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Abstract
The lipid environment of the epithelial sodium chan-
nel (ENaC) and its possible association with so-called
lipid rafts may be relevant to its function. The aim of
our study was to confirm the association of ENaC with
lipid rafts and to analyze the effect of cholesterol de-
pletion of the plasma membrane by methyl-β-
cyclodextrin (MβCD) on channel function and regu-
lation. Using sucrose density gradient centrifugation
we demonstrated that a significant portion of ENaC
protein distributes to low density fractions thought to
be typical lipid raft fractions. Importantly, cholesterol
depletion of cell lysate by MβCD shifted ENaC to
non-raft fractions of higher density. Live cell imaging
demonstrated that treatment with MβCD largely
reduced filipin staining over time, confirming
cholesterol depletion of the plasma membrane. For
electrophysiological studies intact oocytes were ex-
posed to 20 mM MβCD for three hours. MβCD treat-
ment had no consistent effect on baseline whole-cell

ENaC currents. In addition to the typical single chan-
nel conductance of about 5 pS, subconductance
states of ENaC were occasionally observed in patches
from MβCD treated but not from control oocytes. Im-
portantly, in outside-out patch clamp recordings the
stimulatory effect of recombinant SGK1 in the pipette
solution was essentially abolished in oocytes
pretreated with MβCD. These results indicate that
ENaC activation by cytosolic SGK1 is compromised
by removing cholesterol from the plasma membrane.
Thus, ENaC activation by SGK1 may require the pres-
ence of an intact lipid environment and/or of lipid rafts
as signalling platform.

Introduction

The epithelial sodium channel (ENaC) is the rate
limiting transport mechanism for sodium absorption in a
number of epithelia [1-3]. To adjust channel activity to
functional needs, the open probability of ENaC, its sur-
face expression, its intracellular trafficking, and its de
novo synthesis are highly regulated [2, 4]. Moreover, the
function and regulation of ENaC may be modified by its
lipid environment and by the channel’s association with
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so-called ‘lipid rafts’ [5-9].
Lipid rafts are microdomains in the cell membrane

which are more highly ordered and less fluid than the
bulk membrane [10-12]. In these membrane
microdomains glycosphingolipids, sphingomyelin and cho-
lesterol are clustered. Lipid rafts are thought to serve as
dynamic assembly and sorting platforms for proteins on
their way to the apical membrane and to allow seques-
tering of proteins in close proximity for functional inter-
action [13, 14]. Identification of lipid raft associated pro-
teins is usually based on biochemical characteristics of
these lipid-enriched domains: The insolubility of lipid rafts
in nonionic detergents such as Triton X-100 at low tem-
peratures and, the distribution to low buoyant density af-
ter gradient centrifugation [15]. Thus, detection of mem-
brane proteins in low density fractions suggests that they
are associated with lipid rafts. Depending on the deter-
gent that is used, detergent resistant membranes of vari-
able lipid composition can be separated and different pro-
teins are associated with the membranes depending on
their lipid environment [16]. Therefore, to define lipid rafts
as detergent resistant membranes is problematic and
most likely an oversimplification [17, 18]. Interestingly, a
non-detergent method for membrane solubilization can
also be used to separate lipid rafts by their low buoyant
density from other microdomains of the membrane and
some proteins were found to be specifically associated
with these domains [16]. Several transporters and ion
channels have been reported to be associated with lipid
rafts. Examples are aquaporins [19], CFTR [20], N-type
Ca2+ channels [21], NHE3 [22], NKCC2 [23], cardiac
Na+ channels [24, 25], and a broad range of K+ channels
(reviewed in [26]). For these channels and transporters,
the intact lipid raft structure is thought to be important for
proper function. This is usually concluded from the ob-
servation that their function can be disturbed by choles-
terol depletion of the plasma membrane by methyl-β-
cyclodextrin (MβCD), a treatment which is thought to
destroy the integrity of lipid rafts [27].

In the distal nephron and distal colon the appropri-
ate regulation of ENaC activity is of fundamental impor-
tance for the maintenance of body sodium balance and,
therefore, for the long term regulation of arterial blood
pressure [28, 29]. In these tissues, the most important
hormone to stimulate ENaC activity is the mineralocorti-
coid aldosterone. The stimulatory effect of aldosterone
involves a cascade of aldosterone-induced and aldoster-
one-repressed regulatory proteins which may need to be
co-assembled in lipid rafts. The serum- and glucocorti-
coid-induced kinase isoform 1 (SGK1) [30] is an early

aldosterone-induced gene which increases ENaC activ-
ity by complex mechanisms including the phosphoryla-
tion of Nedd4-2 and probably also a direct phosphoryla-
tion of the channel. Indeed, acute stimulation of ENaC
activity by recombinant SGK1 in outside-out patches has
been shown to depend on a serine residue in a putative
SGK1 consensus motif in the C-terminus of the chan-
nel’s α-subunit [31].

There is growing evidence that not only protein-pro-
tein interactions are important for ENaC regulation, but
that the surrounding lipid composition also plays a role.
For example, it has been reported that changes in tem-
perature influence membrane lipid order and modulate
ENaC activity. These effects suggest that a lipid-protein
interaction is involved in ENaC regulation [9]. Moreover,
ENaC expressed in A6 renal epithelial cells was found to
be associated with lipid raft fractions in a buoyant den-
sity assay. Interestingly, this association appeared to be
altered by pretreating the cells with aldosterone [5]. Simi-
larly, a portion of total ENaC protein (~30 %) isolated
from mouse cortical collecting duct cells (MPKCCD14) was
detected in low density lipid raft fractions together with
the lipid raft marker protein caveolin-1. Hormonal stimu-
lation of ENaC by either forskolin or aldosterone did not
alter the lipid raft distribution of ENaC in these cells. Treat-
ment with MβCD reduced ENaC surface expression
without affecting the acute stimulatory response to
forskolin. Therefore, it was concluded that lipid raft as-
sociation may be involved in the constitutive apical deliv-
ery of ENaC [6]. In A6 epithelial cells cholesterol deple-
tion of the apical membrane had no detectable effect on
ENaC surface expression but was found to reduce chan-
nel open probability and the stimulatory effects of hypo-
tonicity, adenosine and oxytocin on ENaC-mediated short
circuit current [7]. In another study cholesterol depletion
of the apical membrane of A6 cells had no apparent ef-
fect on the basal Na+ transport rate but partially inhibited
the stimulatory responses to both insulin and ADH [8]. A
recent study reports that the lipid raft protein caveolin-1
interacts with ENaC and downregulates channel activity
and membrane surface expression [32]. The findings dis-
cussed above suggest that cholesterol is a functionally
important component of the lipid environment of ENaC.
However, at present it is still a matter of debate whether
the channel is functionally associated with lipid rafts [33,
34].

The aim of the present study was to investigate the
association of ENaC with lipid rafts in the Xenopus laevis
oocyte expression system using a buoyant density assay,
and to study the effect of cholesterol depletion on ENaC
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function and its regulation using electrophysiological meas-
urements. Since ENaC regulation by SGK1 is thought to
require a complex assembly of regulatory proteins possi-
bly involving lipid rafts, we hypothesized that ENaC acti-
vation by SGK1 may be compromised by cholesterol re-
moval.

Materials and Methods

Molecular biology
The full length cDNAs encoding the three subunits of

wild-type (wt) rat α-, β- and γENaC [35] were subcloned in the
pcDNA3.1 vector (Invitrogen, Karlsruhe, Germany). For detec-
tion of the rat αENaC subunit the hemagglutinin (HA) epitope
was inserted according to the FLAG epitope placement in the
rat sequence [36] and subcloned in pcDNA3.1 vector.

Antibodies
Subunit specific antibodies against β- and γENaC were

obtained by immunizing rabbits (Pineda Antibody Service, Ber-
lin, Germany) with keyhole limpet hemocyanin-coupled syn-
thetic peptides corresponding to amino acids within the mouse
βENaC sequence (aa 617-638: C-NYD SLR LQP LDT MES DSE
VEA I) or within the mouse γENaC sequence (aa 629-650: C-
NTL RLD SAF SSQ LTD TQL TNE F) in analogy to previously
published sequences of rat ENaC [37]. The sequences of mouse
and rat ENaC are highly homologous in this region. Subunit
specificity was checked by Western blotting of membrane-en-
riched fractions of oocytes expressing a single rat ENaC subunit
(α, β, or γ) or all three subunits together. Specific binding of
the βENaC antibody was further characterized by immunofluo-
rescence staining of rat renal tissue (data not shown). The rat
monoclonal antibody against the HA epitope in the α-subunit
was obtained from Roche Diagnostics (Mannheim, Germany)
and used in a concentration  of 1:1000. The polyclonal rabbit
affinity isolated antigen specific anti-β-actin antibody (Sigma
Aldrich, Taufkirchen, Germany) was used in a dilution of 1:5000.
A mouse monoclonal anti-clathrin antibody was obtained from
BD Biosciences (Heidelberg, Germany) and used in a concen-
tration of 1:1000. The horseradish peroxidase coupled goat anti-
rabbit secondary antibody was obtained from Santa Cruz
Biotech (Heidelberg, Germany). A horseradish peroxidase cou-
pled sheep anti-mouse secondary antibody was obtained from
Sigma. Both secondary antibodies were used in a dilution
1:10,000. GM-1 was detected with Choleratoxin subunit B con-
jugated to horseradish peroxidase (Sigma), diluted 1:10,000.

Isolation of oocytes, injection of cRNA, and two-elec-
trode voltage-clamp
Defolliculated stage V-VI oocytes were obtained from

ovarian lobes of adult female Xenopus laevis in accordance
with the principles of German legislation, with approval by the
animal welfare officer for the University of Erlangen-Nürnberg,
and under the governance of the state veterinary health
inspectorate.  Animals were anesthetized in 0.2% MS222

(Sigma). Isolation and injection of Xenopus laevis oocytes and
two-electrode voltage-clamp experiments were performed
essentially as described previously [38-41]. Oocytes were
injected with cRNA using 0.1, 0.2 or 0.5 ng of cRNA for each
subunit per oocyte. To prevent Na+ overloading, injected
oocytes were kept in ‘low sodium’ modified Barth’s saline (low
Na+ MBS) containing in mM: 1 NaCl, 40 KCl, 60 N-methyl-D-
glutamine (NMDG)-Cl, 0.3 Ca(NO3)2, 0.4 CaCl2, 0.8 MgSO4, 10
HEPES, adjusted to pH 7.4 with HCl, supplemented with 100 U
ml-1 sodium penicillin and 100 µg ml-1 streptomycin sulphate.
Unless stated otherwise, oocytes were studied 2 days after
injection with cRNA. The amiloride-sensitive current (ΔIami) at
a holding potential of -60 mV was determined by subtracting
the corresponding value measured in the presence of amiloride
(2 µM) from that measured in the absence of amiloride in NaCl
solution (in mM: 95 NaCl, 2 KCl, 1 CaCl2, 1 MgCl2, 10 HEPES,
adjusted to pH 7.4 with Tris).

Outside-out patch clamp recordings
Recordings in outside-out patches were essentially

performed as described previously [31, 42]. Recombinant
constitutively active SGK1 (Δ1-60 S422D) was purchased from
Biomol GmbH (Hamburg, Germany). Patch pipettes were pulled
from borosilicate glass capillaries and had a tip diameter of
about 1 µm after fire polishing for single channel recordings
(micro-pipettes) and about 5 µm for macroscopic current
recordings (macro-pipettes). Pipettes were filled with K-
gluconate pipette solution (in mM: 90 K-gluconate, 5 NaCl, 2
Mg-ATP, 2 EGTA, and 10 HEPES, adjusted to pH 7.28 with
Tris). Seals were routinely formed in a low sodium NMDG-Cl
bath solution (in mM: 95 NMDG-Cl, 1 NaCl, 4 KCl, 1 MgCl2, 1
CaCl2, 10 HEPES adjusted to pH 7.4 with Tris). In this bath
solution the pipette resistance averaged about 11 MΩ for micro-
pipettes and about 3 MΩ for macro-pipettes. In NaCl bath
solution, the NMDG-Cl was replaced by 95 mM NaCl. Outside-
out patches were routinely held at a holding pipette potential
of -70 mV, which was close to the calculated reversal potential
of Cl- (ECl = -77.2) and K+ (EK = -79.4) under our experimental
conditions with experiments performed at room temperature
(~23 ºC). Single channel current data were initially filtered at
500 Hz and sampled at 2 kHz. In multi channel patches current
traces were re-filtered at 70 Hz to resolve the single channel
current amplitude (i). Channel activity was derived from binned
current amplitude histograms as the product NPO, where N is
the number of channels and PO is open probability [31].
The maximal number of apparent channels (Napp) was determined
by visual inspection of the traces. To analyze channel gating
in patches with multiple channels we calculated the number
of channel transitions per second per Napp (Transitions x s-1 x
Napp

-1) using the program ‘Patch for Windows’ written by Dr.
Bernd Letz (HEKA Elektronik, Lambrecht/Pfalz, Germany). The
current level at which all channels are closed was determined
in the presence of 2 µM amiloride. The macroscopic current
traces were sampled at 400 Hz and filtered at 100 Hz. Data are
presented as mean values ± SEM; n indicates the number of
individual oocytes; N indicates the number of different batches
of oocytes used. Appropriate versions of Student’s t test were
used. p values less than 0.05 were required to reject the null
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hypothesis. *, **, and *** represent p values smaller than
0.05, 0.01, and 0.001, respectively.

Cholesterol depletion of the plasma membrane of intact
oocytes by MβCD
For electrophysiological experiments intact oocytes were

preincubated in 20 mM MβCD (Sigma) or mannitol in low Na+

MBS solution for 3 hours at 19 °C. Filipin staining of intact
living oocytes was used to confirm that the pretreatment with
MβCD efficiently depletes cholesterol from the plasma mem-
brane. For this purpose oocytes were incubated for 1 h with
0.05 mg/ml filipin (Sigma) in low Na+ MBS at room temperature,
washed 3 times with low Na+ MBS and incubated in low Na+

MBS containing either 20 mM MβCD or 20 mM mannitol. Dur-
ing the incubation period in MβCD or mannitol, oocytes were
regularly inspected with a Zeiss inverted fluorescent micro-
scope (Axiovert 200 M, Zeiss, Göttingen, Germany) with the
apotome technique using excitation filter BP 350-410 nm for
filipin and a 40 x water immersed Acroplan objective. Images of
regions of the cell membrane of intact oocytes were taken at
different time points using a constant exposure time and were
analyzed with the help of the Axiovision software (Zeiss).

Preparation of non-detergent membrane-enriched frac-
tions
50 oocytes, each injected with cRNAs for HA- tagged

αENaC, wild-type rat β- and γENaC (0.5 ng per subunit), were
lysed in 500 µl non-detergent lysis buffer [43], containing 250
mM sucrose, 1 mM EDTA, 20 mM Tris, pH 7.8, and protease
inhibitors (Roche Diagnostics, Mannheim, Germany) by aspi-
ration (5 times) through a 27-gauge needle and sonication (3
times 5 sec at 4 °C). MβCD or mannitol from 100 mM stock
solutions were added to the oocyte homogenates to give a
final concentration of 20 mM and incubated for 30 min at room
temperature. Nuclei and cell debris were removed from the
homogenates by centrifugation at 1000 g. The postnuclear
supernatants were centrifuged at 21,100 g to obtain membrane-
enriched fractions in the pellet and cytosolic proteins in the
supernatant. Total membrane pellets were resuspended in 330
µl of non-detergent lysis buffer including protease inhibitors.
Functional ENaC expression was confirmed in oocytes from
the same batch by measuring the amiloride-sensitive current
48 h after cRNA injection (data not shown).

Biotinylation of ENaC subunits on the cell surface of
oocytes
To separate cell surface membrane proteins from intracel-

lular membrane proteins, cell surface proteins were labelled
with biotin as previously described [42, 44] using 50 oocytes
per experimental condition. All biotinylation steps were per-
formed at 4 °C. In brief, oocytes were chilled to 4 °C by transfer-
ring oocytes 3 times into ice-cold low Na+ MBS. Oocytes were
biotinylated in biotinylation buffer containing 10 mM trieth-
anolamine, 150 mM NaCl, 2 mM CaCl2, and 1 mg/ml EZ-link
sulfo-NHS-SS-Biotin (Pierce, Rockford, Illinois, USA), pH 9.5
for 15 min with gentle agitation. The reaction was stopped by
washing the oocytes 2 times in a quenching buffer containing
192 mM glycine, 25 mM Tris, pH 7.5 and by incubation in the

quenching buffer with gentle agitation for 5 min. Subsequently,
oocytes were lysed by aspiration (5 times) through a 27-gauge
needle in 500 µl non-detergent lysis buffer (see above) includ-
ing protease inhibitors. Total protein amount was determined
by a BCA-Assay (Pierce). Biotinylated proteins were captured
by 50 µl immunopure immobilized Neutravidin agarose beads
(Pierce) previously washed with lysis buffer. After overnight
incubation at 4 °C on a rotating wheel, the beads were centri-
fuged for 3 min at 10,000 g and supernatants were collected
separately for the detection of non-biotinylated intracellular
membrane proteins. Beads were washed three times with lysis
buffer and finally resolved in 50 µl twofold reducing SDS-PAGE
sample buffer (Rotiload 1, Roth, Karlsruhe, Germany). Proteins
were eluted by boiling and the whole protein sample was used
for Western blot analysis. Aliquots of 25 µg of intracellular
membrane proteins were loaded on the same gel together with
the corresponding eluates of biotinylated cell surface mem-
brane proteins.

Separation of raft and non-raft membranes by discon-
tinuous sucrose gradient centrifugation
The membrane-enriched fraction was resuspended in

330 µl of non-detergent buffer and mixed with 348 µl of an 85 %
sucrose solution (w/v) in 1 mM EDTA/20 mM Tris, pH 7.8 to
reach a final concentration of 45 % sucrose. The sample was
then overlaid with 2.0 ml 35 % sucrose solution (w/v) and 1.3 ml
5 % sucrose solution (w/v). Sucrose gradients were centri-
fuged at 100,000 g for 18 h at 4 °C in a SW 60 rotor (Beckman-
Coulter, Krefeld, Germany). 12 fractions of 330 µl each were
collected from the top to the bottom. In the same way sucrose
gradient experiments were performed using samples enriched
with cytosolic proteins (see above).

Western blotting
All samples of biotinylated and non-biotinylated proteins

were heated for 5 min at 95 °C before loading on SDS-gels.
Biotinylated proteins and aliquots of non-biotinylated total
proteins were separated by 10 % and 12 % SDS-PAGE respec-
tively, transferred to PVDF membranes by semi-dry
electroblotting and probed with the indicated antibodies.
Chemiluminescent signals were detected using ECL plus
(Amersham, GE Healthcare, UK).

Results

ENaC expressed in Xenopus laevis oocytes is
present in putative lipid raft fractions
The initial aim of our study was to confirm in the

Xenopus laevis oocyte expression system that ENaC is
associated with putative lipid raft fractions of low density
in a floatation assay. We used a similar approach as pre-
viously described to demonstrate the association of ENaC
with lipid rafts in cultured renal epithelial cells [5, 6]. Af-
ter non-detergent cell lysis membranes of different buoy-
ant density were prepared from oocytes heterologously
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expressing rat αβγENaC. Distribution of ENaC in su-
crose density gradient fractions was analyzed by West-
ern blotting using biotinylated cell surface proteins and
non-biotinylated intracellular proteins. For reliable ENaC
detection we used an antibody against the β-subunit of
the channel because unlike α- and γENaC the β-subunit
is not proteolytically processed [29]. As shown in the
control blots in figure 1A and 1B a substantial portion of
the intracellular and the biotinylated cell surface pool of
ENaC could be detected in putative lipid raft fractions of
low density. The lipid raft marker GM-1 was used to con-
firm that the low density fractions are likely to corre-
spond to lipid raft fractions (figure 1C). Moreover, we
demonstrated that clathrin was not detectable in the pu-
tative lipid raft fractions but was present in the higher
density fractions as expected for a non-raft protein (fig-

ure 1C). Importantly, pretreatment of cell lysates with 20
mM MβCD shifted ENaC from the putative lipid raft
fractions of low density to fractions of higher density in
both the intracellular and the cell surface pool of ENaC
(figure 1A and 1B). As expected the signal for GM-1 in
the low density fractions also disappeared when oocyte
lysates were treated with MβCD (figure 1C). Taken to-
gether our results indicate that ENaC is associated, at
least in part, with cholesterol-enriched lipid raft mem-
brane domains in Xenopus laevis oocytes and that in
vitro cholesterol depletion can disrupt this association.

MβCD effectively removes cholesterol from the
plasma membrane of living oocytes
To establish that MβCD is an appropriate tool to re-

move cholesterol from the oocyte plasma membrane of

Fig. 1. ENaC is present in lipid raft frac-
tions. Homogenates of biotinylated rat
αβγENaC expressing oocytes were in-
cubated with 20 mM MβCD or mannitol
(control) for 30 min at room temperature.
Membrane-enriched fractions were
loaded on discontinuous sucrose gradi-
ents. To separate cell surface membrane
proteins from intracellular membrane pro-
teins, cell surface proteins were
biotinylated. ENaC distribution was stud-
ied by Western blot detection of the β-
subunit. A,B. Representative blots and
densitometric summary of five similar ex-
periments using different batches of
oocytes demonstrating non-biotinylated
intracellular (A) and biotinylated surface
(B) βENaC expression after mannitol (con-
trol) or MβCD treatment. C. Representa-
tive Western blots demonstrating the
expression of the lipid raft marker GM-1
and the non-raft marker clathrin. Frac-
tions were taken from the top (1, lowest
density) to the bottom (12, highest den-
sity) of the sucrose gradients. N indicates
number of different batches of oocytes
used.

Effect of Cholesterol Depletion on ENaC Regulation Cell Physiol Biochem 2009;24:605-618
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Fig. 2. MβCD effectively removes cholesterol from the plasma
membrane of living oocytes.  A,B. Oocytes were incubated
with filipin in low Na+ MBS for 1 h and subsequently transferred
to a low Na+ MBS containing either 20 mM mannitol (control)
(A) or 20 mM MβCD (B). The fluorescence signal of filipin
bound to plasma membrane cholesterol was monitored in living
intact oocytes. Images of representative membranes were taken
at different time points (0, 20, and 50 min) after transfer to the
MβCD or control solution using a constant exposure time. Scale
bar indicates 50 µm. C. Time course of the fluorescence decline
in control and MβCD treated oocytes using the data shown in
A and B. D. Average relative decline of the fluorescence signal
after a ~30 minute incubation in control or MβCD determined
in four similar experiments as shown in A-C. N indicates number
of different batches of oocytes used, * p<0.05.

Fig. 3. Cholesterol depletion has no consistent
effect on ENaC-mediated whole-cell currents. A. Representa-
tive whole-cell current traces of two αβγENaC expressing
oocytes after 20 mM mannitol (control, upper trace) or 20 mM
MβCD (lower trace) treatment for 3 h. Amiloride (2 µM) was
present in the bath as indicated by the black bars to specifi-
cally inhibit ENaC and to determine the amiloride-sensitive
whole-cell current (ΔIami). B. Average ΔIami data obtained in in-
dependent experimental series using seven different batches
of oocytes. Symbols and error bars indicate mean and SEM,
respectively. Lines connect the average ΔIami values measured
in oocytes from the same batch. C. Normalized summary of the
experiments shown in B. Individual ΔIami values were normal-
ized to the mean value of the corresponding mannitol treated
control group and pooled (control: n=82; MβCD: n=81). n.s.
not significant.

Krueger/Haerteis/Yang/Hartner/Rauh/Korbmacher/Diakov

living oocytes, we used filipin, a fluorescent antibiotic that
binds to cholesterol in the plasma membrane [45]. As
shown in figure 2, fluorescent micrographs of plasma
membrane regions of individual oocytes were taken at
different time points using a constant exposure time. A
fluorescence signal representing filipin bound to plasma
membrane cholesterol was detectable in filipin treated
but not in non-treated native oocytes (data not shown).

In control oocytes, the filipin fluorescence signal de-
creased spontaneously over time (figure 2A). However,
the decline of the filipin fluorescence signal was much
more pronounced in oocytes exposed to 20 mM MβCD
(figure 2B). Figure 2 C illustrates the time course of the
decline of the filipin fluorescence signal in mannitol and
MβCD treated oocytes using the data from the repre-
sentative experiments shown in figure 2A and 2B.

Cell Physiol Biochem 2009;24:605-618



611

Results from four  similar experiments are summarized
in figure 2D. The effect of MβCD could be stopped by
changing the incubation solution from MβCD to control
solution. In this case, no further decrease of fluorescence
was observed (data not shown). Taken together these
results demonstrate that MβCD effectively depletes cho-
lesterol from the plasma membrane of intact oocytes with
a significant effect after about 50 min exposure. Based
on these results we decided to use a preincubation time
of three hours to achieve a maximal effect of MβCD to
test  the effect of plasma membrane cholesterol removal
on ENaC activity.

Cholesterol depletion has no consistent effect on
whole-cell currents in oocytes heterologously
expressing ENaC
Oocytes heterologously expressing rat

αβγENaC were pretreated for three hours with 20 mM
MβCD  or with 20 mM mannitol as osmotic control.
Subsequently, the amiloride-sensitive whole-cell ENaC
current (ΔIami) was measured by two-electrode voltage-
clamp at a holding potential of -60 mV. Figure 3A shows
typical whole-cell current traces obtained in an oocyte
exposed to MβCD and in a control oocyte exposed to
mannitol. The experiments were started in the presence
of amiloride (2 µM) in the bath solution known to specifi-
cally inhibit ENaC. Washout of amiloride resulted in the
appearance of an inward current component reflecting
ENaC mediated sodium inward current. Reapplication

Fig. 4. MβCD does not al-
ter cell surface expression
and cleavage of ENaC.
αHAβγENaC expressing
oocytes were biotinylated
after incubation with 20 mM
MβCD or mannitol (control)
for 3 h. Membrane-enriched
fractions were used, and cell
surface proteins were sepa-
rated from intracellular pro-
teins with Neutravidin
beads. Using Western blot
analysis, the αENaC
subunit was detected with
an antibody against the
HA-epitope. β- and γENaC
subunits were detected with
mouse ENaC subunit spe-
cific antibodies. Arrow

of amiloride resulted in a return of the current to its base-
line level. Qualitatively, the whole-cell current traces of
MβCD treated oocytes looked similar to those recorded
in control oocytes. In figure 3B results obtained in seven
different batches of oocytes are shown for each
individual batch. From these results it can be seen
that the effect of MβCD on ΔIami varied slightly from
batch to batch. Indeed, pretreatment with MβCD
appeared to increase average ΔIami in four batches
of oocytes while it decreased ΔIami in the remaining
three batches (figure 3B). Normalization of the data
to summarize results from all seven batches did
not reveal a significant effect of MβCD on ΔIami
(figure 3C).

MβCD does not alter cell surface expression and
cleavage of ENaC
Our whole-cell current measurements demonstrated

that pretreating oocytes for three hours with MβCD had
no consistent effect on ENaC baseline currents, which is
in good agreement with the variable effect of MβCD on
ENaC function previously reported in other systems [7,
8]. The lack of a significant functional effect of MβCD
on ENaC baseline whole-cell currents also fits to our
Western blot data shown in figure 4. These results indi-
cate that pretreating intact oocytes with 20 mM MβCD
for three hours does not alter the surface expression of
the three ENaC subunits and has no apparent effect on
the cleavage pattern of the α- and γ-subunits. Proteo-

Effect of Cholesterol Depletion on ENaC Regulation Cell Physiol Biochem 2009;24:605-618
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between cell surface and intracellular proteins and to demonstrate that similar amounts of protein were loaded per lane.
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lytic cleavage of the latter two subunits is known to be
involved in ENaC processing and activation [29, 46]. The
bands shown in figure 4 nicely correspond to previously
reported full length and cleaved forms of the three ENaC
subunits [29, 42, 47, 48]. Importantly, the ENaC frag-
ments detected at the cell surface were not different in
the MβCD treated oocytes compared to those in control
oocytes. For the α-subunit we detected the expected ~30
kDa fragment in addition to the full length form of ~95
kDa which results from endogenous cleavage by furin
directly after the inserted HA-tag in this construct. For
the γ-subunit the 76 kDa cleaved fragment was the most
prominent fragment at the cell surface which is consist-
ent with previous reports from other laboratories and our
own findings [29, 42, 47, 48]. In the intracellular protein
fraction we also detected a ~87 kDa band most likely
corresponding to full length γENaC. The additional ~68
kDa and ~60 kDa bands detected by our γENaC anti-
body are most likely unspecific bands and do not repre-
sent γENaC cleavage products since they are also present
in non-injected oocytes and in oocytes expressing αENaC
or βENaC alone (data not shown). Interestingly, the 60
kDa unspecific band was detected in the intracellular pro-
tein fraction of both, control and MβCD treated oocytes,
but was absent at the cell surface. This finding confirms
that the biotinylation approach effectively distinguishes
between the intracellular and cell surface pool of pro-
teins. This is further supported by the intense signal for
the cytoskeletal protein β-actin detected in the intracellu-

Fig. 5. MβCD does not alter the single channel
conductance of ENaC. A. Representative single
channel current traces at different holding
potentials (Vhold) from outside-out patches of
αβγENaC expressing oocytes. The current level
at which all channels are closed was determined
in the presence of amiloride and is indicated by
a solid line. The different channel open levels
are indicated by horizontal dotted lines. Binned
current amplitude histograms (shown to the left
of the traces) were used to determine the single
channel current amplitude (i) at each holding
potential. On the left hand side the traces were
recorded in a patch from a control oocyte (20
mM mannitol; 3h) and on the right hand side
from an oocyte treated with MβCD (20 mM; 3h).
B. Average single channel I/V plots from control
(open circles; n=9; N=3) and MβCD treated
oocytes (filled circles; n=10; N=3). Vertical bars
represent SEM values. The dashed line repre-
sents a GHK fit of the data for a Na+ selective
channel with a predicted Na+ equilibrium poten-
tial (ENa) of 75.1 mV.
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lar protein pool whereas only a faint β-actin band was
detectable in the cell surface pool. Thus, contamination
of the cell surface pool with intracellular proteins is mini-
mal. In conclusion these data indicate that in intact oocytes
cholesterol removal by MβCD has little effect on ENaC
surface expression and on channel cleavage at the cell
surface, consistent with the absence of a significant ef-
fect of MβCD on ENaC whole-cell currents.

Effect of cholesterol removal on single channel
properties of ENaC in outside-out patches

To investigate a potential effect of cholesterol removal
by MβCD on single channel properties of ENaC, we
performed outside-out patch clamp experiments as pre-
viously described [31, 42]. Outside-out patches were
obtained from oocytes expressing αβγENaC. Figure 5A
shows typical single channel current traces recorded at
different holding potentials in an outside-out patch from
an oocyte pretreated for three hours with 20 mM MβCD
or with 20 mM mannitol as osmotic control. Correspond-
ing I/V plots are shown in figure 5B. These data indicate
that pretreatment with MβCD does not alter the sodium
selectivity of the channel and does not change its single
channel conductance. The latter averaged 5.59 ± 0.09
pS (n=9, N=3) and 5.63 ± 0.10 pS (n=10, N=4) in manni-
tol and MβCD pretreated oocytes, respectively. This sin-
gle channel conductance is typical for ENaC and in good
agreement with previously reported values [1, 3, 31, 35,
42]. Moreover, we confirmed that ENaC in outside-out

Cell Physiol Biochem 2009;24:605-618
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Fig. 6. MβCD slightly changes the single chan-
nel kinetics of ENaC. A. Representative single
channel current traces at a holding potential (Vhold)
of -70 mV from outside-out patches of αβγENaC
expressing oocytes pretreated for 3h with manni-
tol (control, upper trace) or MβCD (lower trace).
The binned current amplitude histograms dis-
played to the left of the traces were obtained from
the recording intervals delineated by the vertical
dotted lines and were used to calculate channel
activity (NPO). The maximal number of apparent
channels (Napp) was determined by visual inspec-
tion of the traces. B. Averaged values of NPO, Napp,
and the number of channel transitions per second
per Napp (Transition x s-1 x Napp

-1) evaluated from
several recordings as shown in A (control: n=9,
N=3; MβCD: n=10, N=3). n.s. not significant, **
p<0.01.

patches from mannitol and MβCD pretreated oocytes
could be inhibited by the addition of 2 µM amiloride to the
bath solution. This is illustrated in the representative traces
shown in figure 6A. Interestingly, the gating kinetics of
the channels in patches from MβCD pretreated oocytes
appeared to be slightly slower than those of the channels
in control patches (figure 5A and 6A). However, the es-

Effect of Cholesterol Depletion on ENaC Regulation

timated values for overall channel activity (NPO) and
apparent number of channels per patch (Napp) were not
significantly different in outside-out patches from MβCD
pretreated oocytes compared to those in patches from
mannitol treated control oocytes (figure 6B). This is in
good agreement with our finding that the whole-cell ENaC
currents were similar in mannitol and MβCD pretreated

Fig. 7. Subconductance states of ENaC occur in
outside-out patches from MβCD-treated oocytes.
A. Representative single channel current traces at
different holding potentials (Vhold) from an outside-
out patch of an αβγENaC expressing MβCD
pretreated (3h) oocyte. The current level at which
all channels are closed (C) was determined in the
presence of amiloride. The solid lines represent
the normal single channel current levels (1, 2).
Dashed lines show current levels of single channel
events with reduced current amplitude
(“Sublevels”; S1, S2). Binned current amplitude
histograms are shown to the left of the traces. B.
Average I/V plots of single channel events with
“subnormal amplitudes” (SA; open circles) and
with “normal amplitudes” (NA; filled circles) as
detected in four different outside-out patches as
shown in A. C. Average single channel slope
conductance (g) derived from the single channel
current amplitudes (same data as shown in B)
measured at a holding potential of -100 mV and -70
mV are shown for the “subconductance” (SC; open
column) and the “normal conductance” state (NC;
filled column).

Cell Physiol Biochem 2009;24:605-618
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oocytes. To substantiate our impression that MβCD af-
fects channel gating, we counted the overall number of
channel transitions per time in multi channel recordings
like those shown in figure 6A. Interestingly, the average
number of observed transitions per second and per Napp
was significantly reduced in outside-out patches from
MβCD pretreated oocytes. This suggests that choles-
terol removal by MβCD slightly reduces the frequency
of gating events. If this resulted in a roughly equal in-
crease of both, mean channel open and mean channel
closed times, the altered gating kinetics would have little
effect on the average channel open probability. This would
explain the absence of a significant effect of MβCD on
ENaC whole-cell currents despite altered channel kinet-
ics. Unfortunately, we were unable to obtain patches with
only one active channel in the patch which would be nec-
essary for a more detailed analysis of the apparent ef-
fect of MβCD on channel gating.

In addition to slightly altered channel kinetics, we
observed channel conductance sublevels in four out of
ten outside-out patches from MβCD pretreated cells but
not in outside-out patches from control cells (n=9). The
smaller single channel transitions were abolished in the
presence of amiloride (data not shown), which confirms

that there are conductance sublevels of ENaC and cannot
be attributed to other non-related channels in the patch.
Typical current traces containing full sized single channel
current events and additional events with a reduced
current amplitude are shown in figure 7A with the
corresponding I/V plots shown in figure 7B. In four similar
recordings the single channel conductance calculated for
the reduced and the full channel openings averaged 3.04
± 0.11 pS and 5.71 ± 0.04 pS (n=4, N=2), respectively.
Our observation that MβCD pretreatment may cause the
appearance of ENaC conductance sublevels in at least
some of the patches is in good agreement with a recent
report that ENaC subconductance events were observed
in A6 cells after treatment with 50 mM MβCD [49].
Collectively, our findings indicate that cholesterol removal
has significant effects on the single channel properties of
ENaC.

MβCD abolishes the stimulatory effect of
recombinant SGK1 on ENaC in outside-out
patches

We previously demonstrated that recombinant SGK1
included in the pipette solution can activate ENaC in out-
side-out patches and that this stimulatory effect critically
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Fig. 8. MβCD abolishes the stimulatory
effect of SGK1 on ENaC currents. A. Rep-
resentative current (I) traces from out-
side-out macropatches of MβCD (upper
trace) and mannitol (lower trace)
pretreated αβγENaC expressing oocytes
recorded at a holding potential (Vhold) of
-70 mV. To prevent channel rundown the
patches were superfused with a low Na+

(1 mM) containing NMDG-Cl solution.
For the detection of the amiloride-sensi-
tive component NMDG-Cl was replaced
by NaCl (95 mM) and amiloride (2 µM)
was applied as indicated by the white
and black bars, respectively. Constitu-
tive active recombinant SGK1 (80 U/ml)
was present in the pipette solution to
activate ENaC. B. Normalized summary
of data from similar experiments of MβCD
and mannitol (control) pretreated
oocytes as shown in A and, as additional
control, α-cyclodextrin (αCD) pretreated
oocytes. For both control groups heat-
inactivated SGK1 was used as a nega-
tive control (SGK1-inactive). n indicates
number of different patches.
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depends on a specific serine residue in the channel’s α-
subunit [31]. To analyze whether the stimulatory effect
of SGK1 depends on the lipid microenvironment of the
channel and can be affected by cholesterol depletion by
MβCD, we performed recordings in outside-out macro-
patches from Xenopus laevis oocytes expressing rat
αβγENaC with recombinant SGK1 in the pipette solu-
tion. ENaC activity was monitored in these patches by
repeatedly measuring the amiloride-sensitive current
(ΔIami) as illustrated in the two representative current
traces shown in figure 8A. The top current trace was
obtained from an oocyte pretreated with 20 mM MβCD
for three hours. In this patch ΔIami was not stimulated by
SGK1 and even showed a small degree of rundown over
time. In contrast, in the patch obtained from a matched
control oocyte (bottom trace), we observed the expected
stimulatory effect of SGK1 on ΔIami as previously de-
scribed [31]. Data from similar experiments are summa-
rized in figure 8B and confirm the absence of a stimula-
tory effect of SGK1 in outside-out patches from oocytes
pretreated with MβCD (n=8). Similarly, no stimulation of
ΔIami was observed in outside-out patches from control
oocytes with heat-inactivated  SGK1 in the pipette solu-
tion (n=2). In contrast, including SGK1 in the pipette so-
lution had a robust stimulatory effect in outside-out patches
from control oocytes (n=5).  As an additional control we
used α-cyclodextrin (αCD), a reagent with an MβCD-
like chemical structure but unable to extract cholesterol
from the plasma membrane. Pretreating oocytes with
αCD failed to abolish the stimulatory effect of SGK1
(n=6), which indicates that the effect of MβCD is spe-
cific. Taken together these results indicate that choles-
terol removal from the plasma membrane prevents ENaC
stimulation by cytosolic SGK1.

Discussion

In this study we made three key observations: First,
we demonstrated that rat ENaC heterologously expressed
in Xenopus laevis oocytes is associated with putative
lipid raft fractions in a floatation assay. Secondly, we dem-
onstrated that removal of plasma membrane cholesterol
by MβCD had no consistent effect on baseline ENaC
whole-cell currents but had subtle effects on channel ki-
netics and was associated with the occasional appear-
ance of conductance sublevels in single channel record-
ings. Finally, the most prominent finding of our study is
that cholesterol removal from the plasma membrane abol-
ishes the stimulatory effect of SGK1 on ENaC in out-

side-out patches. Taken together, our results demonstrate
that the lipid environment of the channel and the choles-
terol content of the plasma membrane is an important
determinant of ENaC function and regulation.

Our results suggest that at the cell surface and in
intracellular compartments ENaC is present in both, lipid
raft and non-raft fractions. This is consistent with previ-
ous findings [5] and may indicate that the association of
ENaC with cholesterol-enriched fractions is not constant
during the channel’s turnover. Indeed, it has previously
been reported that ENaC becomes Triton X-100 insolu-
ble along the biosynthetic pathway when subunits assemble
in the plasma membrane [34, 50]. To confirm ENaC as-
sociation with cholesterol-enriched membrane
microdomains, we treated oocyte homogenates with
MβCD to maximize cholesterol depletion from all cellu-
lar membranes [51]. Cholesterol depletion of the mem-
brane preparation shifted ENaC out of the putative lipid
raft fractions. Taken together these findings support the
conclusion of previous studies that ENaC is at least in
part associated with cholesterol-rich lipid raft
microdomains [5, 6].

Interestingly, treating intact oocytes for three hours
with 20 mM MβCD to remove plasma membrane cho-
lesterol had no consistent effect on baseline ENaC whole-
cell currents. This is in good agreement with recent find-
ings [7] that membrane cholesterol extraction did not sig-
nificantly affect the electrophysiological parameters of
A6 renal epithelial cells under steady-state conditions.
Some studies suggested that a high cholesterol content
of the plasma membrane tends to stabilize ENaC func-
tion [49]. In contrast, reducing plasma membrane cho-
lesterol was reported to impair ENaC function but with
rather variable effects [7, 8, 49, 52]. We also observed
somewhat variable effects of cholesterol depletion on
ENaC baseline currents in oocytes which may be attrib-
uted to an incomplete removal of cholesterol from the
plasma membrane in intact cells. This hypothesis is sup-
ported by the finding that in intact cells cholesterol deple-
tion of the outer leaflet of the plasma membrane by
MβCD may be partially compensated by efficient trans-
location of cholesterol from the inner to the outer leaflet
[52]. This may prevent a complete loss of cholesterol
from the outer leaflet of the plasma membrane. Thus, a
variable degree of plasma membrane cholesterol removal
may be the reason why we did not observe a consistent
effect of 20 mM MβCD on baseline ENaC whole-cell
currents.

Our single channel recordings from outside-out
patches of oocytes pretreated with MβCD suggest that
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cholesterol removal has subtle effects on the kinetics of
the channel and leads to the occasional appearance of
conductance sublevels. The latter finding is consistent
with a previous report that subconductance states of
ENaC can be observed in A6 cells after cholesterol de-
pletion from the luminal membrane by MβCD (50 mM)
[49]. Thus, it is tempting to speculate that a change in the
cholesterol content of the plasma membrane may slightly
alter the channel’s conformation thereby inducing
subconductance states and changes in channel kinetics.

To study whether ENaC trafficking to the cell sur-
face is altered by MβCD treatment, we analyzed the ex-
pression of ENaC at the cell surface using biotinylation
experiments. We found no evidence for a major effect of
MβCD on ENaC surface expression. This is in good
agreement with previously reported data from A6 renal
epithelial cells, in which apical MβCD treatment (10-20
mM for 60 min) did not significantly alter the density of
conducting channels at the cell surface as demonstrated
by transepithelial capacitance measurements and noise
analysis [7]. In contrast, it has been reported that apical
exposure of cultured mCCD mouse collecting duct cells
to 10 mM MβCD for 60 min reduces ENaC-mediated
sodium transport by about 40 % with a concomitant re-
duction in ENaC surface expression assessed in
biotinylation experiments [6]. The reason for this discrep-
ancy with our findings is presently unclear but may be
the result of the different experimental systems used.
Thus, we cannot rule out the possibility that under certain
conditions cholesterol depletion of the plasma membrane
may affect ENaC trafficking.

The most prominent finding of our study is the ob-
servation that cholesterol removal from the plasma mem-
brane essentially abolishes the stimulatory effect of SGK1
on ENaC in outside-out patches. Our finding that choles-
terol depletion prevents ENaC stimulation by SGK1 is in
good agreement with the recently reported finding that
apical MβCD application hampered ENaC activation by
hypotonicity, adenosine, oxytocin, ADH, and insulin [7,
8]. In previous reports it has been shown that the regula-
tion of ENaC involves phosphorylation and dephosphor-
ylation events [53-56]. We have previously demonstrated
that SGK1 stimulates amiloride-sensitive currents in out-
side-out membrane patches of Xenopus laevis oocytes
expressing ENaC [31]. The stimulatory effect of SGK1
depends on the presence of the S621 serine residue in
the SGK-consensus motif in the α-subunit and is likely to
be mediated by channel phosphorylation. However, at
present it remains an unanswered question whether SGK1
phosphorylates the S621 residue directly or whether down-

stream kinases and/or phosphatases are involved. Our
finding that plasma membrane cholesterol removal abol-
ishes the stimulatory effect of SGK1 indicates that addi-
tional regulatory proteins associated with lipid rafts are
necessary to mediate the stimulatory effect of SGK1 on
ENaC and may be associated with the channel in choles-
terol-rich lipid raft microdomains. Currently, several
groups report the existence and functional importance of
multi-protein complexes where cholesterol is recruited
[32, 57, 58]. The specific role for cholesterol in these
complexes might be to stabilize the lipid bilayer in this
region and to facilitate protein-protein interaction.
Findings from related proteins suggest that ENaC may
also be associated with regulatory proteins in a multi-
protein complex. For example it has been reported that
MEC-4 and MEC-10, which belong to the family of
degenerin/ENaC Na+-channels, are associated in such a
complex with the cholesterol-recruiting protein MEC-2.
Moreover, an interaction with cholesterol seems to be
important for the activity of the MEC-4/MEC-10 chan-
nel [59, 60] (for review see [57]).

Recently it has been reported that ENaC is regu-
lated by the lipid raft marker protein caveolin-1.
Moreover, the coordinated down regulation of ENaC by
caveolin-1 and Nedd4-2 suggests a co-localization of these
proteins in lipid rafts [32]. Indeed, the ubiquitin-ligase
Nedd4 has been found to be present in Triton X-100 re-
sistant membranes [61]. Interestingly, it has been reported
that a signalling complex that modulates ENaC surface
expression consists of Nedd4-2 and Raf-1 as inhibitory
components with SGK1 and the Raf-1 interacting pro-
tein glucocorticoid-induced leucine zipper (GILZ1) as
stimulatory components [62]. Raf-1 has been reported to
be a detergent resistant protein and may be localized in
lipid rafts [63]. Moreover, CAP-1, a channel activating
protease known to activate ENaC, is a GPI-anchored
protein [64] and may distribute to lipid raft microdomains.
Thus, a functional association of ENaC with membrane
bound proteases within lipid rafts may be relevant for
proteolytic ENaC activation. Finally, phospholipids such
as phosphatidylinositol-bisphosphates (PIP2) are reported
to regulate ENaC activity via direct binding of the β- and
γ-subunit (for review see [65]) and are expected to be
specifically located in raft-like domains (for review see
[66]). Taken together these findings suggest that the lipid
environment of ENaC may be important for ENaC’s in-
teraction with regulatory proteins, for channel trafficking
to the apical membrane, for channel internalisation, or
for the regulation of ENaC activity by proteases,
phosphatases, and kinases.
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