
Abstract Gain-of-function mutations of the epithelial
Na+ channel (ENaC) cause a rare form of hereditary hy-
pertension, Liddle’s syndrome. How these mutations
lead to increased channel activity is not yet fully under-
stood. Since wild-type ENaC (wt-ENaC) is highly pH-
sensitive, we wondered whether an altered pH-sensitivity
of ENaC might contribute to the hyperactivity of ENaC
with Liddle’s syndrome mutation (Liddle-ENaC). Using
Xenopus laevis oocytes as an expression system, we
compared the pH-sensitivity of wt-ENaC (αβγrENaC)
and Liddle-ENaC (αβR564stopγrENaC). Oocytes were as-
sayed for an amiloride-sensitive (2 µM) inward current
(∆Iami) at –60 mV holding potential and cytosolic pH
was altered by changing the extracellular pH in the pres-
ence of 60 mM sodium acetate. Alternatively, cytosolic
acidification was achieved by proton loading the cells
using a proton-coupled oligopeptide transporter (PepT-1)
co-expressed in the oocytes together with ENaC. Cyto-
solic but not extracellular acidification substantially re-
duced ∆Iami while cytosolic alkalinisation had a stimula-
tory effect. This pH-sensitivity was largely preserved in
oocytes expressing Liddle-ENaC. The inhibition of wt-
ENaC and Liddle-ENaC by cytosolic acidification was
independent of so-called sodium-feedback inhibition,
since it was not associated with a concomitant increase
in intracellular Na+ concentration estimated from the re-
versal potential of ∆Iami. In addition C-terminal deletions
in the α or γ subunits or in all three subunits of ENaC
did not abolish the inhibitory effect of cytosolic acidifi-
cation. We conclude that ENaC’s pH-sensitivity is not
mediated by its cytoplasmic C-termini and that an altered
pH-sensitivity of ENaC does not contribute to the patho-
physiology of Liddle’s syndrome.
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Introduction

The epithelial sodium channel (ENaC) is the rate-limit-
ing step for sodium absorption in the renal collecting
duct and in other sodium-absorbing epithelia [17, 19]. Its
function and appropriate regulation are critically impor-
tant for the maintenance of body sodium balance and
consequently for the regulation of arterial blood pres-
sure. Direct evidence that molecular dysfunction of
ENaC affects blood pressure regulation has come from
the analysis of two human genetic diseases, Liddle’s syn-
drome and pseudohypoaldosteronism type 1 (PHA-1).
Liddle’s syndrome is caused by gain-of-function muta-
tions of ENaC which result in increased sodium absorp-
tion and an early onset of severe arterial hypertension
[35], while loss-of-function mutations of ENaC cause
urinary sodium loss and low blood pressure in patients
with PHA-1 [7]. These findings demonstrate that the ap-
propriate molecular function of ENaC is important for
long-term control of blood pressure.

The mutation identified in the affected patients of the
original Liddle’s syndrome kindred is a C→T substitu-
tion that results in the introduction of a stop codon at
Arg-564 of the β subunit (βR564stop). This mutation leaves
the second transmembrane domain intact but removes
most of the downstream cytoplasmic C-terminal portion
of the protein [35]. Meanwhile, a number of additional
pedigrees with Liddle’s syndrome have been studied, and
all the mutations map to a very specific part of the pro-
tein, namely the proline-rich PXY motif in the C-termi-
nus of either the β or the γ subunit [29]. The amiloride-
sensitive Na+ whole-cell currents in Xenopus laevis oo-
cytes expressing ENaC with Liddle’s syndrome mutation
are considerably larger than the currents observed in oo-
cytes expressing wild-type ENaC, consistent with a gain-
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of-function mutation causing increased renal sodium re-
absorption in vivo [30, 31].

How the gain-of-function mutations cause increased
ENaC activity in Liddle’s syndrome is not yet fully un-
derstood. While Liddle’s syndrome mutations do not af-
fect the single-channel conductance of ENaC [30, 36],
they have been reported to increase both the number of
channels expressed at the cell surface (N) [36] and the
open probability (Po) of the expressed channels [14]. Re-
cent evidence suggests that ENaC density is regulated by
modulating the rate of channel retrieval from the plasma
membrane and the rate of degradation of the channel
protein [37]. Using a yeast-two hybrid screen and in vit-
ro binding studies, the ubiquitin protein ligase Nedd4
was identified as a binding partner of ENaC with Nedd4-
WW domains binding to the PXY motifs of the channel
[38]. Moreover, it was shown that the α and γ subunits of
ENaC are ubiquitinated and are thereby targeted for deg-
radation [39]. Nedd4 and channel ubiquitination are like-
ly to regulate ENaC stability at the cell surface, and in
Liddle’s syndrome defective binding of mutant ENaC to
Nedd4 is thought to be responsible for reduced channel
retrieval. The PXY motif may also serve as an internali-
sation signal responsible for clathrin-mediated endocyto-
sis of the channel, and hence its deletion/mutation in
Liddle’s syndrome may lead to an accumulation of chan-
nels at the cell surface due to defective internalisation
[33]. Taken together these findings indicate that defec-
tive regulation of the surface expression of ENaC is like-
ly to play a major role in the pathophysiology of Liddle’s
syndrome. On the other hand, it has been demonstrated
that the number of channels expressed at the cell surface
cannot completely account for the increase in macro-
scopic current, and that a change in channel gating lead-
ing to a significantly higher Po is also an important fac-
tor in increasing overall channel activity [14]. The un-
derlying mechanisms responsible for this increased Po of
Liddle’s syndrome ENaC are not yet known.

In native tissues or cultured cells, single-channel
patch-clamp recordings have revealed that ENaC Po is
highly variable, ranging from 0.05 to 0.9 with an average
value of about 0.5 in the cortical collecting duct (CCD)
of salt-depleted rats with high plasma aldosterone levels
[28]. A large number of factors have been reported to af-
fect the Po of ENaC [17]. One well recognised factor is
pH, which has been shown to influence amiloride-sensi-
tive sodium absorption in various epithelia [15, 16, 18,
22, 25, 27, 44]. A reduction in cytosolic pH (pHi) reduc-
es the Na+ permeability of the mucosal membrane of
frog skin [18, 44], toad bladder [26], and principal cells
in rabbit CCD [41]. Indeed, the pH-mediated regulation
of ENaC is thought to play a role in epithelial “cross-
talk”, to co-ordinate sodium entry and exit via the apical
and basolateral membranes [18]. Patch-clamp experi-
ments using excised inside-out patches of microdissected
rat CCD have demonstrated a marked reduction of
ENaC’s Po upon cytosolic acidification [27]. A recent
study of Xenopus laevis oocytes confirmed this inhibito-
ry effect of acidification on heterologously expressed

ENaC. Furthermore, the study demonstrated that ENaC
activity is affected by changes in pHi but not by changes
in extracellular pH (pHo) [6].

Mutations of ENaC may change its pH-sensitivity and
therefore may be responsible for the altered activity of
mutated channels. For example, a decreased sensitivity
to intracellular acidification may contribute to the in-
creased channel activity of ENaC with Liddle’s syn-
drome mutation. Therefore, the aim of the present study
was to investigate whether the pH-sensitivity of ENaC is
affected in Liddle’s syndrome. Using the Xenopus laevis
oocyte expression system, we compared the pH-sensitiv-
ity of wild-type ENaC with that of mutated ENaCs. To
confirm the pH-sensitivity of wild-type ENaC we used
two different methods of manipulating the pHi of the oo-
cytes, the well-established acetate technique [6, 8, 42]
and a novel approach involving co-expression of the pro-
ton-coupled oligopeptide transporter PepT-1 [12]. In ad-
dition to the original Liddle’s syndrome βR564stop muta-
tion we studied ENaC mutants with corresponding C-ter-
minal truncations in the α and γ subunits to explore the
possible contribution of their C-termini to ENaC’s pH-
sensitivity.

Materials and methods

cRNA preparation

Plasmids containing cDNAs encoding the three subunits of wild-
type (wt) rat ENaC (α, β, γrENaC) [5] or encoding the truncated
rENaC subunits αP646stop, βR564stop, and γF606stop [31] were cloned
into the pSD5 vector and were a generous gift from Professor Ber-
nard C. Rossier and Professor Laurent Schild (Lausanne, Switzer-
land). The vectors containing the wt and the truncated α and β
subunits were linearised with BglII, the vectors containing the wt
and the truncated γ subunits were linearised with PvuII and NotI
respectively. The linearised plasmids were used as templates for
cRNA synthesis using either T7 or SP6 RNA polymerases (mMes-
sage mMachine, Ambion, Austin, Tex., USA). Using the cDNA
clone of the rabbit intestinal proton-coupled peptide transporter
(PepT-1) [12] cRNA was prepared as described previously [24]
and was kindly provided by Dr. Corinna Swords (Department of
Human Anatomy and Genetics, Oxford University, Oxford UK).

Isolation of oocytes and injection of cRNA

The experimental procedures for obtaining and handling the oo-
cytes were as described previously [3]. Oocytes were isolated
from ovarian lobes of adult Xenopus laevis by enzymatic digestion
using type-V collagenase from Cl. histolyticum with an activity of
490 units/mg (Sigma, Poole, UK). Oocytes were incubated at
18–20°C for 4–6 h with 1 mg/ml collagenase. Then the oocytes
were rinsed twice with Ca2+-free NaCl solution to remove the col-
lagenase and debris and twice with modified Barth’s saline (MBS)
containing (in mM): 88 NaCl, 1 KCl, 2.4 NaHCO3, 0.3 Ca(NO3)2,
0.41 CaCl2, 0.82 MgSO4, 15 HEPES adjusted to pH 7.6 with Tris.
Oocytes were stored at 18–20°C in MBS supplemented with
10 units/ml sodium penicillin and 10 µg/ml streptomycin sulphate
to prevent bacterial overgrowth. Defolliculated stage V-VI oocytes
were injected with one of the following cRNA combinations (1 ng
of each subunit): (1) αβγ rENaC (wild-type ENaC), (2) αβR564stopγ
rENaC (Liddle’s syndrome mutant), (3) αP646stopβγ rENaC, (4)
αβγF606stop rENaC, and (5) αP646stopβR564stopγF606stop rENaC. cRNAs
were dissolved in RNase-free water and the total volume injected

342



was 50.6 nl (Nanoject automatic injector, Drummond, Broomall,
Pa., USA). Oocytes were studied 16–24 h after injection using the
two-electrode voltage-clamp technique. In one set of experiments
oocytes were first injected with 23 ng PepT-1 cRNA, re-injected
3 days later with αβγ rENaC (1 ng of each subunit), and measured
the following day.

Two-electrode voltage-clamp experiments

Oocytes were placed in a small experimental chamber of about
200 µl volume and were constantly superfused with solutions at a
rate of 3–12 ml/min. Experiments were performed at room tem-
perature. Both intracellular electrodes were filled with 3 M KCl
and had resistances of 0.2–3.0 MΩ and 0.2–1.5 MΩ for the volt-
age and current electrodes, respectively. The transmembrane po-
tential was measured differentially between the intracellular volt-
age electrode and a second bath electrode positioned close to the
oocyte. The bath electrodes consisted of Ag-AgCl pellets. After
impalement with the two intracellular electrodes, oocytes were
held continuously at a holding potential of –60 mV (unless stated
otherwise). I–V plots were obtained from voltage-step protocols
using consecutive 500-ms step changes of the clamp potential
from –60 mV to –120 mV up to +60 mV in 20-mV increments.
For I–V plots the average current values reached during the last
100 ms of the voltage steps were used. Amiloride-sensitive
whole-cell current traces were obtained by subtracting the whole-
cell currents in the presence of amiloride (2 µM) from the corre-
sponding whole-cell currents prior to the addition of amiloride.
Using these subtracted I–V plots, the reversal potential (Erev) of
the amiloride-sensitive whole-cell current (∆Iami) was monitored
during different phases of the experiments. The apparent intracel-
lular Na+ concentration ([Na+]i-app) was calculated from Erev using
the Nernst equation:

[Na+]i-app=[Na+]o e-E rev[(zF)/(RT)]

where z is valency, F the Faraday constant, R the Gas constant, T
the absolute temperature (295 K), and [Na+]o=110 mM.

The clamp potential of the two-electrode voltage-clamp ampli-
fier (OC-725C, Warner, Conn., USA) was controlled using the
program “Pulse and PulseFit” (HEKA Electronic, Lambrecht,
Germany) in conjunction with an ITC-16 interface (Instrutech,
Long Island, N.Y., USA). Pulsed data were filtered at 200 Hz and
directly written to hard disk at a sample rate of 1 kHz. Experi-
ments were also continuously recorded on video tape using a
VR10B Digital Data Recorder (Instrutech, Long Island, N.Y.,
USA). The data were analysed using the Patch program (Dr. Bernd
Letz, HEKA Electronic, Lambrecht, Germany). Data are given as
mean values ±SEM, and significance was evaluated by the appro-
priate version of Student’s t-test.

Solutions and chemicals

During the experiments oocytes were bathed either in NaCl solu-
tion (in mM: 95 NaCl, 2 KCl, 1 CaCl2, 1 MgCl2, 10 HEPES) or in
sodium acetate solution (in mM: 50 NaCl, 60 sodium acetate,
2 KCl, 0.2 CaCl2, and 1.0 MgCl2). The pH of these solutions was
titrated to values ranging from 5.9 to 8.9 using HCl or Tris where
appropriate. The dipeptide Leu–Leu (L–L isomer) and amiloride
hydrochloride were purchased from Sigma (Poole, UK). Aqueous
1 mM amiloride stock solution was freshly prepared on the day of
the experiment and was kept at 4°C in the dark. Immediately prior
to use, an aliquot of the stock solution was added to the appropri-
ate bath solution to give a final concentration of 2 µM.

Results

pH sensitivity of wild-type ENaC

In an initial set of experiments we investigated the re-
sponse of wild-type ENaC currents to changes in pHi. To
modify pHi we used a bath solution containing 60 mM
sodium acetate. In its non-dissociated protonated form,
acetic acid is lipophilic and can readily transfer protons
across cell membranes. Thus, changing extracellular pH
in the presence of acetate induces corresponding pHi
changes in Xenopus laevis oocytes [8, 42]. The effect of
intracellular acidification was tested in experiments as
shown in Fig. 1A. The whole-cell current was continu-
ously monitored at a holding potential of –60 mV. Initial-
ly the bath solution contained 2 µM amiloride and had a
pH of 7.4. Washout of amiloride resulted in an increase
of the inward current revealing an amiloride-sensitive in-
ward current (∆Iami) and thereby confirming ENaC ex-
pression. Stepwise acidification caused a stepwise reduc-
tion of the inward current. At an extracellular pH of 5.9
the inward current had declined to its initial level in the
presence of amiloride and application of amiloride es-
sentially had no additional inhibitory effect. The inhibi-
tory effect of acidification was partially reversible upon
returning bath pH to 7.4. The incomplete recovery may
partly be due to spontaneous “run-down” of ENaC cur-
rents, a well-known phenomenon in oocytes which is
possibly related to sodium-feedback inhibition [1, 20].
Figure 1B shows an experiment in which the effect of in-
tracellular alkalinisation was investigated. In the pres-
ence of acetate, changing extracellular pH from pH 7.4
to 8.9 resulted in an increase of the inward current con-
sistent with ENaC activation upon intracellular alkalini-
sation. A stepwise return to pH 7.4 was accompanied by
a corresponding stepwise decrease of the inward current
which eventually reached a level below the initial value
in pH 7.4 in the absence of amiloride. Re-application of
amiloride demonstrated that ∆Iami had declined during
the experiment, consistent with partial “run-down” of
ENaC. Note that the rate of “run-down” (indicated by the
dotted lines in Fig. 1) was less pronounced in oocytes
subjected to alkalinisation than in oocytes subjected to
acidification, averaging 14.5±6.0% (n=5) and 45.6±4.9%
(n=5; P<0.05) within 8 min, respectively. Control exper-
iments (data not shown) demonstrated that in the absence
of acetate ENaC currents were essentially resistant to ex-
tracellular pH changes that are known to have little ef-
fect on pHi of oocytes [42] which have a negligible H+

conductance [4]. Thus, our findings are consistent with
previous reports demonstrating that ENaC expressed in
oocytes is sensitive to intracellular but not extracellular
pH changes [6]. Figure 1C summarises the results from
five acidification and five alkalinisation experiments as
shown in Fig. 1A and 1B, respectively. Normalised ∆Iami
is plotted versus pH. In addition to extracellular pH val-
ues, estimates of pHi are given. These estimates are
based on pHi measurements with pH-sensitive micro-
electrodes made from Xenopus laevis oocytes exposed to
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Intracellular acidification
via PepT-1 also inhibits ENaC currents

To confirm that the effects observed in the presence of
acetate are mediated by pHi changes and not by non-
specific effects of acetate on ENaC, we used an alterna-
tive strategy to produce an intracellular acidification. It
has been shown that a substantial intracellular acidifi-
cation (0.2–0.3 pH units) occurs when oocytes express-
ing the proton-coupled oligopeptide transporter PepT-1
are exposed to extracellular peptides in the presence of
a low extracellular pH [12, 40].Therefore, PepT-1 was
used as a tool to achieve intracellular acidification. In
oocytes co-expressing PepT-1 and wild-type rENaC,
changing extracellular pH from 7.4 to 5.9 in the absence
of extracellular peptides did not change steady-state in-
ward current (Fig. 2A). This is consistent with the re-
ported lack of significant conductive proton “slippage”
via PepT-1 in the absence of co-transported peptides
[13]. The experiment shown in Fig. 2A also confirms
that extracellular acidification per se does not affect
∆Iami which was monitored by repeated amiloride wash-
out and re-addition. During the course of the experi-
ment ∆Iami displayed the usual degree of run-down in-
dependent of extracellular pH changes. In contrast
(Fig. 2B), changing pHo to 5.9 while simultaneously ap-
plying the neutral dipeptide Leu–Leu (3 mM) resulted
in a significant increase of the inward current by
0.60±0.14 µA (n=5; P<0.001). This is consistent with
electrogenic co-transport of protons and peptide into the
oocyte, resulting in intracellular acidification. Under
these conditions ∆Iami was reduced by 41.5±4.2% (n=5).
This inhibition was significantly larger than the sponta-
neous run-down (Fig. 2A) which averaged 8.6±1.4%
(n=5; P<0.001) in matched control experiments from
the same batch of oocytes. Note that in the experiment
shown in Fig. 2B ∆Iami showed substantial recovery up-
on changing back to peptide-free bath solution with
pH 7.4. However, a similar partial recovery was only
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Fig. 1A–C Wild-type epithelial sodium channel (ENaC) is inhibit-
ed by acidification and stimulated by alkalinisation. Whole-cell cur-
rents (I) were recorded at a holding potential of –60 mV from oo-
cytes expressing wild-type ENaC. To modify cytosolic pH a bath
solution containing 60 mM sodium acetate was used and extracellu-
lar pH (pHo) was varied as indicated. The amiloride-sensitive cur-
rent was assessed by periodic application of 2 µM amiloride (Ami).
Representative experiments are shown illustrating the effects of
stepwise acidification (A) and alkalinisation (B). The dotted lines
indicate the estimated rate of spontaneous run-down of ENaC activ-
ity. In C the results of five acidification and five alkalinisation ex-
periments as shown in A and B are summarised. Currents were nor-
malised to ∆Iami measured at pHo 7.4. Spontaneous run-down of
ENaC (as illustrated by the dotted lines) was taken into account for
estimates of ∆Iami at different extracellular pH (pHo). Average ∆Iami
(%) values (mean ±SEM) are plotted versus pHo and estimated val-
ues for cytosolic pH (pHi) are also given. Data were fitted using the
following equation: ∆Iami=(∆Iami)max/{1+([H+]o/K)n} where [H+]o is
the extracellular proton concentration, K is the constant for half-
maximal inhibition and n is the Hill coefficient. The fit revealed a K
of 0.095 µM and an n of 1.38

extracellular pH changes in the presence of acetate under
similar conditions as used in the present study [8]. Fit-
ting the data with the Hill equation revealed a Hill coef-
ficient of about 1.4. This suggests that more than one
proton binding site may be involved in mediating the
sensitivity of ENaC to pHi. Moreover, the figure illus-
trates that ENaC currents have a steep pH-dependence
over a physiologically relevant range.



Inhibition by intracellular acidification is
preserved in the Liddle’s syndrome mutant of ENaC

We investigated whether rENaC containing a βR564stop
subunit is similarly affected by intracellular acidification
as the wild-type channel. The βR564stop mutation results
in a C-terminally truncated β subunit and corresponds to
the mutation causing Liddle’s disease in the original Lid-
dle’s kindred [30]. Intracellular acidification was
achieved by changing the pH of the acetate bath solution
from 7.4 to 6.4, which corresponds to an pHi decrease
from about 6.8 to 6.2 [8]. Periodic washout and re-appli-
cation of 2 µM amiloride was used to monitor the effect
of intracellular acidification on ∆Iami. The current trace
shown in Fig. 3A was obtained from an oocyte express-
ing wild-type αβγ rENaC while Fig. 3B shows a similar
recording from an oocyte expressing the Liddle’s syn-
drome mutant (α, βR564stop, γ rENaC). Initial ∆Iami was
significantly larger in oocytes injected with Liddle’s syn-
drome mutant than in oocytes from the same batch in-
jected with wild-type ENaC, averaging 14.0±1.7 µA/oo-
cyte (n=7) and 1.8±0.2 µA/oocyte (n=28; P<0.001), re-
spectively, consistent with a hyperactive mutant channel
[30]. Changing bath pH to 6.4 caused a rapid and sub-
stantial decline of ∆Iami in oocytes expressing wild-type
ENaC (Fig. 3A) and also in oocytes expressing the
Liddle’s syndrome mutant (Fig. 3B). The inhibition of
∆Iami caused by acidification was partially reversible up-
on returning to an extracellular pH of 7.4. Figure 3C and
D summarise results from similar experiments as shown
in Fig. 3A and B, respectively. On average, intracellular
acidification inhibited ∆Iami by 92±3% (n=28; P<0.001)
in oocytes expressing wild-type ENaC and by 82±2%
(n=7, P<0.001) in oocytes expressing Liddle’s syndrome
mutant. The minor difference in the apparent degree of
inhibition (92% versus 82%) is probably due to a lower
rate of spontaneous run-down of the mutant channel
[20], consistent with its more complete recovery upon
returning to a bath pH of 7.4 (Fig. 3B). The main conclu-
sion from these experiments is that the inhibitory effect
of intracellular acidification is essentially preserved in
Liddle’s syndrome mutant.
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Fig. 2A–C Intracellular acidification by proton-coupled oligopep-
tide transporter (PepT-1) reduces ∆Iami. Oocytes co-expressing
wild-type ENaC and the proton-coupled oligopeptide transporter
(PepT-1) were continuously clamped at –100 mV. Bath pH (pHo)
was changed from 7.4 to 5.9 in the absence (A) or presence (B) of
extracellular neutral dipeptide Leu–Leu (3 mM), a known sub-
strate of PepT-1. ∆Iami was monitored by repeated applications of
2 µM amiloride (Ami). Note the increase of inward current upon
application of Leu–Leu consistent with proton-coupled oligopep-
tide transport causing intracellular acidification. C Summary of
data from five similar experiments as shown in A and B. Open
squares and filled circles represent mean data from experiments
with and without Leu–Leu, respectively. ∆Iami was normalised to
its value at the beginning of the experiment in pHo 7.4. Vertical er-
ror bars indicate SEM values. At pHo 5.9 the average ∆Iami was
significantly reduced in the presence of Leu–Leu as compared to
∆Iami in the absence of Leu–Leu (***P<0.001)

observed in three out of five experiments. This is proba-
bly due to delayed pHi recovery and the confounding
effect of ENaC run-down. Results are summarised in
Fig. 2C. Taken together theses co-expression studies
confirm the inhibitory effect of intracellular acidificat-
ion on ENaC.



αP646stop,β,γ rENaC or of α,β,γF606stop rENaC produced
average ∆Iami values similar to those achieved with ex-
pression of the Liddle’s syndrome mutant and signifi-
cantly larger than those observed with wild-type ENaC.
Co-expression of all three C-terminally truncated ENaC
subunits (αP646stop,βR564stop,γF606stop) resulted in an aver-
age ∆Iami which was about 27 times larger than that ob-
served in oocytes expressing wild-type ENaC (Fig. 4).
This suggests a synergism of the three C-terminal trunca-
tions in activating ENaC [9].

Figure 5 summarises the results of experiments in
which the effect of intracellular acidification was tested
on ENaCs with C-terminal truncations in either the α
subunit, the γ subunit, or in all three subunits using a
similar experimental protocol as shown in Fig. 3. In all
cases the inhibitory effect of intracellular acidification
was preserved, averaging 92±2% (n=14; P<0.001),
95±1% (n=7; P<0.001), and 87±4% (n=7; P<0.001), re-
spectively. These findings suggest that the C-termini are
not essential for mediating the inhibitory effect of intra-
cellular acidification.

The inhibitory effect of intracellular acidification
is not caused by changes of [Na+]i

There is evidence that an increase in [Na+]i may inhibit
ENaC via so-called feedback inhibition [2, 10, 17]. The
mechanisms involved in this feedback inhibition are not
fully understood and may involve soluble cytosolic fac-
tors and a putative intracellular Na+ receptor [1, 21]. A
defect in feedback inhibition may be the reason for the
hyperactivity of the Liddle’s syndrome mutant [20]. A
decrease in pHi may cause a rise of [Na+]i via activation
of the Na+/H+ exchange mechanism. To investigate the
possibility that the observed inhibitory effect of intracel-
lular acidification is mediated by an increase in [Na+]i
we performed voltage-step protocols in the presence and
absence of amiloride to determine the I–V relationship of
∆Iami and to estimate the apparent intracellular sodium
concentration ([Na+]i-app) from its reversal potential
(Erev) during the different phases of experiments (see
Materials and methods). In 17 oocytes expressing wild-
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Fig. 3A–D Inhibition by intracellular acidification is preserved in
Liddle’s syndrome mutant ENaC. Representative whole-cell cur-
rent (I) recordings are shown from oocytes clamped at –60 mV
holding potential expressing A wild-type ENaC [wt(αβγ)] or B
Liddle’s syndrome mutant ENaC [Liddle(αβTγ)]. The pH of the
sodium acetate bath (pHo) was changed from 7.4 to 6.4 and back
to 7.4, as indicated. To monitor ∆Iami 2 µM amiloride (Ami) was
repeatedly applied. Voltage-step protocols (see Materials and
methods) were performed at times indicated by asterisks (*) but
the resulting current responses were omitted from the trace for
clarity. In C and D the average inhibition of wild-type ENaC
[wt(αβγ)] and Liddle’s syndrome mutant ENaC [Liddle(αβTγ)] by
intracellular acidification is shown, respectively. Bar diagrams
summarise data from experiments as shown in A and B. For each
experiment ∆Iami was normalised to its value in pHo 7.4 at the be-
ginning of the experiment. In both groups of oocytes ∆Iami (%)
was significantly (***P<0.001) reduced in pHo 6.4

C-terminally truncated ENaC subunits do not affect
the responsiveness to intracellular acidification

In addition to the classic Liddle’s syndrome mutant with
a C-terminally truncated β subunit, we also investigated
ENaCs lacking the corresponding parts of the C-termini
of the α or γ subunit. As shown in Fig. 4 expression of



type ENaC the [Na+]i-app averaged 101±1 mM,
99±3 mM, and 103±2 mM in the presence of pH 7.4,
pH 6.4, and pH 7.4 washout, respectively. The corre-
sponding values in seven oocytes expressing ENaC with
Liddle’s syndrome mutation were 144±8 mM,
132±7 mM, and 170±9 mM, respectively. These results
demonstrate that the inhibitory effect of intracellular ac-
idification is not mediated by an increase in [Na+]i-app
which suggests that feedback inhibition by intracellular
Na+ is not involved unless intracellular acidification
largely increases the sensitivity of the Na+ feedback
mechanism.

Effect of intracellular alkalinisation
on wild-type ENaC and Liddle’s syndrome mutant

Experiments as shown in Fig. 6 were performed to test
the effect of intracellular alkalinisation on ∆Iami of oo-
cytes expressing wild-type ENaC (Fig. 6A) or Liddle’s
syndrome mutant (Fig. 6B). After washing out amiloride
(2 µM) to assess initial ∆Iami in the presence of pH 7.4,
the extracellular pH was changed to 8.9 in the presence
of acetate to cause an intracellular alkalinisation. This
caused an increase of the inward current and once a pla-
teau was reached amiloride was re-applied to quantify
∆Iami after stimulation by intracellular alkalinisation. On
average, intracellular alkalinisation increased ∆Iami by
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Fig. 4 C-terminal truncations of ENaC subunits increase ∆Iami. In
oocytes expressing αP646stopβγrENaC (αTβγ), αβR564stopγrENaC
(αβTγ), αβγF606stoprENaC (αβγT), or αP646stopβR564stopγF606stop
rENaC (αTβTγT), ∆Iami was determined by application of 2 µM
amiloride at a holding potential of –60 mV in the presence of
pHo 7.4. Bar diagrams represent currents normalised to ∆Iami mea-
sured from oocytes (same batch) expressing wild-type αβγrENaC
(αβγ). Asterisks (***) indicate average currents that are signifi-
cantly (P<0.001) different from currents in wild-type αβγrENaC-
expressing oocytes

Fig. 5A–C Inhibition by intracellular acidification is preserved in
ENaC with C-terminally truncated subunits. Using the same ex-
perimental protocol as shown in Fig. 3 the effect of intracellular
acidification on ∆Iami was tested in oocytes expressing A
αP646stopβγrENaC (αTβγ), B αβγF606stoprENaC (αβγT), or C
αP646stopβR564stopγF606stop rENaC (αTβTγT) as described in Fig. 4.
For each experiment ∆Iami was normalised to its value in pHo 7.4
at the beginning of the experiment. In all three groups of oocytes
∆Iami (%) was significantly (***P<0.001) reduced in pHo 6.4

Fig. 6A, B Wild-type ENaC and ENaC with Liddle’s syndrome
mutation are stimulated by intracellular alkalinisation. Representa-
tive whole-cell current (I) recordings are shown from oocytes
clamped at –60 mV holding potential expressing A wild-type ENaC
[wt(αβγ)] or B Liddle’s syndrome mutant ENaC [Liddle(αβTγ)].
The pH of the sodium acetate bath (pHo) was changed from 7.4 to
8.9 in order to assess the effect of intracellular alkalinisation. To
monitor ∆Iami 2 µM amiloride (Ami) was applied as indicated



28±5% (n=10; P<0.001) in oocytes expressing wild-type
ENaC and by 15±4% (n=10; P<0.001) in oocytes ex-
pressing Liddle’s syndrome mutant. Control experiments
in which extracellular pH was increased from 7.4 to 8.9
in the absence of acetate in the bath solution confirmed
that extracellular pH changes per se have no significant
effect on ∆Iami. Interestingly, the average stimulatory ef-
fect of intracellular alkalinisation was smaller in the Lid-
dle’s syndrome mutant compared to wild-type ENaC
(P<0.05). This cannot be explained by a reduced run-
down of the channels with Liddle’s syndrome mutation,
since a lack of run-down would tend to overestimate the
stimulatory effect of alkalinisation in the Liddle’s syn-
drome mutant. Nevertheless, the results demonstrate that
qualitatively the stimulatory effect of intracellular alkali-
nisation is preserved in ENaC with Liddle’s syndrome
mutation.

Discussion

This study confirms that cytosolic acidification inhibits
ENaC activity regardless of how the cytosolic acidificat-
ion is achieved. It also demonstrates that ENaC’s pH-
sensitivity is steep within a physiologically relevant
range of pHi. Moreover, inhibition of ENaC by cytosolic
acidification was found to be independent of so-called
sodium-feedback inhibition, since it is not associated
with a concomitant increase in [Na+]i. The main finding
of the study is that the inhibitory effect of cytosolic acid-
ification is preserved in ENaC with Liddle’s syndrome
mutation (βR564stop). Our results are in good agreement
with preliminary findings mentioned in a recently pub-
lished study of cut-open oocytes which also found that
pH-sensitivity was preserved in Liddle’s syndrome muta-
tion [1]. In addition, our study demonstrates that ENaC
with C-terminal deletions in the α or γ subunits, or
ENaC with C-terminal deletions in all three subunits re-
mained pH-sensitive.

A lowering of pHi has been shown to markedly re-
duce currents through a variety of ion channels. The
mechanism by which lowering the pH modulates ion
channels may involve direct interaction of protons with
the channel pore or may be mediated by proton-induced
conformational changes of the pore-forming membrane
proteins. Alternatively, pH-sensitive regulatory proteins
of the channel may mediate the effect. Finally, hetero-
meric channels may exist, in which one of the subunits
acts as a pH-sensor as recently shown for the inwardly
rectifying potassium channel Kir5.1/Kir4.1 [43].

Single-channel recordings from the microdissected
collecting duct suggest that the rapid and reversible in-
hibitory effect of cytosolic acidification on ENaC activi-
ty is mainly mediated by a reduction of Po and does not
involve channel retrieval from the membrane. In micro-
dissected rat CCD, lowering pHi from 7.4 to 6.4 reduced
Po of ENaC by more than 80% from 0.41 to 0.05 [27].
The magnitude of this inhibitory effect is consistent with
the degree of inhibition observed in the present study.

Thus, a reduction of Po appears to be sufficient to ex-
plain the reduction of the amiloride-sensitive whole-cell
currents in ENaC-expressing oocytes upon intracellular
acidification. Moreover, the rapid onset of the inhibitory
action of cytosolic acidification is consistent with an ef-
fect on Po rather than an effect mediated by channel re-
trieval.

The inhibitory effect of intracellular acidification was
partially but not fully reversible upon changing back to
the initial bath pH of 7.4. As discussed before the lack of
complete recovery back to initial ∆Iami values may be
due to concomitant spontaneous run-down of channel ac-
tivity during the course of the experiment. However, the
different degree of apparent run-down in oocytes ex-
posed to acidification as compared to oocytes exposed to
alkalinisation suggests that the inhibitory effect of intra-
cellular acidification per se may not be fully reversible.
This is consistent with the observation that complete clo-
sure of ROMK channels at low pHi for more than 45 s
seems to interfere with reactivation upon return to a
pH 7.4 bath solution. The reason for this irreversible in-
hibition is not yet understood [8].

The steep pH-dependence of ENaC activity with a
Hill coefficient of 1.4 suggests that more than one proton
binding site is involved in ENaC inhibition. These find-
ings are similar to those reported for the pH-sensitivity
of ROMK [8]. Histidine is generally a good candidate
for pH-sensitive residues. The original Liddle’s syn-
drome mutation (βR564stop) deletes one histidine residue
(His 583) by causing a C-terminal truncation. However,
since pH-sensitivity is preserved in ENaC with Liddle’s
syndrome mutation, a major role for this histidine resi-
due in pH-sensitivity can be ruled out. Similarly, our re-
sults rule out a pH-sensing role for histidine residue 648
in the α subunit. Moreover, the finding that the C-termi-
ni of all three subunits can be deleted without a major ef-
fect on ENaC’s pH-sensitivity suggests that putative
phosphorylation sites [34] and binding sites for regulato-
ry proteins in the C-termini are irrelevant for ENaC’s
pH-sensitivity.

In particular, our results demonstrate that a regulatory
interaction of Nedd4 at the PXY motifs of the three sub-
units [31, 38] is not required to mediate the pH-sensitivi-
ty of the channel. This is consistent with our conclusion
that sodium-feedback inhibition, which is thought to in-
volve Nedd4 [10] and to be altered in Liddle’s syndrome
[20], does not contribute to the pH effect. A contribution
of sodium-feedback inhibition is unlikely since in our
experiments the intracellular Na+ concentration of the
oocytes was already very high at the beginning of the ex-
periments and did not further increase upon intracellular
acidification. The [Na+]i-app of about 100 mM or more
estimated in our present study is surprisingly high but
consistent with previously reported findings [1, 20]. In-
deed, it is well known that ENaC-expressing oocytes
kept in the presence of a high extracellular Na+ concen-
tration will become severely sodium loaded [5]. More-
over, it should be pointed out that the values calculated
from the Erev of ∆Iami probably reflect the Na+ concentra-
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tion in a cytosolic compartment close to the plasma
membrane and not necessarily the bulk Na+ concentra-
tion inside the cell. Hence, during the voltage-clamp ex-
periments, entry of Na+ through ENaC influences the ap-
parent Na+ concentration in the unstirred compartment
close to the membrane and this may result in an overesti-
mation of [Na+]i-app. Nevertheless, we can probably as-
sume that the intracellular sodium concentration in the
oocytes under investigation was sufficiently high so that
sodium-feedback inhibition had occurred and had essen-
tially been completed prior to the start of the pH experi-
ments. Interestingly, the finding that ∆Iami is significantly
smaller in oocytes expressing wild-type ENaC than in
oocytes expressing ENaC with Liddle’s syndrome muta-
tion has been attributed to the lack of sodium-feedback
inhibition of the mutated channel [20]. Since the wild-
type and the mutated channel are similarly affected by
cytosolic acidification, the pH sensitivity of ENaC seems
to be independent of sodium-feedback inhibition of the
channels. Our data are also in good agreement with a re-
cent study of cut-open oocytes, in which dialysis of the
oocytes resulted in a loss of sodium-feedback inhibition
while the pH sensitivity of ENaC was preserved [1].
Thus, while sodium-feedback inhibition is likely to in-
volve a soluble cytosolic factor or sodium receptor [21],
the pH-mediated inhibition is probably a direct effect on
the channel protein.

The lack of ENaC sensitivity to extracellular pH
changes is in good agreement with previous studies [6].
This indicates that the six, seven, and eight histidine resi-
dues in the extracellular loops of the α, β, and γ-subunit,
respectively, do not contribute to the pH sensitivity of
ENaC. The high sensitivity of ENaC to internal but not
to external pH is reminiscent of the properties of ROMK
[42]. Recently it was discovered that a single lysine resi-
due N-terminal to the first hydrophobic segment (M1) is
necessary for conferring the pHi sensitivity of ROMK [8,
11]. Two arginine residues in the distant N- and C-termi-
ni are located in close spatial proximity to the lysine,
shifting its pKa into the neutral pH range. Structural dis-
turbance of this triad as a result of a number of point mu-
tations found in patients with antenatal Bartter’s syn-
drome shifts the pKa of the lysine residue off the neutral
pH range and results in channels being permanently in-
activated under physiological conditions [32]. Thus, the
tertiary structure of ENaC is likely to be an important
factor in determining which residues may contribute to
its pH sensitivity.

In conclusion, our studies make it unlikely that the C-
termini of the ENaC subunits contain an important pH-
sensing amino acid residue and suggest that the main
pH-sensitive sites are located in the cytoplasmic N-ter-
minus of ENaC. The histidine residues in the N-terminus
are possible candidates for mediating the channel’s pH-
sensitivity. Importantly, our present study demonstrates
that a reduced sensitivity to cytosolic acidification can-
not provide an explanation for the increased ENaC activ-
ity in Liddle’s syndrome. In fact, the preserved inhibito-
ry effect of cytosolic acidification and the slightly re-

duced activation of the mutated channels by cytosolic al-
kalinisation strongly argue against a role for ENaC’s pH-
sensitivity in the pathophysiology of Liddle’s syndrome.
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