/ml, collagen type I; Sigma, Deisen-
hofen, Germany) cell culture dishes or collagen coated
glass cover slips, respectively. The cells were cultured
with serum-free F-12 nutrient mixture (Ham) (Invitro-
gen/Gibco, Karlsruhe, Germany) supplemented with the
following agents: insulin (2 µg/ml) (Invitrogen/Gibco),
epidermal growth factor (13 ng/ml) (Sigma), endothe-
lial cell growth supplement (7.5 µg/ml) (Becton Dick-
inson GmbH, Heidelberg, Germany), triiodo-thyronine
(3 nM) (Sigma), hydrocortisone (100 nM) (Sigma), gen-
tamycin (10 µg/ml) (Biochrom AG, Berlin, Germany),
penicillin/streptomycin (100 U/ml) (Invitrogen/Gibco),
L-glutamin (2 mM) (Invitrogen/Gibco) and transferrin
(4 µg/ml) (Invitrogen/Gibco). Previously, it was shown
that these supplements had no effect on the electrical
parameters of the HNE [31]. Cells were incubated in 95%
air and 5% CO2 at 37 ◦C.
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Transepithelial measurements
After reaching confluence (7–9 days after seeding), the
nasal epithelial cells were mounted in modified Uss-
ing chambers. The two compartments of the chamber
were continuously perfused with cell culture Ringer at
37 ◦C. Voltage and current electrodes (AgCl wires) were
used and were electrically connected to the chamber by
KCl-agar bridges. The current electrodes held the transep-
ithelial potential (Vt), which is established by an active
transport of ions to zero. The required current of com-
pensation, termed the short circuit current (Isc), depends
on changes in conductance of the epithelium, which is
generated by perfusion of different solutions. Na+ absorp-
tion through ENaC was assessed as short-circuit current
(ISC) and conductance (Gt) in presence and absence of
amiloride (100 µM). To determine the overall Na+ absorp-
tion of the cells, we removed Na+ from the apical Ringer
in a second step. ISC was continuously monitored using
the computer software ImpDsp1.4 (Professor Willy Van
Driessche, KU Leuven, Leuven, Belgium). The measured
area had a size of 0.5 cm2, whereas the electrical param-
eters were normalized to an area of 1 cm2.

Transfection procedures
The 16-bp (5′-TGG ATG GTG GTG CTG T-3′) antisense-
nucleotides, the respective sense control (sense-AON,
5′-ACA ACA CCA CCA TCC A-3′) and the fluorescein
coupled AON (5′ Fam-AON) were synthesized with
phosphorothioate backbone modifications commercially
by Metabion (Martinsried, Germany). Cells of human
nasal epithelia were measured after reaching confluence
in modified Ussing chambers and the bioelectrical
parameters were recorded. Subsequently, the cells were
transfected with AON (0.15 µg of AON per 14 mm
collagen filter) following the standard protocol of
the Effectene transfection reagent (Qiagen, Hilden,
Germany). Afterwards, the cells were incubated for 36 h
and the functional properties were measured again. For
the biochemical and fluorescence optical analyses, the
cells were transfected in the same way as described before
but on the special cell culture support, respectively, and
analysed after 36 h of incubation.

Solutions
Cell culture Ringer comprised: 130 mM NaCl, 5 mM KCl,
1 mM CaCl2, 2 mM MgCl2, 5 mM glucose, 10 mM HEPES.
In the used sodium free solution, NaCl was replaced by
an equivalent amount of tetramethylammonium chloride.

Protein biochemistry
For protein isolation, cells were washed twice with
phosphate-buffered saline (PBS) on ice and scraped off
with ice-cold lysis buffer (1 mM Tris, 15 mM NaCl, 0.2 mM

ethylenediaminetetraacetic acid, 2% Triton X-100). Pro-
tease inhibitor cocktail was added to this detergent mix-
ture (10 mM leupeptin, 1 mg/ml trypsininhibitor, 25 µM

Pefablock, 100 mM phenylmethanesulfonyl fluoride). The

cell lysate was then homogenized by repetitive passing
through a sterile syringe (diameter 0.9 mm; Braun, Mel-
sungen, Germany). Afterwards, the homogenized lysate
was centrifuged at 4 ◦C at 4000 g for 30 min, and
the supernatant was transferred into a new collection
tube. The concentration of the proteins in the super-
natant was measured using the Bradford test [32]. For
the detection of the α-ENaC subunit, 30 µg of total
membrane proteins were separated via sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
(7.5% acrylamide) and transferred to a polyvinylidenflu-
oride (PVDF) membrane. Nonspecific binding sites were
blocked for 2 h by 5% nonfat dry milk in Tris-buffered
saline/Tween (TBST) (10 mM Tris HCl, pH 7.4; 140 mM

NaCl; 0.3% Tween 20). The ENaC α-subunit was detected
with a rabbit anti-α-ENaC antibody (Dianova, Hamburg,
Germany) at a concentration of 1 : 2500 diluted in 5%
nonfat dry milk/TBST at 4 ◦C overnight. After washing
in TBST, the membrane was incubated for 1 h at room
temperature with goat anti-rabbit Ig Gs (immunoglobu-
lin G) conjugated with alkaline phosphatase (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) diluted 1 : 10 000
in 5% nonfat dry milk/TBST. The membrane was washed
again in TBST and detection was carried out with NBT
(nitroblue tetrazolium) and 5-bromo-4-chloro-3- indolyl
phosphate.

To determine the protein amounts of the bands detected
by the specific anti α-ENaC antibody in western blot
experiments, we digitised the PVDF membranes and
analysed the blot semi-quantitatively by densitometry
using ImageJ analysis software 1.36 [33].

Fluorescence optical analyses
For detection of the cellular uptake of the AON and their
distribution, nasal epithelial cells were seeded on glass
cover slips and transfected with fluorescein-labeled AON
(5′ Fam-AON, absorption peak by 492 nm). Therefore,
cells were gently washed five times in PBS (in mM: 140
NaCl, 2 KCl, 4 Na2HPO4, 1 KH2PO4, pH 7.4) and cell
fixation was performed with 0.05% glutaraldehyde for
10 min at 37 ◦C. Subsequently, the cells were washed
again in PBS and once in water to remove salt, and
were then mounted in Moviol/Dabco (Roth, Karlsruhe,
Germany). Images were acquired by using the Axio
Vision software, version 4.6, with an inverted fluorescence
microscope (LSM 510 Meta; Carl Zeiss, Oberkochen,
Germany) equipped with a × 100 1.45 oil immersion
objective and fluorescence filter.

Statistical analysis
Where applicable, data are expressed as the arithmetic
mean ± SEM; n is the number of oocytes and N is the
number of female donors. In the case of experiments with
primary cultured monolayers, n is the number of patients.
Statistical analysis was performed using the t-test where
appropriate, and a significant difference was assumed at
∗p < 0.01 or ∗∗p < 0.001.
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Results

Basic parameters of ENaC expressing oocytes
When using the X. laevis oocyte as a heterologous
expression system for transport proteins, it is absolutely
mandatory to make sure that the foreign transporter
does not significantly influence or even profoundly alter
intraoocyte concentrations of ions and other relevant
substances. In the case of ENaC, injection of mRNA
coding for α-β-γ -ENaC leads to expression of a huge
number of functional Na+ channels, amounting up to
109 active copies of ENaC per oocyte [34]. This large
number of channels would severely change intraoocyte
Na+ concentration ([Na+]i), thereby drastically altering
ENaC gating and conducting properties, subsequently
leading to ENaC inactivation. To circumvent these
problems, we stored micro-injected oocytes immediately
in low Na+ solutions and kept them under low Na+
conditions until the electrophysiological experiments (i.e.
10 and 15 mM, respectively). Furthermore, during the
experiments, we prevented intracellular accumulation of
Na+ via the expressed ENaC by clamping the current
to zero (the software-driven current clamp mode; see
Materials and methods). Then we only briefly clamped
to −60 mV to perform noise analysis and to assess the
amiloride-sensitive current. α-β-γ -ENaC mRNA-injected
oocytes expressed ENaC within 20 h and could be
used for at least the next 5 days. The extracellular
Na+ concentrations used in the present study are
close to the average intracellular Na+ concentration
of the oocytes, as reported in other studies [35]. As
already stated, control experiments revealed that H2O-
injected oocytes and non-injected oocytes showed no
differences in membrane voltage (Vm), current (Im),
conductance (Gm) and capacitance (Cm). Therefore,
the term ‘controls’ refers to non-injected oocytes.
The initial electrophysiological parameters of ENaC
expressing oocytes and controls are summarized in
Table 1.

Table 1. Initial electrophysiological parameters of ENaC express-
ing oocytes and controls

Parameter Initial value N n

Vm ENaC 6.3 ± 1.5 mV 13 100
Controls −47 ± 2 mV 13 59

Gm ENaC 113.5 ± 10.6 µS 13 100
Controls ∼ 1 µS 13 59

INa ENaC 3.8 ± 0.3 µA 14 117
Controls – – –

Cm ENaC 164 ± 3 nF 13 100
Controls 158 ± 6 nF 13 59

The results are presented as the mean ± SEM; n is the number of
oocytes and N is the number of female donors; membrane voltage (Vm),
conductance (Gm), amiloride-sensitive current (INa), capacitance (Cm).

Development and test for specific effects of AON on ENaC
expression in X. laevis oocytes
We designed several AON and tested them for efficacy
on ENaC expressed in X. laevis oocytes. Two AON, gAON
and bAON, proved to be highly specific in ENaC down-
regulation. To achieve strict control on the AON amount
delivered in the oocyte cytoplasm, all AON experiments
were performed using the microinjection technique as
a delivery method [36]. We pursued two lines of
investigation aiming to assess the effects of gAON and
bAON on ENaC expression: the ‘simultaneous’ approach,
in which the AON was injected together with the ENaC
mRNA mixture, and the ‘sequential’ approach, in which
oocytes were first allowed to express ENaC before the
AON microinjection step.

The simultaneous AON approach. Coinjection of gAON
with α-β-γ -ENaC successfully inhibits channel expression,
as demonstrated by the negative Vm and the virtual lack
of amiloride sensitivity of the Im and Gm in the presence
of gAON (Figure 1). In this set of experiments, oocytes
injected with ENaC alone exhibited a Im of 6.4 ± 1.0 µA
and Gm of 217 ± 30 µS, whereas coinjection of gAON
reduced these values to 0.4 ± 0.2 µA and 8 ± 5 µS,

Figure 1. Blockage of ENaC expression by simultaneous injection of ENaC mRNA and gAON. The negative resting membrane
potential (Vm) and the very low amiloride-sensitive current (Im) and conductance (Gm) indicate successful inhibition of ENaC
expression by the antisense oligonucleotides. Shown are means (n = 19, N = 3; where n is the number of oocytes and N is the
number of female donors)

Copyright  2009 John Wiley & Sons, Ltd. J Gene Med 2009; 11: 813–823.
DOI: 10.1002/jgm



818 K. Sobczak et al.

respectively. The results for bAON are not shown because
they agree in every aspect with those given for gAON.

The sequential AON approach. Sequential microinjection
of ENaC mRNA followed 24 h later by AON led to an
exponential-like decrease in amiloride-sensitive current

(INa) and conductance (GNa), with highly variable time
constants ranging from 2 h to 2 days, accompanied by
a gradual shift of the membrane potential from positive
to negative values (data not shown). Although bAON
(Figure 2B) appeared to be more efficient and almost
completely inhibited ENaC activity after 1 day, gAON

Figure 2. Blockage of ENaC expression by sequential injection of ENaC mRNA followed by gAON or bAON. Oocytes were allowed
to express ENaC for 2 days, then the ENaC activity (INa, GNa) was measured and the AON injected (day 0). ENaC activity was again
measured on subsequent days (day 1, day 2) and was found to decrease in parallel with a recovery of the membrane resting
potential (Vm) towards negative values. (A) Results for gAON (n = 10, N = 2): inhibition was slow, with significant changes in
parameters only at day 2. Membrane capacitance (Cm) exhibited a significant, time-dependent decrease. (B) Results for bAON
(n = 8, N = 2): ENaC activity was almost completely lost after 1 day, without effects on the membrane surface area (Cm remains
constant)

Copyright  2009 John Wiley & Sons, Ltd. J Gene Med 2009; 11: 813–823.
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(Figure 2A) took 48 h to reverse the membrane potential
and to lower INa and GNa significantly. On the other hand,
ENaC-expressing oocytes injected with gAON exhibited
a significant and time-dependent decrease of membrane
surface area measured as Cm. Because it was not observed
in the absence of ENaC expression, this effect also appears
to be specific for the AON interaction with the ENaC
mRNA. However, the data are insufficient for further
speculation, and we cannot assess whether the decrease
in Cm is caused by endocytotic removal of ENaC from the
plasma membrane, or some other imbalance in the flow
of intracellular membranes.

Inhibition of Na+ absorption in HNE
To analyse the inhibitory AON effect on the functional
level, we used confluent monolayers of primary cultured
human CF and non-CF nasal epithelia in Ussing
chamber measurements. In experiments using non-CF
nasal epithelial cells, ISC is markedly inhibited by
amiloride, demonstrating a substantial Na+ absorption
via ENaC (Figure 3A, upper trace). In a second step, we
removed Na+ from the apical Ringer to determine the
overall Na+ absorption of HNE. Subsequently, the same
monolayer was transfected with gAON and measured
again 36 h later. Transfection of HNE monolayers resulted
in drastically reduced response of the monolayers to
amiloride (Figure 3A, lower trace), indicating that the
expression of ENaC is significantly reduced by the gAON.
The statistical evaluation of the performed measurements
revealed that the transfection of gAON reduces the
amiloride-sensitive Na+ absorption in non-CF HNE by
approximately 66% (Figure 3B). Measurements of CF
monolayers with marked Na+ hyperabsorption also
revealed a distinct reduction of the amiloride-sensitive
ISC after AON transfection. The measurement of a CF
monolayer (Figure 4A) showed an elevated ENaC current
of 79.3% in relation to the total Na+ absorption (upper
trace). After AON transfection, the amiloride-sensitive
ENaC was significantly reduced by approximately 80%
(Figure 4A, lower trace). The statistical evaluation of
the performed CF measurements revealed that the
AON transfection reduces the amiloride-sensitive Na+
absorption by approximately 75% (Figure 4B). For control
experiments, monolayers were transfected with sense-
oligonucleotides (sense-AON) and in another set of
experiments with an equivalent amount of H2O instead
of AON. These mock transfections showed no effects on
the amiloride-sensitive Na+ absorption (data not shown).

To localize the AON distribution and uptake patterns
in single cells, fluorescein-labeled AON (5′ Fam-AON)
were used for transfection of non-CF epithelial cells on
glass cover slips and analysed by fluorescent microscopy.
With this method, we were able to show, that the
labeled AON successfully enter primary epithelial cells
after transfection and that they are existent in an adequate
amount to evoke reduction of ENaC expression (Figure 5).

To analyse the inhibitory effect of AON treatment
on the protein level, we carried out western blot

analyses with a specific anti α-ENaC antibody. We
found a marked suppression of the α-ENaC protein
in AON transfected human non-CF nasal epithelial
cells compared to nontransfected cells (Figure 6). Using
statistic evaluation, we could show that the expression of
the α-ENaC protein was reduced by approximately 47%
in the AON transfected cells.

Discussion

Besides the defective Cl− secretion mediated by the
mutated CFTR protein, the drastically increased Na+

A

B

Figure 3. Effect of gAON treatment in human non-CF nasal
epithelia cells on transepithelial ENaC current. (A) Time course
of a typical experiment. Shown is the short-circuit current (ISC)
of cultured monolayers from human non-CF nasal epithelia. ISC
is markedly inhibited by amiloride (100 µM), demonstrating the
Na+ absorption via ENaC. In a second step, we removed Na+
from the apical Ringer to determine the overall Na+ absorption
of the cells. The upper trace (before gAON transfection) shows
a large amiloride response. After gAON transfection, this large
response is markedly reduced (lower trace). (B) Summary of
measured epithelia. Statistical evaluation of the ISC measured
before and after gAON transfection of cultured human non-CF
epithelial cells. The amiloride-sensitive ENaC current is reduced
by 66.2% (− AON, n = 35; + AON, n = 12)
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A

B

Figure 4. Effect of gAON treatment in human CF nasal epithelia
cells on transepithelial ENaC current. (A) Time course of a
typical experiment. Shown is the ISC of cultured monolayers
from human CF nasal epithelia. ISC is markedly inhibited by
amiloride (100 µM), demonstrating the Na+ absorption via
ENaC. In a second step, we removed Na+ from the apical
Ringer to determine overall Na+ absorption of the cells.
The upper trace (before gAON transfection) shows a large
amiloride response. After gAON transfection, this large response
is markedly reduced (lower trace). (B) Summary of measured
epithelia. Statistical evaluation of the ISC measured before and
after gAON transfection of cultured CF epithelial cells. The
amiloride-sensitive ENaC current is reduced by 75.1% (− AON,
n = 4; + AON, n = 4)

absorption through ENaC is one of the most obvious
defects in CF respiratory epithelia. For several years, it
has been known that the ENaC activity of cultured CF cells
derived from human airways is increased by two- to three-
fold compared to non-CF cells [37]. In transepithelial mea-
surements using primary cultures of human respiratory
epithelium, these findings regarding CF Na+ hyperabsorp-
tion were confirmed and extended [14,17,30]. Moreover,
in an approach using a mouse model with airway-specific
overexpression of β-ENaC and intact CFTR function, it
could be demonstrated that Na+ hyperabsorption alone is
sufficient to initiate cystic fibrosis-like lung disease [16].

The mechanistic links between altered ion transport in
the airway epithelia and regulation of CF Na+ hyperab-
sorption are far from being understood. However, there
is some evidence that human respiratory ENaC exhibits
some functional and structural differences compared to
ENaC from other tissues such as the intestine and kidney
[25]. Furthermore, the regulation of ENaC is proven to
be highly tissue-specific and it is known that local regu-
lators responding to signals near to the channel play an
important role in the particular tissue [38].

Suppression of the Na+ hyperabsorption in CF patients,
as demonstrated by the inhalation of high doses of
amiloride or analogues such as benzamil, leads to
the correction of mucous viscosity by increasing its
water content, thereby resulting in improvement of
the patient’s state of health [21,30]. Because amiloride
therapy gives only temporary relief and benzamil is not
yet approved, we propose to inhibit the increased Na+
absorption using AON technology. In the present study,
we show basic evidence for the effectiveness of AON,
so that the drawbacks of amiloride inhalation could be
circumvented by the more persistent reduction of the
ENaC expression.

Using the X. laevis oocyte expression system, we could
clearly demonstrate that the applied AON successfully
inhibits ENaC expression in oocytes, as demonstrated by
the negative Vm and the lack of amiloride sensitivity of
Im and Gm. With the ‘sequential AON approach’ (see
Results), we show an exponential-like decay in ENaC
activity by AON application, with highly variable time
constants ranging from 2 h to 2 days. Assuming that the de
novo synthesis of ENaC is effectively blocked, as the results
from the ‘simultaneous approach’ would suggest, then the
residual amiloride-sensitive currents can be explained
only by channel molecules that were already synthesized
before AON delivery. Furthermore, if no channel insertion
into the plasma membrane takes place after AON delivery,
then the time constant of the decay of ENaC activity
should be more or less constant and proportional to the
half-life time of ENaC in the membrane, which is not the
case. Although more data are required to confirm this
hypothesis, we conclude that the variability in the time
course of the inhibition is a result of the existence of highly
variable intracellular stores of preformed ENaC molecules.

Several AON were designed and we used ENaC
expressing oocytes to identify the most effective AON and
rule out the less effective ones. This system allowed AON
testing within some days without the need of elaborate
and expansive cell culture techniques. Two highly efficient
AON (gAON and bAON) were identified and used for all
additional experiments.

To go one step further towards in vivo application, we
used primary cultures of HNE to analyse the inhibitory
AON effect. Our data show a strong decrease of ENaC
expression similar to the AON effect observed in the oocyte
expression system. With Ussing chamber measurements,
we could show that the AON application led to a reduction
of the amiloride-sensitive ENaC current in human non-
CF and in CF nasal epithelial cells. AON inhibited the
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Figure 5. Optical detection of fluorescein-labeled gAON. We detected the fluorescein-labeled gAON 36 h after transfection of the
cells. The background staining of the cells is a result of fixation with glutaraldehyde (0.05%), which allows the identification of cell
borders. Representative images of this experiment are shown. Images on the right (+ AON) show that the AON successfully enter
the epithelial cell after transfection and appear in a sufficient amount in the cells. For comparison, images on the the left (− AON)
show untransfected cells (scale = 20 µm)

Figure 6. Western blot analyses of gAON transfected and
untransfected human non-CF epithelial cells (n = 6). Total
membrane proteins from human nasal non-CF tissue were
isolated using 2% Triton X-100 and separated on a 7.5%
SDS-PAGE. To identify ENaC, we used a specific anti-ENaC
antibody against this subunit. We detected one specific band
of α-ENaC in the range of 100 kDa in the untransfected control
and the transfected cells, respectively. The representative image
shows that the α-ENaC protein amount is reduced in the gAON
transfected cells (+ AON) compared to untransfected cells
(− AON)

ENaC current in non-CF nasal cells by approximately 66%
and in CF epithelia by approximately 75%, respectively.
Furthermore, western blot analyses reveal, on the protein
level, that AON decrease ENaC expression very efficiently
by approximately 46% in non-CF cells. These data clearly
demonstrate that AON are able to specifically inhibit
ENaC expression in human CF and non-CF nasal tissue.
Therefore, these data are in good accordance with a
previous study where AON were targeted against the
ENaC α-, β- and γ -subunits in rat alveolar type II
cells [23]. Using patch clamp measurements, the authors

demonstrated that the application of AON directed against
the α-ENaC subunit reduced the density of channels in
the plasma membrane. The inhibition by AON directed
against the other two (β and γ ) subunits did not cause any
changes in the channel density and the authors concluded
that the α-ENaC subunit is the major conducting part of
lung alveolar epithelial cation channels. Therefore, the
observations of Jain et al. [23] emphasize the findings
of the present study, indicating that AON against the
α-ENaC subunit comprise a suitable technique for the
effective reduction of ENaC expression in the membrane.
Moreover, because α-ENaC expression is increased in
CF airways compared to non-CF airways [17], targeting
this overexpression appears to be a promising way to
correct Na+ hyperabsorption. Estimations showed that
AON of 15–17 residues in length would be unique in
the entire human genome. Thus, a short AON could
be used for the specific blockage of the expression
of the target gene without affecting the expression of
other genes [39]. To maximize efficacy and safety as
well as minimize toxic side-effects, the sequence of the
respective AON must be sufficiently specific to silence
the target gene. Therefore, we used the Vienna software
package as a guide that predicts secondary structure,
sequence accessibility and the efficiency and strength
of binding, among other factors. Studies show that the
AON effect highly depends on the specificity of the target
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sequence and on the sufficient intracellular concentration
[40,41]. Although AON are taken up into cells by receptor
mediated endocytosis or pinocytosis and are transported
within cells to the nuclei, the number of cells that can
be reached depends on the route of delivery [42,43].
In turn, this imposes certain limitations on the in vivo
studies. Therefore, special vehicles such as cationic lipids
or liposomes, which are released into the cell after a fusion
with the membrane, have proved to be suitable [44]. For
that reason, in the present study, we used a lipid based
transfection procedure for the experiments with primary
human nasal epithelia cells and could demonstrate with
fluorescence optical analyses that the AON are efficiently
internalized by the cells and are present in a high
intracellular concentration.

Subsequent to the development of the antisense-
technology almost 30 years ago [45], these molecules
were constantly optimized with respect to their target
specificity and stability. A multiplicity of different
AON applications were already proven in clinical trials
for the therapy of diverse human diseases, such as
cancer, virus infections, or immune deficiency [42].
AON therapy has already been successfully established
in different studies against viral pathogens such as HIV,
cytomegalovirus (CMV) and human pappiloma virus,
as well as against tumor growth [22,46]. The first
available drug on AON basis is called Vitravene (Isis
Pharmaceuticals, Carlsbad, CA, USA) and is appointed
to the treatment of CMV retinitis attended by AIDS.
Furthermore, approximately 20 antisense drugs are
in clinical development, so that these drugs may
prove valuable for the treatment of a wide range of
diseases [47,48]. Moreover, recent improvements of
AON technology are more than promising [49]. Another
possibility for targeting Na+ hyperabsorption in the
respiratory epithelia could be based on specific short
interfering RNA (siRNA) directed against ENaC subunits.
However, to the best of our knowledge, there are only
a few studies of clinical trials using siRNA to knock out
proteins involved in human diseases. Furthermore, some
recent studies revealed severe drawbacks of an siRNA
approach, such as the potential to cause toxicity and
immunogenicity [50]. As already mentioned, the AON
used in the present study are highly specific for the
α-ENaC subunit and we expect that no other proteins will
be targeted. Moreover, it has been shown that human
respiratory epithelia possess other amiloride-insensitive
Na+ conductances that prevent Na+ and water depletion
of the cells [14,51].

From data originating from X. laevis oocytes and
the human respiratory epithelium, we expect the AON
effect to last for at least 24 h in humans. Nevertheless,
repeated applications will be necessary after this period
for a sustained suppression of Na+ hyperabsorption. With
regard to CF, AON directed against ENaC are potentially
of interest as a replacement for amiloride therapy in
CF because they may extend the duration of the ENaC
suppressing effect. Therefore, the next step will be a
first preclinical test involving the local administration of

AON to nasal epithelia of non-CF and CF patients, where
the suppressing AON effect could be assessed using the
technique of nasal potential difference measurements. In
the meantime, we have initiated a preclinical study using
nasal spray to locally administer our AON to the nasal
epithelia of volunteers and CF patients. In a second step,
recently developed inhalation procedures will be tested
to deliver the AON to the lungs of CF patients [52].
From these orientating studies, we expect a longlasting
suppression of excessive Na+ absorption in CF by AON
therapy, thereby improving the quality of life for patients.
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