
Introduction
The epithelial Na+ channel (ENaC) is a heteromultimer
formed by 3 homologous subunits (αENaC, βENaC,
and γENaC) (1–4). ENaC forms the pathway for Na+

absorption across epithelia, including the kidney, lung,
and colon (5, 6). Na+ enters the cell through ENaC at the
apical membrane and then exits at the basolateral
membrane through the Na+, K+-ATPase, resulting in the
transepithelial movement of Na+. As a rate-limiting step
for Na+ absorption, ENaC plays a critical role in Na+

homeostasis and blood pressure control, and therefore
the function of this channel is tightly regulated.

The cytoplasmic COOH-termini of the β and γ sub-
units play an important role in the control of Na+

absorption. Truncation of the COOH-terminus or
mutations in a conserved COOH-terminal PY motif
(PPPXY) cause Liddle’s syndrome, a genetic form of
hypertension (7–9). These mutations abolish the
interaction between ENaC and Nedd4, a ubiquitin
protein-ligase. As a result, Na+ absorption is increased,
at least in part, by an increase in the expression of
ENaC at the cell surface (8, 10).

Na+ absorption through ENaC is stimulated by
cAMP (6). However, it is not known whether the
COOH-terminal PY motif of ENaC or Nedd4 are
involved in cAMP-dependent regulation. In the kidney
collecting duct, intracellular levels of cAMP are
increased by vasopressin, which is released in the
defense against hypovolemia, hypotension, and
increased plasma osmolality. Vasopressin and cAMP
not only increase Na+ absorption, but they also
increase water absorption in the collecting duct by

stimulating translocation of aquaporin-2 water chan-
nels to the apical cell surface (11). Whether cAMP
stimulates ENaC by a similar mechanism is unclear
(6). It is also possible that cAMP stimulates ENaC by
increasing the open-state probability (PO) of the chan-
nel. Although a recent report supports such a mecha-
nism (12), previous reports found no effect on PO (13,
14). Thus, the mechanisms by which cAMP stimulates
ENaC are not certain.

The goal of this work was to investigate the mecha-
nisms of cAMP-mediated ENaC stimulation. The small
number of ENaC channels expressed at the apical sur-
face of epithelia has presented a major technical hurdle
to addressing this question with traditional biochemi-
cal techniques. Therefore, to investigate whether cAMP
stimulates translocation of ENaC to the cell surface, I
used a novel functional approach based on the covalent
modification of ENaC at the cell surface. This strategy
took advantage of the sensitivity of electrophysiologi-
cal techniques to detect the activity of a small number
of channels. Fluorescent labeling of channels at the cell
surface was performed as an additional test of this
hypothesis. Because of the critical role of the COOH-
terminus of βENaC and γENaC in Na+ homeostasis, I
also asked whether the COOH-terminus is involved in
the regulation of ENaC by cAMP and whether this reg-
ulation is altered in Liddle’s syndrome.

Methods
Cell culture and transfection. Fischer rat thyroid (FRT)
cells were grown on permeable filter supports (Milli-
cell HA, 0.4-µm pore size, 27 mm diameter; Millipore,
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Bedford, Massachusetts, USA) in Ham’s F-12 media
(Sigma Chemical Co., St. Louis, Missouri, USA) with
5% FCS (Sigma), 100 U/mL penicillin, and 100
µg/mL streptomycin at 37°C, as previously described
(15). One to 3 days after seeding, cells were cotrans-
fected with α , β, and γhENaC, each cloned into the
pMT3 plasmid (3, 4). Mutations in the α , β, and γ
subunits were generated by site-directed mutagene-
sis (Muta-Gene; Bio-Rad, Hercules, California, USA),
and the accuracy of the sequence was confirmed by
DNA sequencing in the University of Iowa Sequenc-
ing Core (Iowa City, Iowa, USA). The 3 plasmids (1
µg/monolayer each) were mixed with DMRIE/DOPE
(Vical Inc., San Diego, California, USA; 15 µg/mono-
layer) in 360 µL/monolayer Opti-MEM (GIBCO BRL
Baltimore, Maryland, USA) for 15 minutes and trans-
ferred to the apical surface of the monolayer. Six
hours later, the apical media was replaced with Ham’s
F-12 media containing 5% FCS and amiloride (10
µM). In most experiments α , β, and γhENaC were
coexpressed. However, in some experiments (shown
in Figure 1, a and c), epithelia were transfected with
empty vector (pMT3), αhENaC alone, or α with
either βhENaC or γhENaC.

Current measurements. Na+ transport was measured 3–7
days after transfection. Monolayers were studied in mod-
ified Ussing chambers (Jim’s Instruments, Iowa City, Iowa,
USA) with the apical and basolateral surfaces bathed in
135 mM NaCl, 1.2 mM CaCl2, 1.2 mM MgCl2, 2.4 mM
K2HPO4, 0.6 mM KH2PO4, 10 mM dextrose, and 10 mM
HEPES (pH 7.4) at 37°C and bubbled with O2. Transep-
ithelial current was measured under short-circuit condi-
tions (ISC). Amiloride-sensitive ISC was determined as the
difference in current with and without amiloride (10 µM)
in the apical bathing solution. Because γG536C decreases the
affinity of the channel for amiloride (16), benzamil (100
µM), a more potent blocker of ENaC, was used for exper-
iments with this mutant. A mixture of cAMP agonists was

added to the apical bathing solution: 200 µM 8-(4-
chlorophenylthio)-cAMP sodium (CPT-cAMP; Sigma),
100 µM 3-isobutyl-1-methylxanthine (IBMX; Sigma), and
10 µM forskolin (Sigma). ENaC containing either γG536C

(with wild-type α and βhENaC) or βS520C (with wild-type
α and γhENaC) were covalently modified by adding 1 mM
[2 (trimethylammonium)ethyl]methanethiosulfonate
bromide (MTSET; Toronto Research Chemicals, North
York, Ontario, Canada) to the apical bathing solution.
MTSET had no effect on ISC in untransfected FRT epithe-
lia or epithelia expressing wild-type ENaC. Following
removal of MTSET from the bathing solution, the maxi-
mal rate of increase in ISC was determined from the slope
of the time course of current.

Surface expression of ENaC. FRT epithelia transfected
with α , β, and γG536C ENaC were grown on permeable
filter supports, as above. Three to 4 days after trans-
fection, the apical and basolateral membranes were
bathed in the NaCl solution described above, and 1
mM MTSET was added twice to the apical solution
for 5 minutes at room temperature to modify cys-
teines at the cell surface. After washing off MTSET,
the monolayers were treated (or not treated) with 200
µM CPT-cAMP, 100 µM IBMX, and 10 µM forskolin
at 37°C for 15 minutes, placed on ice, and the cAMP
agonists were removed. The remainder of the proto-
col was carried out with ice-cold solutions and with
the monolayers on ice to prevent trafficking of mem-
brane proteins. Ten millimoles sodium (2-sulfona-
toethyl)methanethiosulfonate (MTSES; Toronto
Research Chemicals) was added twice to the apical
membrane for 5 minutes to block cysteines in endo-
genous proteins translocated to the cell surface.
MTSES does not modify γG536C (17). After removal of
MTSES, 200 µM N-Biotinylcaproylaminoethyl
methanethiosulfonate (MTSEA-Biotincap; Toronto
Research Chemicals) was added twice to the apical
membrane for 10 minutes and then washed off.
γG536C is accessible to modification by MTSEA-Biot-
incap; in Xenopus oocytes, MTSEA-Biotincap irre-
versibly blocks channels containing γG536C, but has no
effect on wild-type ENaC (P.M. Snyder, unpublished
observation). Channels modified with MTSEA-Biot-
incap were labeled with 10 µM NeutrAvidin Alexa
Fluor 488 conjugate (Molecular Probes Inc., Eugene,
Oregon, USA) for 30 minutes. The apical membrane
was thoroughly washed, the cells were fixed with 4%
paraformaldehyde and permeabilized with 0.2% Tri-
ton X-100 (Pierce Chemical Co., Rockford, Illinois,
USA) for 30 minutes. F-actin was labeled with 5
U/mL Texas red-X phalloidin (Molecular Probes) for
30 minutes. Epifluorescence was detected at 488 nm
(green) and 568 nm (red) using a confocal micro-
scope (Bio-Rad MRC 1024ES, krypton/argon laser).
Optical sections were obtained at 0.5-µm steps and
superimposed. Mean pixel fluorescence at 488 nm
(corresponding to Alexa 488) was quantitated after
subtraction of background from an unstained
region. Apical versus basolateral localization of label-
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Figure 1
Expression of ENaC in FRT epithelia results in transepithelial Na+

absorption. Epithelia were transfected with (a) pMT3 (Control) (b) α,
β, and γhENaC, or (c) pMT3 (C), or the indicated hENaC subunits. (a
and b) Representative time courses of short-circuit current (ISC) with
apical and basolateral membranes bathed in symmetrical NaCl solu-
tions. Amiloride (10 µM) was added to the apical bathing solution
(filled bar), and 0 current is indicated. (c) Plot of amiloride-sensitive ISC

(mean ± SEM, n = 4–12).



ing was determined by obtaining vertical sections.
Note that in this transient expression system not all
cells express ENaC.

Results
Expression of ENaC in FRT epithelia and stimulation by
cAMP. FRT epithelia had minimal transepithelial ISC

when the apical and basolateral membranes were
bathed in NaCl solutions, and amiloride (a blocker of
epithelial Na+ channels) added to the apical bathing
solution did not alter ISC (Figure 1, a and c). This is con-
sistent with a previous report that FRT cells lack
endogenous apical membrane Na+ channels (15).
Transfection of epithelia with ENaC (α, β, and γ)
increased ISC, and this current was completely blocked
by addition of amiloride to the apical surface (Figure 1,
b and c). Thus, transfection resulted in transepithelial
Na+ absorption, with expression of ENaC at the apical
surface providing a pathway for Na+ entry. Na+ absorp-
tion required the coexpression of all 3 subunits; expres-
sion of the α subunit alone, α with β, or α with γ, did
not increase amiloride-sensitive ISC compared with
untransfected or mock-transfected epithelia (Figure
1c). This contrasts with expression in Xenopus oocytes,
where maximal Na+ current required coexpression of all
3 subunits, but expression of αENaC alone or in com-
bination with either the β or γ subunits generated Na+

current (1–4). Thus, in epithelia, all 3 subunits may be
required to form functional Na+ channels. This is con-
sistent with the finding that mutations in any 1 of the
3 subunits can cause the Na+-wasting disorder pseudo-
hypoaldosteronism type I (7).

To determine whether cAMP stimulates ENaC in
FRT epithelia, cells expressing α, β, and γENaC were
treated with cAMP agonists (200 µM CPT-cAMP, 100
µM IBMX, and 10 µM forskolin). cAMP increased
amiloride-sensitive ISC approximately 70% and reached
a plateau in 10 to 15 minutes (Figures 2, a and b).
Treatment with 10 µM IBMX and 10 µM forskolin
(without CPT-cAMP) increased current to a similar
extent (82 ± 7%, n = 8); cAMP had no effect on ISC in
untransfected epithelia (not shown).

The rate of translocation of ENaC to the cell surface is
increased by cAMP. cAMP could potentially stimulate
Na+ current by increasing the rate of ENaC transloca-
tion to the cell surface. To determine the basal rate of
translocation without cAMP, channels at the cell sur-
face were covalently modified by MTSET, a cysteine-
reactive reagent, and the rate of appearance of unmod-
ified channels at the cell surface was determined. In a
previous study, MTSET had no effect on wild-type
ENaC current (18). In contrast, introduction of a cys-
teine into the pore (γG536C) (16, 17) resulted in irre-
versible block in response to covalent modification by
MTSET, which decreased Na+ current by 90% (18).
Because MTSET is impermeable to the cell membrane,
only channels at the cell surface are modified when this
reagent is added to the apical bathing solution (19).
This strategy is illustrated in Figure 3a.

In Figure 3b, γG536C was coexpressed with wild-type
αENaC and βENaC in FRT epithelia, and the chan-
nels were blocked by addition of MTSET (1 mM) to
the apical bathing solution. After removal of MTSET,
there was a gradual increase in ISC (Figure 3b). Because
MTSET irreversibly blocks channels at the cell sur-
face, this time-dependent increase in current was the
result of translocation of unmodified (unblocked)
channels to the cell surface (illustrated in Figure 3a).
Consistent with this conclusion, the current was
blocked by MTSET (Figure 3b), indicating that the
channels responsible for the increase in ISC had not
been modified during the initial treatment with
MTSET. The rate of increase in ISC is determined by
the rate of insertion of new channels and by the rate
of internalization of channels from the cell surface
(Figure 3a). Because internalization of blocked chan-
nels would have a minimal effect on Na+ current, the
initial rate of increase following washout of MTSET
(0.065 µA/cm2 per minute) provides a measure of the
rate of appearance of new, unblocked channels at the
cell surface (Figure 3c). This value, together with the
Na+ current before MTSET (1.87 µA/cm2) allows an
estimate of 29 minutes as the time to replace the
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Figure 2
Na+ absorption is stimulated by cAMP. (a) Representative time
course of current in epithelia expressing wild-type α, β, and γhENaC.
cAMP agonists (200 µM CPT-cAMP, 100 µM IBMX, and 10 µM
forskolin) and amiloride (10 µM) were added to the apical mem-
brane (bars). (b) Amiloride-sensitive ISC (relative to without cAMP)
in cells not treated or treated with cAMP agonists, as indicated
(mean ± SEM, n = 32). *P < 0.0001 by Student’s t test.



entire population of ENaC at the cell surface in the
absence of cAMP. I cannot exclude the possibility that
channel blockade by MTSET altered the rate of
translocation of ENaC to the cell surface.

Addition of cAMP agonists following removal of
MTSET caused a much more rapid increase in ISC

(Figure 3d); the initial rate of increase was 4.6-fold
higher than without cAMP (Figure 3c). Figure 3e plots
the time course of the increase in ISC (relative to the
peak increase) with or without cAMP; ISC peaked 4-
fold faster with cAMP than without. This current
resulted from the appearance of unmodified channels
at the cell surface, because it was blocked by MTSET
(Figure 3d). Together, these results indicate that
cAMP increased the rate of translocation of ENaC to
the cell surface. The data do not exclude an addition-
al effect of cAMP on PO. However, because MTSET
blocks channels at the cell surface, increased ISC

resulting from an increase in PO would depend on
translocation of unmodified (unblocked) channels to
the cell surface. Thus, if it did not stimulate translo-
cation of ENaC to the cell surface, cAMP would not
have altered the rate of increase in ISC. It is also possi-

ble that cAMP increased the sensitivity of ENaC to
modification by MTSET. However, a second treat-
ment with cAMP agonists (after the second treatment
with MTSET) increased amiloride-sensitive ISC, and
this current was also blocked by MTSET (Figure 3d).
If cAMP increased only the MTSET-sensitivity of
channels resident at the cell surface, this second treat-
ment with cAMP would not have been expected to
increase MTSET-inhibitable current.

Na+ current is inhibited by cAMP after covalent modifica-
tion of βS520C. To further test whether cAMP stimulates
translocation of ENaC to the cell surface, a cysteine was
introduced at another site (βS520C). In contrast to γG536C,
modification of this cysteine by MTSET stimulates
ENaC current (17). When βS520C was coexpressed in
FRT epithelia with wild-type αENaC and γENaC,
cAMP increased amiloride-sensitive ISC similar to wild-
type ENaC (not shown). Modification of βS520C with
MTSET in the apical bathing solution irreversibly
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Figure 3
Translocation of ENaC to the cell surface is stimulated by cAMP. (a)
Model showing ENaC at plasma membrane and in an intracellular
pool. Channels at the cell surface are irreversibly blocked by covalent
modification of an introduced cysteine by MTSET. After washout of
MTSET, unmodified channels are translocated to the cell surface,
replacing modified channels that are internalized. (b) ISC recordings
in cells expressing wild-type α and βhENaC with γG536C. MTSET (1
mM) was added to the apical membrane (filled bars). (c) Plot of ini-
tial rate of increase in ISC (µA/cm2 per minute; mean ± SEM, n = 9–13)
after washout of MTSET, in the presence or absence of cAMP ago-
nists, as indicated. *P < 0.0001. (d) ISC in cells expressing wild-type α
and βhENaC with γG356C that were treated with cAMP agonists ( open
bars). (e) Plot of time course of increase in ISC (relative to peak
increase) with or without cAMP, as indicated (mean ± SEM, n = 4–5). 

Figure 4
Na+ current is inhibited by cAMP after covalent modification of
βS520C. (a) Representative time course of current in epithelia express-
ing wild-type α and γhENaC with βS520C. MTSET (1 mM, filled) and
cAMP agonists  (open bars) were added to the apical membrane
(bars). Epithelia were treated with MTSET, washed, and then treat-
ed (left) or not treated (right) with cAMP agonists. ISC stimulated by
a second treatment with MTSET (downward arrow) was then deter-
mined. (b) Plot of cAMP-induced change in ISC following removal of
MTSET (relative to the current change by MTSET; mean ± SEM, n =
5–8) for epithelia expressing either γG536C or βS520C with the other 2
wild-type subunits. (c) Plot of ISC (mean ± SEM, n = 5–6) stimulated
by second treatment with MTSET (downward arrow in a) in cells
treated or not treated with cAMP agonists, as indicated. *P < 0.003.
(d) Model showing ENaC at plasma membrane and in an intracellu-
lar pool. MTSET irreversibly stimulates ENaC at the cell surface
(black). The predicted response if cAMP increases ENaC transloca-
tion to the cell surface is shown.



increased Na+ current (Figure 4a). More importantly,
MTSET altered the response to cAMP; after removal of
MTSET, cAMP decreased Na+ current (Figure 4, a left
and b), in contrast to the increase in current with γG536C

(Figure 4b). The rate of decrease was much greater with
cAMP than in cells not treated with cAMP (Figure 4a,
right). This decrease in current is not consistent with a
cAMP-mediated increase in PO, which should have
increased Na+ current. To determine if cAMP increased
the appearance of unmodified channels at the cell sur-
face, channels were treated a second time with MTSET
(downward arrow in Figure 4a). MTSET increased ISC

significantly more in cells that had been treated with
cAMP agonists than in untreated cells (Figure 4c), sug-
gesting that cAMP stimulated translocation of unmod-
ified channels to the cell surface. If these unmodified
channels were exchanged for modified (stimulated)
channels at the cell surface, this would explain the
cAMP-mediated decrease in Na+ current (after MTSET;
Figure 4d). Such a finding suggests that cAMP also
increased the rate of ENaC internalization, although to
a lesser extent than the increase in translocation of
ENaC to the cell surface.

Block of vesicle trafficking prevents stimulation by cAMP.
Vesicle trafficking to the cell surface can be prevented
by lowering the temperature to 15°C (20). Therefore, if
translocation of ENaC to the cell surface is required for
cAMP to increase Na+ current, this should be prevent-
ed by incubation of epithelia at 15°C. In Figure 5a, FRT
epithelia expressing γG536C with wild-type αENaC and
βENaC were incubated at 15°C and treated with
MTSET. Following removal of MTSET, the increase in
ISC was nearly abolished; with or without cAMP, the
rate of increase in ISC was significantly diminished com-
pared with epithelia at 37°C (Figure 5b). Incubation at
15°C did not cause irreversible damage to the epithe-
lia; when the epithelia were returned to 37°C, cAMP
rapidly increased MTSET-inhibitable ISC (Figure 5a).
The reduction in temperature does not block cAMP-
induced phosphorylation. cAMP stimulates another
epithelial channel, CFTR, by cAMP-dependent protein
kinase–mediated (PKA-mediated) phosphorylation,
which increases the PO of channels located at the cell
surface (21). In contrast to the result with ENaC, stim-
ulation of CFTR was intact at 15°C (not shown) or
even at 5°C (22). Thus, the data are consistent with a
requirement for vesicle trafficking in the cAMP-medi-
ated stimulation of ENaC.

Apical surface labeling of ENaC is increased by cAMP. To
provide additional evidence that cAMP increases
translocation of the channel complex to the cell surface,
ENaC at the apical membrane was fluorescently labeled
by covalent modification of Cys536 introduced in γENaC.
This strategy was designed to selectively detect channels
that translocate to the cell surface in response to cAMP.
FRT epithelia on permeable filter supports were trans-
fected with α, β, and γG536C ENaC. Before treatment with
cAMP, the cells were treated with a nonfluorescent
reagent (MTSET) to block cysteines in endogenous

membrane proteins and in γG536C ENaC already present
at the cell surface. The cells were then treated (or not
treated) with cAMP agonists. Following cAMP treat-
ment, MTSES was used to block cysteines in non-ENaC
proteins that trafficked to the cell surface. This nega-
tively charged reagent does not modify γG536C (17). γG536

ENaC that translocated to the cell surface in response to
cAMP was then modified with MTSEA-Biotincap and
labeled with a fluorescent NeutrAvidin (green). Fluores-
cence was detected and quantitated by confocal micro-
scopy. The cells were colabeled with Texas red-X phal-
loidin (red), which labels F-actin. In cells not treated
with cAMP, there was a low level of background green
fluorescence at the cell surface (Figure 6, a left and d),
similar to untransfected controls (Figure 6, c left and d).
cAMP produced a large increase in green fluorescence at
the cell surface in cells expressing ENaC (173%; Figure 6,
a right and d). Vertical sections revealed that the stain-
ing was exclusively at the apical membrane (Figure 6b),
consistent with the apical localization of ENaC in
epithelia. In untransfected epithelia, cAMP produced
only a small increase in fluorescence (28%; Figure 6, c
and d), likely arising from endogenous proteins translo-
cated to the cell surface that were not completely
blocked by MTSES. These results support the conclu-
sion that cAMP increases translocation of ENaC from
an intracellular store to the cell surface. 
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Figure 5
Block of vesicle trafficking prevents stimulation by cAMP. (a) Repre-
sentative time course of current in epithelia expressing wild-type α
and βhENaC with γG536C. MTSET (1 mM) and cAMP agonists were
added to the apical membrane (bars). Epithelia were initially incu-
bated in an Ussing chamber at 15°C and then transferred to a cham-
ber at 37°C, as indicated. (b) Plot of initial rate of increase in ISC

(µA/cm2 per minute; mean ± SEM, n = 5–13) after washout of
MTSET, in the presence or absence of cAMP agonists, and at 15°C
or 37°C, as indicated. *P < 0.0001 versus epithelia at 37°C.



Liddle’s syndrome mutations abolish cAMP-dependent stim-
ulation of ENaC. To investigate whether the cytoplasmic
COOH-termini of ENaC subunits are required for
cAMP-mediated stimulation, I tested the effect of
mutations that delete most of the COOH-terminus
beyond the second membrane-spanning segment
(αS594X, βR566X, γK576X). In the β and γ subunits, such
mutations cause Liddle’s syndrome (23, 24). When
either the α or γ subunit was truncated (and coex-
pressed with the other 2 wild-type subunits), cAMP
produced only a minimal increase in amiloride-sensi-
tive ISC (Figure 7c), in contrast to its effect on wild-type
ENaC (Figure 7, a and c). Even more dramatic, trunca-
tion of the β subunit abolished the cAMP-mediated
stimulation (Figure 7, b and c). Instead, cAMP inhibit-
ed amiloride-sensitive ISC. Coexpression of all 3 trun-
cated subunits had the same effect as truncation of the
β subunit alone. Thus, deletion of the COOH-terminus
of any of the 3 ENaC subunits is sufficient to disrupt
cAMP-mediated stimulation of Na+ absorption.

To localize the COOH-terminal sequence in βENaC
required for stimulation by cAMP, smaller deletions
were tested. When the 9 COOH-terminal residues were
deleted (βE632X), the cAMP-induced increase in Na+

absorption was similar to that in wild-type ENaC (Fig-
ure 8). In contrast, deletion of 19 residues (βS622X) abol-
ished stimulation. This deletion overlaps with a tyro-
sine-based motif (PPPXY), which is conserved in the
COOH-terminus of all 3 subunits and which is the site
of mutations involved in Liddle’s syndrome (7–9).
Mutation of the 3 prolines in this motif to alanine
(βP616-618A) abolished stimulation by cAMP (Figure 8),
similar to truncation of the COOH-terminus (βR566X).
Mutation of the tyrosine (βY620A) had a similar effect
(Figure 8). A serine (Ser622) is located nearby, although
the surrounding residues do not fit the consensus for
phosphorylation by cAMP-dependent protein kinase
(Figure 8). When this serine was mutated to alanine,
cAMP still stimulated amiloride-sensitive ISC, although
less than the wild-type channel (Figure 8). Therefore,
phosphorylation of Ser622 was not required for stimula-
tion. These results indicate that the tyrosine-based
COOH-terminal motif is required for stimulation by
cAMP and suggest that regulation of Na+ absorption by
cAMP is disrupted in Liddle’s syndrome.

Discussion
In FRT epithelia expressing ENaC, cAMP agonists
produced a large increase in Na+ current. Three
potential mechanisms could explain this stimula-
tion. First, cAMP could increase the single-channel
conductance. However, there is no evidence to sup-
port this mechanism; previous studies of ENaC in
native epithelia (13) or expressed in fibroblasts (12)
found that cAMP had no effect on the single-channel
conductance of ENaC.

Second, cAMP could increase PO, similar to the
stimulation of CFTR (21). Here the data for ENaC are
conflicting. In Xenopus kidney (A6) epithelia and rat

cortical collecting duct, cAMP had no effect on the PO

of ENaC (13, 14). In contrast, Stutts and coworkers
recently reported that cAMP increased the PO of ENaC
expressed in fibroblasts and suggested that the pres-
ence of CFTR might prevent this stimulation (12).
The present data do not directly address whether
cAMP increased PO. However, even if PO increased, it
is not the only mechanism responsible for cAMP-
mediated stimulation of ENaC.
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Figure 6
Apical surface labeling of ENaC is increased by cAMP. (a) Confocal
images of FRT epithelia transfected with α, β, and γG536C ENaC with
or without treatment with cAMP agonists (15 minutes), as indicat-
ed. ENaC at the cell surface is stained green, and F-actin is stained
red. Scale bars: 20 µm. (b) Vertical sections through epithelia in a,
with or without cAMP treatment, as indicated. The dashed line indi-
cates the location of the permeable filter support. Scale bars: 5 µM.
(c) Confocal images of untransfected FRT epithelia with or without
treatment with cAMP agonists, as indicated. (d) Mean fluorescence
(488 nm, green) for cells transfected (ENaC) or not transfected
(Control) with α, β, and γG536C ENaC, and treated or not treated with
cAMP agonists, as indicated (mean ± SEM, n = 9 fields). *P < 0.005,
**P < 1.5 × 10–10 versus – cAMP.



The third potential mechanism is an increase in the
number of channels at the cell surface, resulting from
either a decrease in channel internalization or an
increase in translocation of channels to the cell surface.
Previous reports on this mechanism have also conflict-
ed. Patch-clamp studies on A6 epithelia (13) or rat cor-
tical collecting duct (14) suggested an increase in the
density of conducting Na+ channels in response to
cAMP. Immunoprecipitation of iodinated cell surface
proteins with an anti-antiamiloride antibody in A6
epithelia suggested that vasopressin increased antigen
expression at the cell surface (25). However, no increase
in surface expression was found using an antibody
against a biochemically purified Na+ channel (26). An
important limitation of these studies is that the molec-
ular identity of the protein(s) recognized by the anti-
bodies and their relationship to ENaC are unknown. In
this work I used a novel functional approach which
provided a real-time assay of the translocation of ENaC
to the cell surface and a fluorescence assay that selec-
tively detected ENaC that translocated to the cell sur-
face. Four findings strongly suggest that increased
translocation was, at least in part, responsible for the
cAMP-mediated increase in Na+ current. First, follow-
ing modification of cell-surface ENaC (γG536C or βS520C)
with MTSET, cAMP increased the rate of appearance of
unmodified channels at the cell surface. This was con-
firmed both by functional and fluorescence assays. Sec-
ond, the block of channels containing γG536C by MTSET
did not prevent stimulation by cAMP. Third, cAMP
inhibited ENaC following MTSET modification of
channels containing βS520C. This finding also suggests
that cAMP does not block ENaC internalization.
Instead, cAMP appears to increase internalization, al-
though to a lesser extent than the increase in insertion.
Fourth, cAMP-mediated stimulation was abolished by
an intervention that prevents vesicle trafficking (15°C
incubation). Although not specific for vesicle traffick-
ing, low temperature does not, in general, prevent
cAMP-dependent phosphorylation and increased PO.
For example, 15°C (and 5°C) incubation did not pre-
vent stimulation of CFTR by cAMP.

The data have implications regarding the relative
sizes of the cell surface and intracellular pools of
ENaC. When channels at the cell surface were blocked
by MTSET, cAMP produced a complete recovery in
ISC. In addition, after this cAMP-stimulated current
was blocked by MTSET, a second treatment with
cAMP produced a further (although smaller) increase
in ISC (Figure 3d). This suggests that the intracellular
pool of ENaC is larger than the population of chan-
nels at the cell surface. The incomplete cAMP-medi-
ated recovery from the second treatment with MTSET
suggests a partial depletion of the intracellular pool.
Alternatively, the incomplete recovery may have
resulted from recycling of MTSET-blocked channels
to the cell surface. Interestingly, the recovery in ISC to
the block by MTSET was less complete in cells not
treated with cAMP than in treated cells (compare Fig-

ure 3, b and d). Perhaps cAMP increased the size of the
intracellular pool of ENaC available for translocation
to the cell surface. It is also possible that different
pools are responsible for cAMP-mediated and cAMP-
independent translocation of ENaC to the cell sur-
face. The finding that cAMP decreased ISC following
modification of βS520C with MTSET suggests that
modified channels at the cell surface were replaced by
unmodified channels. This is also consistent with a
relatively large intracellular pool of ENaC. It is inter-
esting that when βS520C was modified by MTSET,
cAMP inhibited ISC close to the initial baseline current
(before MTSET). This suggests the possibility that
MTSET and/or cAMP may have additional effects on
the function or trafficking of βS520C ENaC.

To determine whether the COOH-termini of ENaC
subunits play a role in the cAMP-mediated transloca-
tion of ENaC to the apical surface, I tested the effect of
deletions and mutations in these cytoplasmic
domains. Deletion of the COOH-terminus from
βENaC abolished stimulation by cAMP, resulting in-
stead in a small amount of inhibition. Identical muta-
tions in the α and γ subunits also disrupted stimula-
tion by cAMP. Surprisingly, these deletions did not
disrupt cAMP-mediated stimulation by removing a
consensus site for phosphorylation by PKA or a cyclic
nucleotide-binding motif. Instead, progressive dele-
tions and site-directed mutations identified the
responsible sequence as a tyrosine-based motif
(PPPXY). Mutation of conserved residues in this motif
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Figure 7
COOH-terminal truncations disrupt stimulation by cAMP. (a and b)
Representative time courses of current in epithelia expressing wild-
type α and γhENaC with either wild-type β (in a) or βR566X (in b).
cAMP agonists and amiloride (10 µM) were added to the apical
membrane (bars). The βR566X mutation increased amiloride-sensitive
ISC 1.9-fold (wild-type, 3.6 µA/cm2; βR566X, 6.8 µA/cm2). (c) Percent
change in amiloride-sensitive ISC by cAMP agonists in epithelia
expressing the indicated combinations of hENaC subunits (mean ±
SEM, n = 7–32). *P < 0.02 versus wild-type by Student’s t test.



also prevented stimulation by cAMP. This sequence
fits the consensus of the PY motif that forms a bind-
ing site for proteins, including Nedd4 (27, 28). This
suggests that cAMP might stimulate ENaC indirectly
through the interaction of the PY motif with a regula-
tory protein. Because Nedd4 binds to this motif, it is
tempting to speculate that the interaction between
Nedd4 and ENaC is involved in stimulation by cAMP.
Perhaps phosphorylation of a site distinct from the PY
motif alters the binding of Nedd4 to ENaC, resulting
in increased translocation of the channel to the cell
surface. Alternatively, interaction of ENaC with pro-
teins other than Nedd4 might be involved. Such a pro-
tein might be required for the phosphorylation of a
different site in ENaC, possibly acting as an A kinase
anchoring protein (AKAP) (29). Recent work indicates
that ENaC can be phosphorylated by PKA (30),
although the specific residues that are phosphorylat-
ed and the functional relevance of phosphorylation are
not yet known. Alternatively, phosphorylation of the
interacting protein might be required for stimulation
by cAMP. Such an interaction might be directly
required for the translocation of ENaC to the cell sur-
face. Conversely, interaction of a protein with the PY
motif might inhibit channel translocation, and cAMP
might increase translocation by preventing this inter-
action. Thus, Liddle’s syndrome mutations might dis-
rupt cAMP-mediated stimulation either by preventing
translocation or by increasing translocation in the
absence of cAMP. It is also possible that defective inter-
nalization in Liddle’s syndrome depletes the intracel-
lular pool of ENaC, disrupting the translocation of
channels to the cell surface.

This potential requirement for an interacting protein
might explain the differing responses to cAMP report-
ed for different tissues. Although Na+ absorption is
stimulated by cAMP in mammalian kidney collecting
duct and amphibian epithelia (6), it is not stimulated

in the distal colon (6), human airway epithelia (31), or
Xenopus oocytes (32, 33). Differential expression of an
interacting regulatory protein might underlie this tis-
sue-specific regulation. Such a role has been proposed
for CFTR; previous work reported that in the absence
of CFTR, cAMP stimulated ENaC (34), but in the pres-
ence of CFTR, cAMP produced inhibition (33, 34).
Although the mechanism of this functional interaction
is unknown, it is interesting that CFTR expression and
mutations in the PY motif of ENaC both prevent stim-
ulation by cAMP. However, the presence or absence of
CFTR cannot completely explain the tissue-specific reg-
ulation of ENaC by cAMP. cAMP stimulates Na+ cur-
rent in some tissues that express both ENaC and CFTR,
such as mammalian kidney cortical collecting duct (6,
35), canine airway (36), and A6 epithelia (37). Con-
versely, cAMP and cAMP-dependent protein kinase did
not stimulate ENaC in some studies when CFTR was
lacking, for example, in Xenopus oocytes (32, 33), or
when ENaC was translated in vitro and reconstituted
in planar lipid bilayers (32).

The current data have important implications for
our understanding of Na+ homeostasis. To respond to
states of Na+ excess or Na+ depletion, the rate of Na+

absorption through ENaC in the renal collecting duct
must vary widely (38, 39). The data suggest that cAMP-
mediated translocation of ENaC to the cell surface
contributes to this regulation of Na+ absorption. Such
a mechanism is similar to the cAMP-dependent regu-
lation of aquaporin-2 water channels; in response to
vasopressin, increased cellular levels of cAMP stimu-
late translocation of aquaporin-2 from an intracellu-
lar store to the cell surface (11). Interestingly, aqua-
porin-2 and ENaC are both expressed at the apical
membrane of the kidney collecting duct, and both are
stimulated by vasopressin. Perhaps this common
mechanism of regulation by cAMP allows the coordi-
nate control of Na+ and water homeostasis. The cur-
rent data also have implications for our understand-
ing of disease. The COOH-terminal mutations in
ENaC that abolished stimulation by cAMP are the
same mutations that cause Liddle’s syndrome. This
suggests that cAMP-mediated regulation of ENaC is
disrupted in Liddle’s syndrome and raises the possi-
bility that dysfunctional regulation of the channel
could also play a role in other forms of hypertension
and disorders of Na+ homeostasis.

Acknowledgments
I thank Diane Olson, Phil Karp, and Pary Weber for
technical support, and Michael Welsh, Christopher
Adams, Heather Drummond, and my other colleagues
for helpful discussions and critical review of this man-
uscript. The FRT cells were a generous gift from C. Zur-
zolo. P.M. Snyder was supported by the Roy J. Carver
Charitable Trust and by the National Heart, Lung, and
Blood Institute (HL-58812, HL-03575) and National
Institute of Diabetes and Digestive and Kidney Dis-
eases (DK-52617), National Institutes of Health.

52 The Journal of Clinical Investigation | January 2000 | Volume 105 | Number 1

Figure 8
Deletions and mutations of PPPXY motif disrupt stimulation by
cAMP. Percent change in amiloride-sensitive ISC by cAMP agonists in
epithelia expressing wild-type α and γhENaC with the indicated β
subunits (mean ± SEM, n = 8–32). *P < 0.0004 versus wild-type by
Student’s t test. Schematics of the β COOH-terminus indicate the
positions of deletions and site-directed mutations.
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