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of the Epithelial Sodium Channel in the Xenopus Oocyte Expression System
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Abstract

Liddle syndrome is an autosomal dominant form of hyper-
tension resulting from deletion or missense mutations of a
PPPxY motif in the cytoplasmic COOH terminus of either
the B or v subunit of the epithelial Na channel (ENaC).
These mutations lead to increased channel activity. In this
study we show that wild-type ENaC is downregulated by in-
tracellular Na*, and that Liddle mutants decrease the chan-
nel sensitivity to inhibition by intracellular Na*. This event
results at high intracellular Na* activity in 1.2-2.4-fold higher
cell surface expression, and 2.8-3.5-fold higher average cur-
rent per channel in Liddle mutants compared with the wild
type. In addition, we show that a rapid increase in the intra-
cellular Na* activity induced downregulation of the activity
of wild-type ENaC, but not Liddle mutants, on a time scale
of minutes, which was directly correlated to the magnitude of
the Na' influx into the oocytes. Feedback inhibition of
ENaC by intracellular Na* likely represents an important
cellular mechanism for controlling Na™ reabsorption in the
distal nephron that has important implications for the
pathogenesis of hypertension. (J. Clin. Invest. 1998. 101:
2741-2750.) Key words: amiloride « feedback inhibition « hy-
pertension « ENaC « aldosterone

Introduction

The epithelial Na channel (ENaC)!' is a highly selective
amiloride-sensitive Na channel found in the apical membrane
of epithelial cells from different aldosterone target tissues, in-
cluding the distal nephron, the distal colon, exocrine gland
ducts, and the lung and the skin (1, 2). In these polarized cells,
Na* entry into the cell from the apical surface via ENaC repre-
sents the rate-limiting step for the vectorial electrogenic move-
ment of Na*. In the distal nephron, ENaC activity is regulated
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by aldosterone and vasopressin, serving to maintain Na* bal-
ance, extracellular volume, and blood pressure. Functional
ENaC at the cell surface is a heterotetrameric protein com-
posed of three homologous subunits assembled according to a
preferential stoichiometry of 2a, 18, and 1+ subunits (3). Each
subunit consists of a large extracellular hydrophilic loop
flanked by two hydrophobic domains that span the membrane.
The biophysical properties and pharmacological profile of
ENaC expressed in Xenopus oocytes are similar to those of the
native channel in the distal nephron (4). ENaC is constitutively
active, but the open probability of the channel varies consider-
ably from channel to channel, and factors regulating channel
activity remain to be clearly identified.

The physiological importance of ENaC is emphasized by
the recent finding that mutations in the 3 and <y subunits are
associated with Liddle syndrome, an inherited form of salt-
sensitive hypertension (5, 6). Mutations that cause truncation
of the COOH terminus after the second transmembrane do-
main of B or <y subunits, and single point mutations in the
COOH terminus of the B subunit were found in patients with
Liddle syndrome (7, 8). Coexpression in Xenopus oocytes of
the mutated or truncated 8 subunits with wild-type (WT) rat «
and +y subunits, and of the truncated vy subunit with WT rat «
and 3 subunits, resulted in a marked increase in amiloride-sen-
sitive current compared with the current resulting from expres-
sion of WT ENaC subunits, consistent with a gain-of-function
mutation causing increased renal Na* reabsorption in vivo (9).
Comparison of the amiloride-sensitive current and of cell-sur-
face expression of WT ENaC and ENaC containing the Liddle
mutation that causes truncation of the COOH-terminal tail of
the B subunit, showed that in mutant channels, amiloride-sen-
sitive current was increased five to sixfold, and surface expres-
sion was increased twofold over WT (10). This result indicates
that the effect of this Liddle mutation is partially due to a
higher number of channels at the cell surface, but also to an in-
creased current per channel of mutant compared with WT
channels. Further mutational analysis showed that a short pro-
line-rich segment in the cytoplasmic COOH terminus of B and
< subunits is required for normal regulation of channel activ-
ity. Missense mutations altering a consensus PPPxY sequence
reproduced the increase in channel activity found in mutants in
which the entire cytoplasmic COOH termini are deleted (11,
12). This proline-rich segment, referred to as PY motif, is
known to be a binding site for proteins bearing a WW domain
(13). Recently, Nedd4, a protein containing WW domains and
a ubiquitin protein ligase domain, has been shown to bind spe-
cifically to the intact PY motif of § and y ENaC subunits, indi-
cating that the PY motifs might be important for regulating
ENaC stability (14).

In this study, we observed that the difference between
ENaC WT and Liddle mutants in current expression was only
significant when oocytes were loaded with Na*. No difference
between WT and mutants was found when Na* was kept low.
We show that WT ENaC is downregulated by intracellular
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Na*, and that mutant channels show a decrease in their sensi-
tivity to Na*-dependent inhibition. We conclude that the Lid-
dle mutations interfere with Na*-dependent regulation of
channel function and expression.

Methods

ENaC expression. Site-directed mutagenesis was performed on rat
ENaC cDNA as described previously (15). Complementary RNAs
(cRNAs) of each subunit were synthetized in vitro. For binding ex-
periments, «, B, and vy subunits were used that had been tagged as de-
scribed by Firsov et al. (10) with the FLAG reporter octapeptide in
the extracellular loop, directly COOH-terminal of the first transmem-
brane segment of each subunit. Healthy stage V and VI Xenopus oo-
cytes were pressure-injected with 100 nl of a solution containing
equal amounts of afy ENaC subunits at a total concentration of
1-100 ng/pl in experiments in which the short-term effect of Na* reg-
ulation was measured, and at 100 ng/pl in all other experiments. Dur-
ing the expression phase, the oocytes were kept in modified Barth’s
saline (MBS) at different Na* activities (Table I).
Electrophysiological measurements and data analysis. Standard
electrophysiological measurements were taken at the times indicated,
or 16-20 h after injection. Macroscopic amiloride-sensitive Na* cur-
rents, defined as the difference between Na* currents obtained in the
presence and absence of 5 uM amiloride (SIGMA, Buchs, Switzer-
land) in the bath were recorded using the two-electrode voltage-
clamp technique. For current measurements, the oocytes were volt-
age-clamped to —100 mV. The bath solution was a standard oocyte
Ringer solution containing 95 mM Na* activity (Table I). Oocytes
were initially placed in a bath solution containing amiloride to pre-
vent changes in [Na];, and current was measured after amiloride
washout. Currents were recorded with a TEV-200 amplifier (Dagan
Corp., Minneapolis, MN). Pulses for current-voltage curves were ap-
plied, and data were acquired using the Atari-based data acquisition
system for the EPC-9 amplifier (HEKA Elektronik, Lambrecht, Ger-
many). For current-voltage curves, 10 pulses lasting 150 ms from —100
mV to +80 mV were applied in the presence and absence of
amiloride. Currents were filtered at 200 Hz, and were digitized at 200
Hz for analysis. Since the current—voltage relationship of the macro-
scopic amiloride-sensitive current is not linear, macroscopic conduc-
tance was calculated from the steepness of the current-voltage rela-
tionship between —100 and —80 mV. The intracellular Na* activity
[Na*]; was calculated from the reversal potential (E,,) using the
ENaC-expressing oocyte membrane as a highly selective probe. E,.,

Table 1. Solutions for Oocyte Incubation and
Current Measurements

Test solution

HighNa®" MBS  Low Na" MBS (frog ringer)

mM mM mM
NaCl 85 1 110
KCl 1 40 2.5
NaHCO; 2.4 — —
N-methyl-D-glutamine — 60 —
Ca(l, 0.4 0.4 1.8
Ca(NO;), 0.3 0.3 —
MgSO, 0.8 0.8 —
Hepes 10 10 10
pH 7.2 (NaOH) 7.2 (HCl) 7.2 (NaOH)
Na* activity (mM) 69 1 95

Na™ activities were calculated from concentrations as described in the
Methods section.
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was determined from complete current-voltage curves over the volt-
age range of —100 to +80 mV of the amiloride-sensitive current as fol-
lows:

[N&] e
Erev/k
e

[Na], =
where [Na*].,, = external Na* activity, and k = RT/F = 25.26 at
20°C. The above equation is strictly valid only if the activity of ions is
used for the concentration terms. Activities of ions in solution were
calculated as follows. The activity a for any species i in solution is
given by the product of the activity coefficient f; and its molar concen-
tration [x]:

a = f;[x.

At an ionic strength < 0.5 M, the Davies equation can be used to
calculate the activity coefficient f; for any species i of valence z (16):
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The ionic strength, 7, is defined as the half sum of the product ¢,z
for all ionic species in the solution where c; is the concentration and z;
is the valence of species i. Values for f; obtained for the various MBS
and the oocyte Ringer solution were in the range of 0.7-0.8. Data are
shown as mean*=SEM.

Binding experiments. The FLAG reporter octapeptide that had
been introduced in «, B, and vy subunits is recognized by the anti-
FLAG M, (M,Ab) mouse monoclonal antibody (Eastman Kodak
Co., Rochester, NY). M,Ab was iodinated as described by Firsov et al.
(10). Todinated M,ADb had a specific activity of 5-20 X 10" cpm/mol,
and was used for up to 2 mo after synthesis. For the binding assay, oo-
cytes were transferred into a 2-ml Eppendorf tube containing MBS of
the Na* activity used during the channel expression supplemented
with 10% heat-inactivated calf serum, and incubated for 30 min on
ice. Binding was started upon addition of 12 nM ['*I]M,Ab (final
concentration) in a volume of 5-6 wl/oocyte. After 1 h of incubation
on ice, the oocytes were washed eight times with 1 ml MBS of the ap-
propriate Na* activity supplemented with 5% heat-inactivated calf
serum, and were then transferred individually into tubes containing
250 pl of the same solution for y counting. The samples were
counted, and the same oocytes were kept for subsequent measure-
ment of the whole-cell current. Nonspecific binding was determined
from parallel assays of noninjected oocytes.

Results

Time course of ENaC activity expression. In a previous study
we have shown that the COOH terminus deletion mutation of
the ENaC  subunit causing Liddle syndrome increases both
the number of channel molecules at the cell surface and the
amiloride-sensitive current per channel expressed (10). The
time course of appearance of significant differences between
the amiloride-sensitive whole-cell current (Iy,) of WT and mu-
tant channels after cRNA injection helped us to identify the
possible mechanism involved in the different regulation of WT
and mutant ENaC. Experiments were carried out with WT
ENaC, and with a mutant ENaC containing the mutation
BRS564stop, which introduces a premature stop codon in the
COOH terminus of the B subunit, and has been reported in the
original Liddle pedigree (5). WT or mutant ENaC were ex-
pressed by coinjecting cRNAs encoding the three ENaC sub-
units: «, B, and y. Channel activity was assessed by measuring
Iy, in the presence of 95 mM extracellular Na* activity (test so-
lution, see Table I) at a holding potential of -100 mV. In Fig. 1
A, the time course of Iy, expressed by WT and oR564stopy



mutant channels was followed for 48 h under conditions where
injected oocytes were maintained in an incubation medium
containing a high Na™ activity (high Na® MBS, Table I). 4 h af-
ter cRNA injection, a small Iy, (10-200 nA) was measured,
and for up to 7 h no significant difference in channel activity
was detected between WT and mutant channels. Thus, during
this period Liddle mutations do not result in an altered chan-
nel appearance rate at the cell surface. After 10 h, the magni-
tude of Iy,, expressed by WT ENaC, reached a steady state,
and saturated at a value close to 3 pwA, whereas Iy, in
af3R564stopy-injected oocytes increased steadily over the 48-h
period. Therefore, the difference in channel activity between
WT and mutant became more evident with time, and was sig-
nificantly different at times = 8 h after cRNA injection.

We have previously shown that WT ENaC activity in-
creased when Na™ activity in the medium for oocyte incuba-
tion was low (10). We addressed the question of Na* influence
on activity of WT channel and Liddle mutants by repeating the
time course experiments of Iy, expression in oocytes incubated
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Figure 1. Time course of WT and mutant ENaC expression in

high and low Na™ MBS. cRNA encoding either WT or mutant
aBR564stopy ENaC was injected into oocytes, which were subse-
quently incubated in high (A) or low (B) Na* medium (MBS, Table
I). Atintervals, oocytes were taken for current measurement. Cur-
rents were measured in a high Na* test solution (Table I) at a holding
potential of —100 mV. Data shown for WT (O) and aBR564stopry
(M) ENaC are from 5-42 oocytes from a total of 8 (high Na* MBS) or
4 (low Na* MBS) batches. The lines are second order polynomial re-
gressions, and error bars represent the SEM. For many data points
the SEM was smaller than the symbol.

in a 1-mM Na* incubation medium (low Na* MBS, Table I)
after cRNA injection (Fig. 1 B). Iy, was measured under con-
ditions identical to those in Fig. 1 A in an oocyte Ringer solu-
tion containing 95 mM [Na*]., at a holding potential of —100
mV. After incubation in the low Na* medium, no saturation of
channel activity was observed either for the Liddle mutant or
for the WT ENaC, and there was no significant difference be-
tween WT and mutant Iy,. Taken together, these experiments
provide evidence that in a high-Na* environment (Fig. 1 A),
WT channel activity is drastically repressed as shown by a
maximal Iy, that levels off around 3 pA, while the Liddle trun-
cation mutant is not efficiently downregulated, and expressed
In, does not reach saturation over a 48-h period. In a low Na*
environment (Fig. 1 B), Iy, expression of WT and the Liddle
mutant was similar, and increased over the whole time period
of the experiment. This result suggests that the Liddle muta-
tion interferes with a Na*-dependent downregulation of
ENaC.

Downregulation of WT ENaC in a high Na* environment
became evident only at times = 8 h after cRNA injection (Fig.
1 A). ENaC expressed in these oocytes is constitutively active,
and generates a significant Na™ conductance in the plasma
membrane. Thus, after ENaC cRNA injection, the number of
active ENaC at the plasma membrane increases, allowing Na*
entry into the cell, and a rise in the intracellular Na* activity
([Na*];). This increase in [Na*]; may be responsible for down-
regulation of WT ENaC activity, which would explain the late
onset of ENaC downregulation. We have calculated [Na'];
from measurements of the reversal potential of Iy, (see Meth-
ods) in experiments illustrated in Fig. 1 A. In a large cell such
as the Xenopus oocyte, these measurements reflect [Na*]; in a
cytosolic compartment close to the plasma membrane, and
cannot be extrapolated to the overall [Na*]; in the cytoplasm.
As shown in Table II, the [Na"]; increased from ~ 12 mM at 4 h
up to ~ 60 mM at 8 h, which indicates that intracellular Na*
almost equilibrates with extracellular Na* across the ENaC-
expressing plasma membrane. [Na*]; of WT and aBR564stopy-
expressing oocytes were similar (Table II). Incubation of
oocytes in a low Na* environment limited Na™ entry, and pre-
vented cell overload by Na* ions. After 20 h of incubation in
1 mM Na* MBS, [Na*]; remained low at ~ 2+0 mM for both
WT (n = 34) and afR564stopy mutants (n = 32), and under
these conditions WT channels were not downregulated (Fig. 1
B). Thus, saturation of the activity of WT channels in a high
Na™ environment that was reached shortly after the main in-
crease in [Na*]; (Fig. 1 A, Table IT) may well reflect downregu-
lation of ENaC in response to the rise in [Na*];.

The dependence of WT ENaC activity on [Na*]; was
further investigated by loading the oocytes with different
amounts of Na*. To obtain different intracellular Na* activi-
ties, oocytes were incubated overnight in solutions of varying
Na™ activities. The relationship between [Na*]., and [Na*];
was determined for extracellular Na* activities ranging from
1-90 mM Na* (Fig. 2 A). We observed a linear correlation be-
tween extracellular and intracellular Na* activities consistent
with Na* equilibration across the plasma membrane of oocytes
expressing ENaC (Fig. 2 A). At a given [Na*].,, [Na*]; was
only slightly (6:3%) higher for afR564stopy (M) than for
WT (O), indicating that for both channel types expressed at
the cell membrane, the resulting membrane permeability to
Na* was high enough to allow Na' equilibration across the
plasma membrane after 16-20 h. To obtain an estimate of the
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Table II. Changes in the Intracellular Na* Activity [Na*]; of Xenopus Oocytes During the Expression of ENaCs in 69 mM

Na* Medium
Time after cRNA injection 4h 8h 20h

WT BR564 stop WT BR564 stop WT BR564 stop WT BR564 stop
[Na*]; (mM) 13+3 111 43+1 45+2 54+1 58+2 52+1 56+1

[Na*]; was calculated from 7-45 oocytes per condition as described in the Methods section. Errors represent the SEM.

[Na]. (mM)

Normalized Macroscopic Conductance

T T T T
0 20 40 60

[NaJ, (mM)

Figure 2. Na* dependence of ENaC activity. (A) Correlation of ex-
tracellular and intracellular Na* activity of ENaC-expressing oocytes.
Groups of oocytes expressing WT or mutant ENaC were incubated
overnight in MBS containing different Na* activities ([Na*]., 1, 8,
23,38, 69, and 90 mM). The intracellular Na* activity [Na*]; was cal-
culated from the reversal potential of the amiloride-sensitive current
(see Methods) measured in an oocyte Ringer solution of a similar
Na™ activity as the storage MBS. Data for WT (O) and aR564stopy
(M) ENaC from 23-58 oocytes and 3-5 batches per condition are
shown. The regression to the WT data, shown as a solid line, is: [Na*];
(activity, mM) = 0.72 X [Na*]., (mM) + 4.4 mM, and the regression
to the aBR564stopy data, shown as an interrupted line, is: [Na*]; (ac-
tivity, mM) = 0.80 X [Na*]., (mM) + 4.4 mM. (B) [Na*]; depen-
dence of the downregulation of WT ENaC activity. From the same
oocytes as used for the experiment described in A, the conductance in
an oocyte Ringer solution of 95 mM [Na*],,, was subsequently mea-
sured as described in Methods. Data for WT (O) and aBR564stopy
(M) ENaC from 23-58 oocytes and 3-5 batches per condition

are shown. For each batch of oocytes, gy, values of WT and the
afR564stopy mutant were normalized to the WT gy, at 8 mM
[Na*].« Absolute gy, values at 8§ mM [Na*],,, in paired experiments
were 34832 pS/oocyte for WT (n = 31) and 331+27 uS/oocyte for
aBR564stopy (n = 30). The dotted lines are polynomial regressions,
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Na* dependence of ENaC regulation, oocytes expressing WT
or mutant ENaC were incubated overnight in MBS of various
Na™ activities, and channel activity was determined as the
amiloride-sensitive Na* conductance (gy,, see Methods) in 95
mM Na™ oocyte Ringer medium. gy, is plotted as a function of
[Na*]; in Fig. 2 B. For each batch of oocytes, gy, values of WT
and the aBR564stopy mutant were normalized to the WT gy,
at 8 mM [Na*].,. For WT ENaC (O), the dependency of gy,
on [Na™]; yielded a bell-shaped curve with a maximum at ~ 10
mM [Na*];, a 1.4-fold lower gy, at 1 mM [Na*];, and, towards
higher [Na*];, a sharp decrease of gy, at [Na*]; > 25 mM. Fit-
ting the WT data at [Na*]; = 9 mM to an inhibition equation
(see legend to Fig. 2) yielded an apparent inhibitory constant
of 35 mM and a pseudo-Hill coefficient of 6. For « BR564stopy
(M), the Na* dependency of gy, had a similar shape, but it was
shifted to higher [Na*];. Fitting the mutant data at [Na*]; = 27
mM yielded an apparent inhibitory constant of 48 mM and a
pseudo-hill coefficient of 5. Thus, the Liddle mutant shows a
decreased sensitivity to inhibition by [Na*];.

Comparison of current and cell surface expression of mutant
and WT ENaC in Xenopus oocytes. The lower sensitivity of
the Liddle truncation mutant to intracellular Na* compared
with ENaC WT raises a number of questions. First, is this ef-
fect specifically related to mutations of a conserved PY motif
in the COOH terminus of ENaC subunits that have been re-
ported to cause Liddle syndrome (5-7)? Second, does intracel-
lular Na™ affect channel density and/or the average current per
channel at the cell surface? To address these issues we com-
pared in the same experiments the effect of the BR564stop trun-
cation mutation and the two missense mutations in the subunit
PY motif BP616L and BY618A, on the current expression and
the number of channels at the cell surface. ENaC activity mea-
sured as Iy, under our standard conditions (in the presence of
95 mM [Na*].,, at =100 mV holding potential) was correlated
in the same oocyte with expression of ENaC subunits at the
cell surface 16-20 h after cRNA injection (see Fig. 1). Fig. 3,
A-C summarizes the data obtained from direct comparison
of WT ENaC and Liddle mutants under conditions of over-
night incubation of oocytes in a high Na*-containing medium

and the solid and interrupted lines represents the fit to data points at
[Na*]; = 9 mM (WT) and [Na™]; (27 mM (aBR564stopy), respec-
tively, to an inhibition equation: gy, = K"/(K{" + [Na*];), where gy,
is the amiloride-sensitive whole-cell conductance, K; is the apparent
inhibitory constant of the blocker, n’ is a pseudo-Hill coefficient, and
[Na*]; is the intracellular Na* activity. Fit parameters were 35 mM
(K;) and 6 (n’) for WT, and 48 mM (K;) and 5 (n") for aBR564stopy.
*P < 0.05 vs. WT at the same [Na*].,. Error bars represent the SEM.
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Figure 3. Effect of Liddle mutations on ENaC current and cell surface expression at two different extracellular Na* activities. Amiloride-sensi-
tive whole-cell current (Iy,, A and D) and cell surface expression (B and E) were measured, and the ratio of Iy,/cell surface expression (C and F)
was calculated from oocytes expressing WT a3y ENaC (open bars) or channels composed of WT « and y subunits and the mutant 8 subunits
BR564stop, BP616L, or BY618A (filled bars). (A-C) Measurements were performed after overnight incubation in MBS of 69 mM Na* activity
([Na*]ex)- (D-F) Measurements were performed after overnight incubation in MBS of 8 mM [Na*].. The data are from experiments in which
the mutants were directly compared with WT for each of the two incubation conditions, but they are not direct comparisons of the two incuba-
tion conditions. Currents were measured in an oocyte Ringer solution of 95 mM [Na*].,, at a holding potential of —100 mV. ['*I]M,Ab binding
and Iy, were measured in the same oocytes. Data shown are from 7-13 experiments, each performed on 5-10 oocytes. *P < 0.05 vs. WT at the

same Na™ activity. Error bars represent SEM.

(69 mM [Na*].,,, which leads to an [Na*]; of 52-56 mM). Iy,
was 4.8-6.8-fold higher in Liddle mutants relative to WT
ENaC (Fig. 3 A). Cell surface expression of ENaC subunits
is expressed as fmol of iodinated monoclonal antibody
(['"*1]M,Ab) specifically bound at the cell surface (Fig. 3 B, see
Methods). The amount of ENaC subunits detected was 1.8-
and 2.4-fold higher in oocytes expressing BR564stop and the
BY618A mutants compared with ENaC WT. For the BP616L
mutant, the 1.2-fold increase in Ab binding was not statistically
significant. Thus, the higher cell surface expression of ENaC
alone cannot account for the increase in Iy, measured for the
Liddle mutants, indicating that the average current per chan-
nel also increases. This is best shown by the ratios of whole-cell
In, over the number of ['2I]M,Ab binding sites at the cell sur-
face, which was 2.5 pA/fmol for WT, and 7.0-8.7 wA/fmol for
the mutant channels (Fig. 3 C). Assuming that one antibody
molecule binds to one ENaC subunit (10), and considering the
four-subunit stoichiometry of the channel, the average Na*
current per channel at the cell surface is 1.7 X 1072 pA for WT,
and 4.6 X 1072 -5.9 X 1072 pA for the mutants (3). These re-
sults indicate that the gain-of-function mutations in Liddle syn-
drome result from dual effects, an increased ENaC cell surface
expression, and an increase in average current per channel al-
lowing more Na* to flow through the channel.

Fig. 3, D-F compare in the same experiments ENaC WT

and mutants under conditions of overnight incubation in a me-
dium of low Na* activity (8§ mM [Na*].,,). In, Was measured
under identical conditions to those in Fig. 3, A-C (i.e., in the
presence of 95 mM [Na*]., at —100 mV holding potential). As
expected from the [Na*]; dependence of ENaC activity (Fig. 2
B), the differences between WT and mutant ENaC regarding
Ina and channel cell surface expression were considerably at-
tenuated under these low Na* conditions. The Iy, expressed
by the BR564stop and BY618A Liddle mutants were 1.5- and
1.6-fold higher than WT, and no significant difference in Iy,
was observed between the afP616Ly mutant and WT (Fig. 3
D). Furthermore, there was no significant difference between
Liddle mutants and WT for the cell surface expression (Fig. 3
E) or the current/channel ratio (Fig. 3 F).

The experiments illustrated in Fig. 3 were designed to com-
pare directly the effects of Liddle mutations on channel activ-
ity and expression with respect to ENaC WT under two inde-
pendent conditions of low and high Na* in the incubation
medium. Because of the variations of Iy, between experi-
ments, it remains difficult to assess precisely from these exper-
iments the role of Na* on channel density at the cell surface
and average current per channel. Using the same protocol, we
have compared on the same batches of oocytes expressing WT
ENaC or Liddle mutants, the magnitude of Iy, and the number
of ENaC subunits at the cell surface after overnight incubation
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Table III. Direct Comparison of the Effect of Low or High Na* Incubation Medium on Amiloride-sensitive Current and Cell

Surface Expression of Wild-type and Mutant ENaC

Incubation aPy ABrssastopY aBpsieLY aByeisaY
It (LA) 8 mM Na* 7.4+0.8% 13.3+1.6% 3.9+0.4% 12.4+1.7*
69 mM Na* 1.0+0.1 4.6x0.4 2.8%£0.2 6.9+0.5
[**I]M,Ab-binding (fmol) 8 mM Na* 0.90%+0.07* 1.02+0.07 0.27%+0.03 1.32+0.10
69 mM Na* 0.44£0.04 0.85£0.07 0.33+0.03 1.40%+0.09

For each WT or mutant the effects of 8 and 69 mM Na* activity in the incubation medium on the amiloride-sensitive current and [*I]M,Ab binding
were compared in the same batch of oocytes at the same day. Iy, was measured under standard conditions, i.e., 95 mM [Na*],, with the oocytes
clamped to —100 mV. Data are from 28-53 oocytes from 3-5 different batches. *Difference between the two incubation conditions (P < 0.05).

in 8 mM or 69 mM Na® incubation medium. Table III shows
that increasing [Na*]., in the incubation medium from 8 to
69 mM resulted, for WT ENaC, in an approximately sevenfold
reduction in Iy, whereas for Liddle mutants, Iy, decreased
only by approximately twofold under the same conditions
(P < 0.05). This result reflects the lower sensitivity of the
aBR564stopy mutant to inhibition by Na* (see Fig. 2 B). The
same increase in Na* activity in the incubation medium (8-69
mM) reduced by a factor of two the number of WT ENaC de-
tected at the cell surface. This decrease in channel expression
alone could not account for the sevenfold reduction in Iy,, indi-
cating that high Na* leads to both a reduction in the number of
WT channels at the cell surface and a reduction of current per
channel. For the Liddle mutants, changes in Na* activities in
the incubation medium did not modify channel expression at
the cell surface. These experiments provide evidence that high
Na* downregulates WT ENaC by decreasing the average Na*
current per channel, and by decreasing channel expression at
the cell surface. The Liddle mutants are less sensitive to down-
regulation of the activity per channel by Na*, and their expres-
sion is insensitive to Na*.

Short-term effect of intracellular Na* on ENaC function.
The experiments presented so far show evidence that intracel-
lular Na™ modulates ENaC activity, and that the gain-of-func-
tion mutations in Liddle syndrome result in an inefficient
downregulation of the channel in response to a rise in [Na'];
To obtain direct evidence for a feedback regulation of ENaC
activity upon Na™ entry into the cell as described by Frindt et al.
(17), we have analyzed the time course of changes in Iy, from
the time Na™ is allowed to flow into the cell. Oocytes were in-
cubated in a low Na* MBS (Table I) during the expression
phase to keep [Na*]; as low as possible. At time zero, superfu-
sion of the oocytes with a solution containing a high Na* activ-
ity (test solution, Table I) was started, and oocytes were volt-
age-clamped to —100 mV to favor rapid Na* influx. For 25 min,
channel activity was measured as amiloride-sensitive Na*
conductance gy,. Fig. 4 A compares changes in gy, between
WT ENaC and the mutants aR564stopy, afP616Ly, and
afY618Ay over the 25-min time period. The amounts of
cRNA injected were adjusted to obtain a similar level of cur-
rent expression of WT and mutant channels. In WT-expressing
oocytes, gy, decreased rapidly upon entry of Na* ions with an
exponential rate of 0.07 min™! and a time delay of ~ 10 min,
whereas in all three mutants the macroscopic conductance re-
mained stable over the recording time. At 25 min, macroscopic
conductance was 85*x7% (n = 7) of the initial value for
aBR564stopy, 88+6% (n = 6) for afP616Ly, and 91+10%
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(n = 4) for apY618A~y compared with 27+4% (n = 7) for WT
channels. Changes in [Na*];, measured from the reversal po-
tential of Iy, during the Na* influx are shown in Fig. 4 B.
[Na*]; increased rapidly over the first 5 min, saturated at about
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Figure 4. Time course of ENaC activity after a rapid increase in Na*
activity. Oocytes that had been incubated in 1 mM Na*™ MBS during
the expression phase were voltage-clamped to —100 mV, and the
extracellular solution was switched to an oocyte Ringer solution of
95 mM [Na*]. at time zero. (A) Normalized conductance, and (B)
intracellular Na* activity [Na*]; (see Methods) are shown for WT
ENaC (O) and the mutants aBR564stopy (M), «BP616Ly (A), and
aBY618Ay (V). The solid line in A represents a fit to a single expo-
nential to the WT data. The rate and delay determined from the fit
were 0.07 min~! and 7.7 min. The initial current was 5.4+0.5 pA
(WT,n =17),59%0.7 pA («BR564stopy, n = 7), 5.8£0.9 pA
(aBP616Ly, n = 6), and 4.7+0.5 pA (aBY618Ay, n = 4). Oocytes
had been injected with 1 ng oy cRNA/oocyte for WT, and 0.3 ng
afy cRNA/oocyte in the case of the mutants.



10 min at ~ 80 mM for WT, and further increased in the case
of the mutant channels. As mentioned before, these values of
[Na*]; reflect [Na*]; in a cytosolic compartment close to the
plasma membrane, and not the overall [Na*]; in the cytoplasm.
Assuming that the rundown of channel activity is due to
feedback regulation of ENaC by [Na*], the rate of this run-
down should depend on the magnitude and the rate of Na* in-
flux. The magnitude of Na* influx will in turn depend on the
number of ENaC expressed at the cell surface. Accordingly,
among oocytes expressing ENaC, the ones with low levels of
ENaC cell surface expression, will have a reduced influx of
Na*, and the rise in [Na*]; will be slower. To test the assump-
tion that the channel rundown is due to a feedback regulation,
oocytes were injected with various concentrations of ENaC
cRNAs to obtain different levels of channel expression, and
the changes in channel activity were measured upon exposure
to high extracellular Na* as described in experiments in Fig. 4.
A representative experiment is shown in Fig. 5 A, comparing
the time course of changes in Iy, in two oocytes expressing WT
ENaC, but with different magnitude of Iy, expressed. The oo-
cyte with the lower level of ENaC expression (initial Iy, of 0.22
pA) exhibits a slower rundown of channel activity, whereas for
the oocyte with a high initial Iy, (I, = 1.94 pA), the rundown
was much faster. Similar experiments were performed compar-
ing WT and aBR564stopy channels, and are shown in Fig. 5, B
and C. The rate of channel rundown after exposure to extra-
cellular Na* was determined from fits to the time course of the
change of gy,. The rate constants of channel downregulation
are plotted in Fig. 5 B vs. the initial Iy,, which is a measure of
the ENaC expression level in individual oocytes. The rate of
downregulation of WT ENaC is directly related to the initial
Ina, 1-€., the level of expression of ENaC, suggesting that the
channel rundown is linked to Na* influx into the cell. For the
afR564stopy mutant, the rate of downregulation was very
low, similar to the rate measured for WT for the lowest expres-
sion level, and remained independent of the level of initial Iy,
expression (Fig. 5 B). To further demonstrate the dependence
of the rate of channel downregulation on [Na'];, [Na*]; was
calculated at 10, 15, and 20 min, and the rate constants of
downregulation are plotted vs. the mean of these [Na']; values
(Fig. 5 C). For WT channels, the rundown of channel activity is
clearly dependent on [Na*]; as shown by the increase of the
rate constant of channel rundown at high [Na*];. For the Lid-
dle mutants, channel rundown is slower and not significantly
affected by intracellular Na*. These experiments support a
feedback regulatory mechanism of ENaC by intracellular Na*
and the notion that the Liddle mutations result in a decrease in
sensitivity to channel downregulation by intracellular Na*.
Previous work on ENaC feedback inhibition by intracellu-
lar Na* has pointed out the role of intracellular Ca?* in this
regulation (18). To test a possible involvement of intracellular
Ca?* in the rundown of WT ENaC that we observed upon Na*
influx into the oocyte (Figs. 4 and 5), WT ENaC-expressing
oocytes were injected with 100 nl of 2 mM EGTA or 50 nl 40
mM BAPTA solution at least 2 h before the electrophysiologi-
cal experiment to chelate intracellular calcium, and experi-
ments were carried out in a calcium-free bath solution. Down-
regulation of ENaC activity in EGT A-injected oocytes was not
different from oocytes in which calcium was not buffered (at
25 min, 22+2% of initial gy,, n = 3, in the presence of Ca’";
and 27+5%, n = 4, for EGTA-injected oocytes), and it was
faster in BAPTA-injected oocytes (at 20 min, 462, n = 3 in
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Figure 5. The rate of downregulation of ENaC activity depends on
the Na* influx during the experiment. WT and mutant aBR564stopy
ENaC were expressed at various current levels by varying the amount
of cRNA injected. (A) Representative experiments, comparing chan-
nel downregulation in oocytes of low (O) or high (A) expression of
WT ENaC. (O) The initial Iy, was 0.22 nA, [Na*]; reached 5 mM in
the experiment (mean of values at 10, 15, and 20 min), and the single
exponential fit yielded a rate of 0.0275 min~! and a time delay of 6.3
min. (A) The corresponding values are 1.94 wA, 46 mM, 0.0793
min~!, and 5.8 min. (B) The rate obtained from fits to the current
decay in individual experiments of WT- (O) and aBR564stopy (H)-
expressing oocytes is plotted vs. the initial amiloride-sensitive current
In, as a measure of the ENaC expression level. Dotted lines represent
a second order regression to the WT, and a first order regression to
the aBR564stopy data. (C) The rate obtained from fits to the current
decay in individual experiments of WT-(O) and afR564stopy (H)-
expressing oocytes is plotted vs. [Na*]; reached in the experiment
(mean of values at 10, 15, and 20 min). Dotted lines represent a sec-
ond order regression to the WT, and a first order regression to the
apR564stopy data.

the presence of Ca?*;and 24+6, n = 3, in BAPTA-injected oo-
cytes). These experiments suggest that a rise in intracellular
calcium is not essential for Na*-dependent regulation of ENaC
activity.
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Discussion

This study identifies a novel molecular mechanism underlying
the hyperactivity of ENaC resulting from mutations causing
Liddle syndrome. Compared with ENaC wild type, channel
mutants causing Liddle syndrome exhibit a higher average
Na* current per channel and a higher number of ENaC mole-
cules at the cell surface only under conditions of high intracel-
lular Na* activity when WT ENaC activity is drastically down-
regulated. Under low [Na*]; conditions, WT ENaC shows
similar average Na* current per channel and channel density
at the cell surface as Liddle mutants. The higher channel activ-
ity of Liddle mutants is due to a lower sensitivity to inhibition
by intracellular Na*.

Hyperactivity of Liddle mutants. In experiments with high
[Na*];, cell surface expression of mutants aBR564stopy and
aBY618Ay increased 1.8- and 2.4-fold over WT. The 1.2-fold
increase in channel expression of the afP616Ay mutant might
be real, but did not reach statistical significance, probably due
to the sensitivity of our binding assay. This result is consistent
with previous observations showing a qualitatively higher im-
munofluorescence labeling of Liddle mutants at the apical
plasma membrane of transiently transfected epithelial cells
(12). In our study, however, the higher cell surface expression
alone cannot account for the 4.8-6.8-fold increase in channel
activity of Liddle mutants as measured by the amiloride-sensi-
tive current, indicating that Liddle mutations also lead to an
increase in the average Na* flux per channel present at the cell
surface. As the single-channel conductance is not affected by
Liddle mutations (9, 12), the increase in the ratio of current
per channel reflects either an increase in channel open proba-
bility or a higher fraction of active vs. silent channels present at
the cell surface.

A higher open probability for ENaC mutants relative to
WT could not be demonstrated in a limited number of channel
recordings (12). This is not entirely unexpected, since channel
open probability of ENaC WT varies from < 0.1 to > 0.9, and
demonstration of significant changes in channel gating be-
tween WT and Liddle mutants would require collection of a
very large number of channel recordings (19). Such a study has
not yet been performed, and therefore alterations in channel
gating in Liddle mutants cannot be firmly excluded. Alterna-
tively, a higher average current per mutant channel expressed
at the cell surface could result from recruitment of a channel
population present at the cell surface that is normally com-
pletely inactive or nonconductive. Evidences for a pool of in-
active or weakly active channels is supported by our binding
data. As mentioned previously, the average current per chan-
nel at the cell surface is around 2-6 X 1072 pA under our re-
cording conditions, i.e., at —100 mV holding potential. This av-
erage current per channel is approximately 10-fold lower than
that estimated from noise analysis in an amphibian kidney cell
line (20). In addition, considering a single-channel current am-
plitude of 1 pA, as determined from patch clamp experiments
for our recording conditions, the average open probability for
all the channels detected at the cell surface would range from
0.02 to 0.06, a value 10 times lower than the average open
probability measured for active channels. Since in patch-clamp
experiments, only active channels at the cell membrane are
seen, whereas the binding experiment measures the total num-
ber of ENaC at the cell surface, our results are consistent with
the notion that ~ 90% of the ENaC at the cell surface are inac-
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tive and only 10% are active. Part of this pool of inactive chan-
nels at the cell surface may represent channels that are down-
regulated by intracellular Na*. It is conceivable that Liddle
mutations may increase the fraction of active channels ex-
pressed at the cell surface as evidenced in our experiments by
a higher current-per-channel ratio compared with WT ENaC.
The higher cell-surface expression of channel molecules of
Liddle mutants can result from either an increase in the rate of
insertion of ENaC into the plasma membrane, from a decrease
in the rate of ENaC internalization, or from both. Our data
showing similar rates of channel appearance at the cell surface
after ENaC WT or mutant cRNA injection suggest that chan-
nel insertion and targeting at the plasma membrane is not di-
rectly affected by mutations in the PY motif (Fig. 1 A). How-
ever, at times 8 h after cRNA injection in Na*-loaded oocytes,
we cannot exclude that the rate of channel insertion at the
plasma membrane might be different for WT ENaC and the
Liddle mutant (Fig. 1 A). The channel downregulation seen af-
ter an increase in [Na*]; (Fig. 4) makes it seem more likely that
the major mechanism underlying higher surface expression of
ENaC Liddle mutants may be impaired channel internaliza-
tion. Different mechanisms have been proposed for this chan-
nel retention at the plasma membrane. First, the PPPXYXXL
motif, which is found in all ENaC subunits, contains two se-
quences that are associated with protein internalization, and
might be required for clathrin-mediated endocytosis (12). This
possibility is supported by a recent coexpression study of
ENaC and a dominant-negative mutant of dynamin, a protein
required for clathrin-mediated endocytosis which showed that
currents were increased in WT, but not Liddle mutant-express-
ing oocytes (21). This result indicated that clathrin-mediated
endocytosis is involved in ENaC internalization, and that the
presence of PY motifs on ENaC B and v subunits is essential
for this process. Second, Nedd4, a ubiquitin-ligase, binds to the
PY motifs of B and y ENaC. Mutation or deletion of the PY
motifs disrupts this interaction and might lead to a reduction of
ubiquitination and subsequent degradation. It has been shown
that a and vy, but not 3 subunits, are ubiquitinated in vivo, and
that mutation of lysine residues, which are putative sites for
ubiquitin attachment, leads to higher ENaC currents (22).
Involvement of clathrin-mediated endocytosis and Nedd4-
induced ubiquitination in channel turnover at the cell surface
are not mutually exclusive findings. The two mechanisms may
occur sequentially during channel endocytosis and degrada-
tion, and may be triggered by an increase in intracellular Na*.
Feedback regulation of ENaC: role of intracellular Na'.
Expression of the constitutively active ENaC in Xenopus oo-
cytes leads to a rather unphysiological situation characterized
by Na™ entry into the cell through the expressed ENaC that
exceeds the maximal rate of Na* extrusion by transporters like
the Na/K-ATPase. This situation leads to a large increase in
[Na*]; and repression of ENaC activity at the cell surface. The
general idea of feedback regulation of ENaC was first pro-
posed by MacRobbie and Ussing, who noted that cells of the
frog skin expressing an apical amiloride-sensitive Na channel
did not swell as expected when Na* extrusion by the Na*/K*
ATPase was blocked (2, 23). They proposed that when intra-
cellular [Na*]; rises upon inhibition of the Na/K-ATPase, Na*
permeability of the apical membrane was downregulated to
prevent cell Na* overload. The presence of this feedback regu-
lation that inhibits the channel when Na* enters the cell has
since been confirmed at the single channel level (17, 18, 24,



25). It remains to be established whether this channel down-
regulation leads to channel closures and/or channel endocyto-
sis. In a time scale of hours, our experiments suggest that both
mechanisms are involved in channel downregulation, but the
immediate effect of increasing [Na*]; on channel activity over
10-20 min remains to be investigated. This feedback mecha-
nism may serve to maintain intracellular ion homeostasis, and
to allow homogenous reabsorption of Na* along the distal
nephron.

Na*-dependent regulation of ENaC may require a sensor
for Na* activity. This sensor could theoretically be either in
ENaC itself or in another protein that would transmit the sig-
nal by direct interaction with ENaC (e.g., ENaC binding pro-
teins carrying WW-domains), or translate it into another sig-
nal, e.g., a second messenger that would then act on ENaC.
Whatever this mechanism may be, at some point it must re-
quire the presence of an intact PY motif in both the B and the
v subunits. The PY motifs are not only required for internal-
ization, but also for the regulation of the current passing
through each channel. Analyzing the mediators of the Na*-
dependent regulation was not the focus of this study. How-
ever, the experiments done in BAPTA- and EGTA-injected
oocytes seem to indicate that intracellular calcium activity
does not play a direct role in channel feedback regulation. In
mouse mandibular duct cells, involvement of G proteins in
regulation of a highly selective epithelial Na channel by [Na*];
has been demonstrated (26). Whether this channel is identical
to ENaC has yet to be demonstrated, however, the data make
G proteins possible candidates for mediators of ENaC regula-
tion by [Na*].

Pathophysiological relevance. In several studies, intracellu-
lar Na™ activities in the cortical collecting duct of rat or rabbit
were measured by either electron microprobe analysis of
freeze-dried cryosections or by a fluorescent dye technique
(27-31). Under resting conditions [Na*]; was 8 and 12 mmol/kg
in the studies using the electron microprobe technique, and 23,
21, and 22 mM in the studies using a fluorescent dye. [Na*]; in-
creased up to 44 and 50 mM after activation of second messen-
ger pathways or pharmacological intervention. It is interesting
to note that even though our [Na']; measurements reflect
[Na*]; close to the plasma membrane, [Na*]; values found in
cells of the cortical collecting duct are in the range of the ap-
parent inhibitory constant of WT channels found in our exper-
iments.

Feedback regulation of ENaC channel activity by intracel-
lular Na® is likely to be an important cellular mechanism in
controlling Na* reabsorption in the distal nephron in order to
maintain Na* balance. This notion is supported by our finding
that Liddle mutations causing hypertension result in a reduc-
tion of channel feedback regulation. It has been proposed that
ENaC feedback inhibition may be involved in the rapid de-
cline of channel activity during salt repletion of Na*-depleted
rats (32). Consistent with this hypothesis is the observation
that during salt repletion, the levels of plasma aldosterone and
ENaC activity are not strictly correlated, suggesting that in ad-
dition to the effect of aldosterone, another factor downregu-
lates the channel under these conditions. In Liddle patients
lacking an efficient feedback inhibition of ENaC, an elevated
channel activity would persist despite a low plasma aldoster-
one level.

ENaC is expressed in different tissues, in particular in the
lung, where it plays a critical role in Na* and fluid absorption

at birth, and possibly in regulating the ionic composition of the
airway surface liquid (32). We have shown in this paper that
under conditions where Na* influx into the cell is limited and
intracellular Na* activity is low enough not to trigger a nega-
tive feedback response, channel activity is similar for wild-type
and Liddle mutants. It is conceivable that in some ENaC-
expressing tissues in which the fluctuations of the extracellular
Na* concentration are smaller than in the distal tubule, this
regulatory feedback mechanism may not be active, or not es-
sential for controlling Na* transport. It is expected that in such
tissues (if they exist) Liddle mutations would have little effect
on Na™* transport. In this context it is interesting to note that
Liddle patients do not show pulmonary symptoms, but it re-
mains to be investigated whether Na* transport in respiratory
epithelia of these patients is increased.
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