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Abstract
The epithelial Na+ channel (ENaC) has three subunits; the expression of each can be regulated.
Liddle's syndrome is caused by an activating mutation in the C-terminus of either the beta or gamma
subunit. We used a doxycycline-regulated adenovirus system to express varying levels of human
γENaC in renal collecting duct (M1 cell) monolayers. Increasing levels of wild type γhENaC
produced a 2.5 fold enhancement of Na+ transport. Expression of a truncated C-terminus produced
less protein than wild type or a γY627A missense mutation. However, either of these mutations
produced a ~4-fold increase in Na+ transport despite the different levels of protein expression.
Unexpectedly, overexpression of a marginally detectable amount of γhENaC was sufficient to
produce a full increase in Na+ transport; further increase in protein expression produced no further
increase in Na+ transport. Steroid treatment increased Na+ transport to a similar absolute magnitude
in control monolayers and in monolayers expressing all types of γhENaC. Withdrawal of steroids
after 24 hours produced a decline in Na+ transport over 8 hours in monolayers expressing wild type
but not the Liddle's mutation. Using treatment with brefeldin A to estimate the disappearance rate
constants, we found progressively slower disappearance rates in monolayers overexpressing γhENaC
and the Liddle's mutant. Calculated insertion rates were slower for the Liddle's mutant than for wild
type despite increasing rates of Na+ transport. These results raise questions regarding previously held
assumptions about the behavior of ENaC.

The epithelial Na+ channel (ENaC) i is comprised of three homologous subunits, each of which
is a separate gene product. The long-term regulation of this channel is critical for Na+

homeostasis and blood pressure regulation. This fact is clearly demonstrated by gain-of-
function defects that produce inappropriately large Na+ absorption by the collecting duct and
cause hypertension. In addition, loss-of-function mutations produce salt wasting and low blood
pressure (1-3). Of the mechanisms responsible for long-term regulation of ENaC,
adrenocorticosteroid hormones are the most intensely studied and are of central importance in
effecting the regulation necessary to match Na+ excretion with intake.

Most genetic mutations in ENaC that increase function in the absence of steroid stimulation
are localized to the carboxy termini of the beta and gamma subunits (1;3). The domain of central
importance is the PY motif, PPPXYXXL. This PY motif interacts with the ubiquitin ligase
Nedd4-2 via its WW domains which ultimately results in retrieval of ENaC complexes from
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the surface and reduction of Na+ transport (4-7). Missense mutations of the PY motif or
truncations of the C-termini of either β- or γENaC that include this motif produce activation
of ENaC (1).

These Liddle's mutations have provided a possible link to understanding steroid activation of
ENaC. There is now convincing evidence that steroids increase expression of sgk1, which can
in turn phosphorylate Nedd4-2 and by so doing reduce the strength of its interaction with the
PY motif of ENaC (4;5;7;8). This evidence supports the idea that steroid hormones and Liddle's
mutations share a common mechanism of activating ENaC.

The present experiments were designed to address the following questions: a) Does increasing
γENaC protein in a collecting duct cell line (M1 cells) increase ENaC activity? b) Does
expression of a Liddle's mutation in the gamma subunit increase Na+ transport in these cells?
c) Do steroids further increase transport in either setting? We selected M1 cells as a model
because they have a functioning ENaC (9;10), display a robust response to steroids (11;12),
and represent a mammalian (mouse) genetic background which might serve as a convenient
model for further investigations into the mechanisms regulating ENaC function. Furthermore,
our preliminary data showed that M1 cells have very little γENaC protein. The results provide
evidence that a doxycycline-regulated adenovirus system can be used to vary the amount of
protein expressed in these cells. Expression of the Liddle's mutations produced more Na+

transport than did wild-type γENaC, a result that further supports the role of these mutations
in producing hypertension. Unexpectedly, we found that only very small amounts of γENaC
protein were sufficient to produce these effects and that further increasing protein expression
did not increase ENaC activity.

Experimental Procedures
Cell culture and electrical measurements.. M1 cells, a mouse collecting duct line, were a
generous gift from Geza Fejes-Toth (12). Cells were grown in Corning T-75 culture flasks in
DMEM:Ham's F12 + 10% fetal bovine serum and gentamicin (50 μg/ml). The medium was
changed 3 times per week. To subculture the cells, the flasks were rinsed and incubated with
3 ml 0.25% trypsin/1 mM EDTA in phosphate-buffered saline for 15 minutes. When the cells
had detached from the flask, 10 ml of the growth medium was added. The resulting cell
suspension was centrifuged for 5 minutes at 100xg, and the pellet resuspended in growth
medium. Flasks were subcultured weekly at a 1:10 ratio.

M1 cells were seeded at confluent density (20 μg DNA/cm2) on 12- or 30-mm Millicell PCF
filters pretreated with human placental collagen using the previously described protocol (13;
14). The cells were grown 3 days on filters in DMEM:Ham's F12 supplemented with insulin
(5 μg/ml), transferrin (5 μg/ml), triiodothyronine (5 nM), Na selenite (10 nM), gentamicin (50
μg/ml), bovine serum albumin (10 g/l), and dexamethasone (5 nM) at which time they were
confluent monolayers and albumin was removed. After measurement of the electrical
parameters, the filters were randomized to treatment groups using a Latin square procedure
according to the short-circuit current (Isc) as described (15). Steroid treatment was a
combination of 100 nM each of aldosterone and dexamethasone. The medium was changed on
day 3 and daily thereafter. Adenovirus was applied after randomization and allowed to incubate
in the apical solution for 4 h. When indicated, doxycycline (DOX) was added at the time of
exposure to the adenovirus. Monolayers treated with steroids also were treated with 1,000 ng/
ml DOX, since extensive preliminary data indicated that such monolayers when infected with
adenovirus without DOX had a high incidence of loss of RT and protein, probably because of
cell death.

Volk et al. Page 2

J Biol Chem. Author manuscript; available in PMC 2006 May 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



H441 cells, a human airway epithelial cell line, were grown, passaged, and plated at confluent
density on Millicell PCF filters as described (16).

Measurements of transepithelial resistance (RT) and Isc were made under sterile conditions by
placing the 12 mm Millicell filters into modified Ussing chambers (Jim's Instrument's, Iowa
City, IA) with a University of Iowa voltage clamp (15;17). All measurements were made at
37° C in growth medium. Measured in this way, all but about 1 μA/cm2 of the Isc is inhibited
by benzamil, indicating that the magnitude of the Isc reflects Na+ transport via ENaC.

Construction of adenovirus. The replication deficient adenoviral expression system used for
these experiments is similar to the commercially available Ad5-TRE system (Clontech).
Briefly, the process involves cloning the gene product of interest into a shuttle vector for
production of Ad5 TRE viral particles in 293 cells. This viral construct consists of a promoter
(TRE) that is activated by a transactivator (TA) protein which drives production of the gene
product of interest. The TA is unable to bind to the TRE in the presence of tetracycline (or its
analog doxycycline, DOX). The TA protein is produced by a second viral construct (tTA) that
is coinfected with the Ad5 TRE vector. Coexpression of the tTA and the Ad5 TRE vectors in
the absence of DOX produces the gene product of interest. Expression of the Ad5 TRE without
the tTA or in the presence of high concentrations of DOX with tTA permits little or no
expression of the gene product of interest.

The shuttle vector used to make the Ad5-TRE constructs was manufactured in the University
of Iowa Vector Core Facility by replacing the RSV promoter with the TRE promoter. The clone
encoding human gamma ENaC (γhENaC or γWT) has been previously described (18;19) and
was subcloned into the shuttle vector. All constructs included a myc epitope attached to the C-
terminus. The two modifications of γWT were a substitution of an alanine for tyrosine at
position 627 (γY627A) using the QuikChange® method (Stratagene), and truncation of the C-
terminus at position 576 (γK576X) using the ExSite™ method (Stratagene). All constructs
were sequenced to ensure that there were no errors introduced in the process of mutation. We
constructed two forms of γK576X since the first construct had a slightly different upstream
(noncoding) sequence from the γWT construct. Since both constructs produced identical
results, we report only one value for the constructs. Production of viral particles and titration
to determine multiplicity of infection (MOI) was conducted in the University of Iowa Vector
Core Facility.

Unless otherwise indicated, cells were infected at an MOI of 10 (both the transactivator and
the γhENaC vectors) based on extensive preliminary experimentation to determine optimal
conditions. As determined using both Ad5 beta galactosidase and Ad5-TRE green fluorescent
protein (GFP) constructs, this concentration produced infection of >90% of M1 cells on filters
when applied to confluent monolayers from the apical surface (see figure 1).

Immunoblot and immunocytochemistry. For immunoblot analysis, monolayers on filters were
washed with ~2 ml PBS, the filters were cut out and placed in a 1.5 ml Eppendorf tube. For
each filter in the tube (usually 4), 100 μl of Laemmli buffer (2% SDS, 8 mM TRIS buffer, 40
mM DTT and glycerol) was added. Cells on plastic (35 mm dish) were solubilized in 0.5 ml
Laemmli buffer. All samples were incubated for 15 min at 60° C and stored at 4° C until used.
Protein analysis was conducted by fluorescence assay (20) with bovine albumin as standard.
The indicated amount of total protein was separated by SDS-PAGE using 8% acrylamide, and
transferred to ImmobilonNC (Millipore) using a FB-SDB-2020 semi-dry blotting unit (Fisher
Biotech). For analysis of myc epitope-tagged proteins, the nitrocellulose membrane was
blocked in phosphate-buffered saline with 0.05% Tween 20 (PBST) plus 5% milk for 20 min
followed by 1 hour of a 1:5000 dilution of the primary anti-myc (mouse monoclonal) antibody.
The membrane was washed twice in PBST and incubated for 1 hour in a 1:5000 dilution of the
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secondary HRPconjugated anti mouse antibody. After 3 PBST washes and 2 PBS washes, the
HRP was detected by exposing the membrane to SuperSignal® West Pico Chemiluminescent
Substrate (Pierce), exposing the membrane to x-ray film for 2-30 min and developing in a
Kodak developer. For analysis of γ-hENaC using the sheep antibody, the nitrocellulose filter
was blocked with 10% normal donkey serum (Jackson ImmunoResearch Laboratories, West
Grove, PA) for 1 hr, incubated with 1:2000 dilution of the sheep antiserum for 1 hr, then
incubated with 1:10,000 peroxidaseconjugated AffiniPure Donkey anti-sheep IgG for 1 hr.
Subsequent procedures were identical to those for myc immunoblot.

Immunocytochemical analysis of γhENaC proteins was conducted by permeabilizing the
monolayers grown on filters with 5 min exposure to methanol. Cells were washed extensively
with PBS and blocked with PBS + 10% fetal bovine serum for 20 min and then incubated with
a 1:500 dilution of FITC-conjugated anti-myc antibody for 1 hour. After 5 PBS washes, the
filters were cut out, mounted on a slide and visualized on an Olympus Provis inverted
fluorescent microscope. Images were captured with a SPOT digital imaging system (Diagnostic
Instruments).

Materials. Tissue culture medium and fetal bovine serum were obtained from the University
of Iowa Cancer Center. Adenovirus particles (type 5) expressing green fluorescent protein
(GFP) under the control of the TRE promoter, the transactivator (tTA) adenovirus, and each
of the γhENaC adenovirus constructs were produced in the University of Iowa Vector Core
Facility. The tTA adenovirus construct was a kind gift from Martha C. Bohn (Northwestern
University). The anti-myc antibody and the FITC-conjugated anti-myc antibody were
purchased from Invitrogen. The secondary antibody was purchased from Chemicon. The sheep
anti-γhENaC affinity purified antisera was a kind gift from Dr. Michael Welsh (21). Brefeldin
A was from Biomol (Plymouth Meeting, PA). Unless otherwise specified, chemicals were
purchased from Sigma.

Statistics. Values are expressed as mean ± SEM. When we compared more than two groups
we used one- or two-way ANOVA or by the Kruskal-Wallis non-parametric test as indicated.
Subsequent analysis between groups employed a multiple comparison with a Bonferroni
correction.

Results
The efficiency of infection of M1 cells using an Ad5 virus encoding GFP under the control of
the tTA is shown in figure 1. When coexpressed with tTA over 90% of the M1 cells expressed
GFP. Similar results were obtained with an Ad5 virus expressing β galactosidase (data not
shown). In addition, 1,000 ng/ml doxycycline greatly inhibited the expression of GFP.
However, by increasing the time of exposure we could determine that a small amount of GFP
was expressed in some cells even with this high concentration of doxycycline. A similar low
expression of GFP was seen with M1 cells infected with the GFP construct without the tTA.
This system thus permits doxycycline-inhibited expression, but a small amount of protein can
be expressed even in the presence of high concentrations of doxycycline or in the absence of
the transactivator.

We expressed the wild type γhENaC in confluent M1 cells grown on filters or in cells grown
on plastic at ~75% confluence. The immunoblot in the left panel of figure 2A shows two
features of this expression. First, 1,000 ng/ml of doxycycline reduced protein expression to
levels undetectable by immunoblot. Second, expression was consistently greater when cells
were grown on plastic, probably because receptors for adenovirus are more abundant on the
basolateral membrane than the apical membrane (22;23) and for cells grown on plastic, there
is probably greater access to the basolateral membrane.
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The right panel of figure 2A shows the protein expression of the Liddle's truncation construct
(γK576X) infected with the same MOI. Surprisingly, there was substantially less protein
produced than the wild type protein, and could be consistently detected by immunoblot only
when cells were grown on plastic. To be certain that the amount of protein was actually lower
in the Liddle's truncation construct and not just owing to a less recognizable C-terminal myc
epitope, we conducted an immunoblot using a sheep antibody directed against a portion of the
N-terminus of γhENaC (21). This antibody, although less specific than the one used against
the myc epitope, also revealed a reduced abundance of truncated γhENaC protein (figure 2B).
Thus, this Liddle's C-terminal truncation mutant makes substantially less protein than the wild
type construct.

In contrast to the Liddle's truncation construct (γK576X) the γY627A construct, a mutation
that disrupts the PY motif and causes a more active ENaC complex in oocytes (18;24;25),
produced protein in similar or greater quantities than the wild type γhENaC (figure 2C). We
confirmed that increasing concentrations of doxycycline reduced the abundance of γhENaC
protein in M1 cells grown on filters in a graded fashion (figure 2D).

We asked whether the reduced abundance of the Liddle's truncation was due to a reduced
number of cells expressing the protein, or a decrease in the amount of protein per cell.
Immunocytochemical analysis showed detectable infected wild-type protein in the cytoplasm
(but not the nucleus), and doxycycline reduced expression per cell, as expected (figure 3). M1
cells infected with the Liddle's truncation (γK576X) mutant showed faint signal in most cells
but few if any cells expressed protein as abundant as wild type (figure 3). Doxycycline reduced
expression to nearly undetectable levels. Infection of the γY627A mutant showed a pattern
similar to wild type γ-hENaC (data not shown). Thus, the Liddle's truncation mutant produced
less protein per cell compared to the wild type or γY627A mutation.

Functional effects of expressingγ -hENaC constructs. Infecting only the tTA construct into M1
monolayers had no effect on Isc (not shown). Similarly, expressing the GFP construct with the
tTA also had no effect (figure 4). However, expressing γWT increased Isc significantly (figure
4); all but 1-2 μA/cm2 were inhibited by benzamil (data not shown). Expressing the constructs
encoding the Liddle's truncation or the γY627A mutation produced approximately twice the
current as monolayers infected with γWT (figure 4). Thus these mutations cause the cells to
transport more Na+ than cells infected with the wild type virus, a result that would be predicted
from heterologous expression of similar mutants in oocytes (18;25;26) and the clinical
presentation of patients with Liddle syndrome (1;27).

We considered two possible explanations for the increase in Na+ transport following
overexpression of γhENaC. First, it seemed possible that mixing mouse α and β ENaC subunits
with a human γ subunit might produce an intrinsically more active channel. However,
expression of rat α and β with a human γ subunit in oocytes did not produce a higher current
than homogeneous rat or human α, β, and γ subunits (28). Thus these data would not support
the idea that such heterogeneous expression could account for a higher rate of Na+ transport.
To address this question from a different perspective, we expressed γhENaC in H441 cells, a
human lung epithelial cell line that exhibits ENaC mediated Na+ transport (16;29). As shown
in figure 5, overexpression of γhENaC in this human cell line also increased Na+ transport,
while the GFP control construct had no effect. These results suggest that species differences
between the gamma ENaC subunits may not fully explain the higher rates of Na+ transport in
M1 cells overexpressing γhENaC.

We asked whether further increasing γhENaC protein expression would alter Na+ transport.
Figure 6 shows the effects of several concentrations of doxycycline on the relative Isc for
controls (no virus or GFP), wild type γhENaC, and γK576X. Doxycycline had no effect on

Volk et al. Page 5

J Biol Chem. Author manuscript; available in PMC 2006 May 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



control monolayers not infected with an ENaC-expressing adenovirus. Increasing doxycycline
concentration (thereby decreasing γhENaC protein, figure 2D) also had no effect on
monolayers infected with the wild type γhENaC or the Liddle's mutant. Similar results were
obtained for the γY627A mutant (data not shown). These data suggest that only a small
additional amount of γhENaC protein is needed to increase Na+ transport, and that expression
of even more protein does not produce greater Na+ transport.

We next conducted experiments to determine the extent to which steroid treatment would
increase Isc in monolayers expressing either the wild type γhENaC or the Liddle's truncation
(figure 7). Two-way analysis of variance showed significant enhancement of Isc by steroids
and significant effects of the two constructs, but no interaction between steroids and the
constructs. Stated another way, there was no significant difference in the increment in Isc
produced by steroids in monolayers in the three groups (shown by the brackets in figure 7).
These results suggest independent effects of steroids and the C-terminal mutations that increase
ENaC activity.

We considered the possibility that the higher Isc in monolayers expressing γhENaC was owing
to differences in stoichiometry of the ENaC complex. If overexpression of the γENaC subunit
changed ENaC complexes of αβ subunits, to complexes of αβγ subunits we would expect a
marked increase in amiloride sensitivity since αβ ENaC is an order of magnitude less sensitive
than αβγ ENaC (30). The concentration-response curves for benzamil and amiloride.(figure
8), show that the IC50 for benzamil was ~40 nM and was independent of steroid treatment. The
IC50 for amiloride was ~1 μM in monolayers treated with steroids with or without wild type
γENaC or in monolayers treated with γENaC without steroids. These results suggest that the
difference in Isc is not owing to differences in stoichiometry of ENaC subunits.

To probe the mechanism of the interactions of steroids and the normal and mutated γhENaC
constructs, we conducted maneuvers to decrease Na+ transport. We removed steroids after 24
h, which causes a decrease in Na+ transport (31). While the control monolayers showed the
expected decline in current, monolayers expressing the mutated ENaC showed a complex
behavior, increasing the current up to 8 h after steroid removal (figure 9A). While these results
demonstrated clear differences between the constructs, they did not lend themselves to analysis
using a simple model. Therefore we used brefeldin A, an agent that inhibits exit of proteins
from the golgi and trafficking to the apical membrane (32-37).

Under constant exposure to steroids, brefeldin A added 24 h after steroid and adenovirus
treatment, produced a consistent decline in Isc (figure 9B). The brefeldin A effect was log-
linear (figure 9C), indicating that an analysis using first-order kinetics would be appropriate.
The control monolayers (not treated with brefeldin A) showed an increase in Isc over the 8 h
experimental period (figure 9D), indicating that the monolayers were not in a steady-state. The
increase in Isc was entirely due to ENaC activity as 10 μM benzamil reduced Isc to ~1 μA/
cm2 (data not shown). Assuming that the decline in Isc was owing to removal (or inactivation)
of functional channels, we can calculate a removal rate constant (the slope of the lines in figure
9B, krem) and the half-life of the channels (table).

Information in figure 9 permits estimation of the absolute rates of insertion and removal
(deactivation) of functional channels using the expression

ΔJt = Ji − Jr

where ΔJt is the change in transport over time (fig 9D) and subscripts i and r represent insertion
and removal respectively. Removal rates are calculated using the expression

Jr = Jmkremt
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where Jm is the mean transport rate over time t, and krem is the removal rate constant (table).

The results of this analysis (figure 10) demonstrate that the absolute rate of removal of
functional ENaC follows that predicted from the krem of each kind of channel. The estimated
rates of channel insertion showed some unexpected results. While insertion rates were always
greater than removal rates (as required by the fact that Isc was increasing over time), the rate
of insertion of channels in the monolayers expressing the Liddle's mutation was markedly lower
than either of the other two groups. Thus the reason for the consistently greater Isc in the Liddle's
group is slower removal and not greater rates of insertion, even in the presence of steroids and
rising rates of transport.

Discussion
We report here some unexpected characteristics of ENaC regulation in a renal collecting duct
cell line (M1). Overexpressing the wild-type gamma subunit using a doxycycline-regulated
adenoviral system increases ENaC activity, but the amount of protein needed to increase ENaC
activity is below the detectable range. Further increases in γhENaC expression do not increase
ENaC function further. Expressing an activating mutation in the PY motif of the gamma subunit
produces a greater increase in ENaC activity than wild-type γENaC. Steroid treatment of
monolayers overexpressing any of these constructs increases ENaC activity to a similar extent
as in control monolayers, with no evident interaction between steroids and the expressed ENaC
subunit. Finally, as expected, the activating mutation greatly increases the functional half-life
of the channel, but unexpectedly, overexpression of wild type γhENaC also increases the half-
life, although to a less pronounced degree.

Consequences of producing moreγENaC protein. M1 cells have all the machinery necessary
to produce a functioning ENaC complex and to respond to steroids with an increase in activity
(9;11;12). M1 cells express mRNA for all three ENaC subunits (10;11) and single channel
analysis demonstrates classical ENaC biophysical characteristics (9;10). Steroids increase the
abundance of α- and βmENaC subunits without a change in γmENaC. Under our culture
conditions, endogenous γmENaC protein is difficult to detect (manuscript submitted). These
results demonstrate that a small amount of γENaC added to the endogenous pool in M1 cells
can augment ENaC function. We did not expect to see such an effect, because although
endogenous γmENaC levels are low, steroid treatment produces a strong increase in ENaC
activity without apparent increases in γmENaC mRNA or protein (manuscript submitted). The
lack of an increase in γmENaC in response to steroids suggests that endogenous γmENaC is
not rate limiting, at least under these conditions. However, the present results demonstrating
that a small additional amount of γENaC can increase ENaC activity in either M1 cells or H441
cells (figures 5 and 6) raises the possibility that under some conditions γENaC may be rate
limiting.

There are circumstances where overexpression of γENaC will increase ENaC activity, but they
occur when the alpha and beta subunits are already expressed and γENaC expression is not
detectable. An example is the Xenopus oocyte where expression of only the alpha and beta
subunits produces a very small current with atypical biophysical characteristics. Expression of
the gamma subunit produces substantially higher currents with the classical biophysical
characteristics (38;39). Ma et al. (40) have demonstrated similar characteristics in human B
lymphocytes which normally express only alpha and beta subunits. However, we are unaware
of a physiologic example where ENaC activity is increased solely by increasing the expression
of γENaC. There are reports that posttranscriptional processing of γENaC may be important
in ENaC function (41;42). The extent to which this processing may play a role in the present
results is unclear.
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We assume that the M1 cells in these experiments express the classic heterotrimeric channel
as described by single channel analysis (9;10). An alternative interpretation is that the channels
that are expressed in these M1 cells are predominantly αβ ENaC and that addition of the gamma
subunit converts the predominant heterodimeric channel to a heterotrimeric channel. The
evidence against this interpretation is that all three subunits are expressed in M1 cells in the
basal state, the single channel characteristics of M1 cells are those of the heterotrimeric channel,
and the magnitude of the ENaC activity is substantially higher than one would expect of dimeric
or monomeric channels. Furthermore, the amiloride sensitivity is the same in monolayers
overexpressing wild type γENaC compared to steroid treated or normal controls (figure 8). If
this interpretation is correct, it raises the possibility that nearly undetectable amounts of ENaC
protein can combine with other subunits to form fully active ENaC channels. Such an
interpretation is consistent with the increased ENaC activity these experiments demonstrate
(figure 6) where the overexpressed γhENaC is barely detectable.

This interpretation prompts a reassessment of recently reported experiments where expression
of alpha and gamma ENaC subunits in MDCK cells produced a measurable amiloride sensitive
current (43). Because these monolayers had no detectable βENaC protein, even though there
was readily detectable βENaC mRNA, the authors concluded that expression of alpha and
gamma ENaC subunits produced a αγ channel. However, if the amount of ENaC protein needed
to form a functional channel is below the presently available limits of detection, one could
postulate that such conditions actually produced a heterotrimeric channel. The idea that only
a small number of functional ENaC channels is needed to account for the observed currents is
supported by a simple calculation. A current of 30 μA/cm2 in M1 cells represents about 8.5
pA/cell. At an average open probability of 0.5 and a unitary current at -60 mV of 1 pA (18;
44), one needs only 15-20 channels per cell to account for all Na+ transport. The resolution of
this question will require substantially more sensitive techniques to measure the number and
structure of functional ENaC channels.

Other investigators have reported overexpressing a single ENaC subunit in cultured epithelial
cells. Overexpression of βENaC in a mammalian collecting duct cell line did not increase basal
Na+ transport (31), while overexpressing α or βENaC in amphibian A6 cells produced an
increase in Na+ transport (45). Interestingly, overexpression of βENaC, but not α- or γENaC
caused higher rates of Na+ transport in mouse airway epithelial cells (46). The simplest
interpretation of these diverse observations is that different cells expressing a functional ENaC
may express variable amounts of specific subunits and depending on the expression patterns,
one of the subunits is rate limiting for optimal function.

Effect of Liddle's mutations on ENaC function. It is not surprising that overexpression of the
γENaC subunit with a mutation in the γY627 position or truncation of the entire C-terminus
increases ENaC activity. Although the Liddle's mouse model provides evidence that this system
is more complex than we previously appreciated (47;48), expression of these or similar
constructs in Xenopus oocytes and more recently in mammalian epithelial cells (31) generally
confirm that disruption of the PY motif in either the beta or gamma subunit will produce
overactivity of ENaC (1;18;25).

One of the objectives of the present experiments was to test the idea that expression of a Liddle's
mutation would blunt the response to steroid hormone stimulation of ENaC function. Analysis
of data in figure 7 indicates that steroid stimulation was as effective in monolayers
overexpressing a mutated gamma subunit as it was in control monolayers. The apparent lack
of interaction between the mutations and steroid stimulation raises questions regarding the
mechanism of steroid stimulation. Current observations implicate the retardation of ENaC
retrieval from the apical membrane via the PY motif as a major mechanism for steroid
stimulation of ENaC (5-7). The present results suggest that there are other mechanisms
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operating to increase ENaC activity. This analysis uses absolute values for differences in Isc
rather than fold changes. The “proper” type of analysis – fold differences or absolute
differences in Isc – cannot be firmly ascertained since each type of analysis makes certain
implicit assumptions that at the present time can not be subjected to thorough experimental
verification.

One of the unexpected results was the substantial difference in protein expression between the
γY627A mutation and the γK576X mutation (figures 2 and 3). Even suppression of the γK576X
expression with high concentrations of DOX did not reduce ENaC function (figure 6). We do
not yet have a clear explanation of the mechanism responsible for this difference, but the results
underscore the idea that only a very small amount of γENaC protein is necessary to enhance
ENaC function.

Under constant steroid exposure, we estimated the rate of insertion and retrieval/inactivation
of ENaC. The substantially prolonged functional half-life of ENaC in monolayers expressing
Liddle's mutation (table) is consistent with current notions of the importance of the PY motif
in ENaC retrieval from the apical membrane (5). However, the prolonged half-life of ENaC in
monolayers overexpressing small amounts of γhENaC (table) was unsuspected. We are not
certain of the mechanism for this prolonged half-life. One possibility is that overexpression of
γENaC in some fashion permits a more stable ENaC complex.

The kinetic analysis (figure 10) demonstrated that delayed removal/inactivation of ENaC was
the predominant reason for the higher transport rates of the monolayers expressing the Liddle's
mutant. However, we were somewhat surprised to see that the insertion rate of the Liddle's
mutant was substantially lower than that of the control monolayers even when the rate of
increase of the current in the monolayers expressing the Liddle's mutant was greater than that
of control monolayers. This tendency was also seen in the monolayers overexpressing wild
type γhENaC. The reason for this phenomenon is not clear, but we can conceive of two general
explanations. First, the higher rates of Na+ entry (and thus possibly higher intracellular [Na+]
may induce secondary events to limit activation/insertion of channels. A second possibility is
that the pool of ENaC channels is constant and that more channels resident (and active) in the
apical membrane reduce the pool available for insertion/activation. The distinction between
these possibilities will require further experimentation.
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Figure 1:
Ad5 TET-OFF Green Fluorescent Protein (GFP) coinfected with transactivator (tTA) into M1
cells with or without 1000 ng/ml doxycycline (DOX) for 2 days. Long exposure shows a small
amount of GFP expression even in the presence of DOX.
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Figure 2:
A. Immunoblot of γ-hENaC wild type (WT) and C-terminal (Liddle's) truncations. All
constructs infected at 10 MOI in M1 cells with 10 MOI tTA with or without 1,000 ng/ml
doxycycline (DOX) as indicated. Amount of protein loaded per lane indicated at bottom.
Arrows indicate location of full-length γhENaC (left) and the Liddle's truncation (γK576X,
right). Molecular standards in center. B. Immunoblot of wild type (lane 2) or Liddle's truncated
(lane 1) γhENaC constructs infected into M1 cells grown on plastic as in 2A without
doxycycline. This immunoblot used a sheep antibody directed at the N-terminus of γhENaC
(21). 100 μg protein loaded in each lane. C. Immunoblot of γhENaC constructs infected into
M1 cells (10 MOI) grown on filters without doxycycline. Left panel shows no evidence of
immunoreactive material in negative controls while showing abundant material in cells infected
with 10 MOI wild type γhENaC construct. Right panel shows no detectable γhENaC for the
Liddle's truncation (γK576X). In contrast, the γY627A mutant shows abundant protein. 70
μg protein loaded in each lane. All cells grown on filters. D. Immunoreactive γhENaC protein
decreases with increasing concentration of doxycycline (DOX) in the medium. 100 μg total
protein loaded per lane. Non-specific band seen with heavy protein loading.
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Figure 3.
Immunocytochemistry of M1 cells infected with either wild type γ-hENaC (γWT) or the
Liddle's truncation (γK576X). Treatment with 1,000 ng/ml doxycycline (DOX) greatly reduced
expression. γWT protein is expressed predominantly in the cytoplasm and is excluded from
the nucleus. γK576X expression is decreased in all cells.
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Figure 4.
Effect of viral constructs on Isc of M1 cells. All monolayers were infected with 10 MOI of each
virus. Measurements made 48 h after virus applied to apical surface. Doxycycline (1,000 ng/
ml) was present in all experiments. Lines indicate groups that are not significantly different.
*p<0.01 compared to no virus control or GFP. #p<0.01 compared to γWT. Values are mean
±SEM; n= 8 monolayers; 2 experiments for each group.
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Figure 5.
Na+ transport in H441 cells, a human airway epithelial cell line that expresses functional ENaC.
These monolayers (not treated with steroids) demonstrate higher rates of Na+ transport when
γhENaC is overexpressed (at an MOI of 100). Measurements made 48 h after exposure to the
adenovirus construct. Monolayers were not treated with doxycycline. n=3-4 monolayers in
each group.
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Figure 6.
Effect of doxycycline on Na+ transport of M1 cells expressing γhENaC constructs. Isc was
measured 48 hours after infection with respective constructs. Controls were either no virus,
GFP, or transactivator alone; there were no differences in the Isc of monolayers infected with
these constructs. n=7-17 filters from 2-5 experiments for each condition. Monolayers not
treated with steroids.

Volk et al. Page 17

J Biol Chem. Author manuscript; available in PMC 2006 May 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Effect of steroids (24 h) on Isc of M1 monolayers expressing the indicated constructs. n=23
monolayers from 7 experiments in each group. 1,000 ng/ml doxycycline present in all
experiments. Open bars, no steroids; hatched bars, steroid treatment. ANOVA showed
significant effect of steroid without interaction with the nature of the virus.
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Figure 8.
Concentration response of ENaC inhibitors on Isc in M1 cells. A. Effect of benzamil on
monolayers treated with steroid for 24 h (squares) or without steroid treatment (circles). The
IC50 for each group (n=2 each) was ~40 nM. B. Effect of amiloride on monolayers treated with
wild type γENaC without steroids (circles), steroids without any γENaC (squares), or steroids
with wild type γENaC (diamonds). IC50 averaged 1.0 μM (range 0.65-1.30 μM). There was
no difference in the IC50 between the groups by the Kruskal-Wallis non-parametric test. n=4
monolayers in each group.
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Figure 9.
Effect of maneuvers to decrease Isc of M1 monolayers. All monolayers were treated with
steroids from the time of adenovirus infection (t=0). A. Effect of steroid removal after 24 h of
exposure. (n=11 monolayers from 3 experiments in each group) B. Brefeldin A (10 μM)
produced a steady decline in Isc over the 8 hour exposure in all groups. Recovery was complete
at 48 h. C. Over the course of the 8 h of brefeldin A treatment the decline in Isc was log-linear
(r>0.96 for all groups) and each treatment was significantly different from the others (p<0.01
by Kruskal-Wallis test). D. Control monolayers, not treated with brefeldin A, showed a
consistent increase in Isc over the 8 hours of measurement. Doxycycline (1,000 ng/ml) was
present in all experiments. n=8 monolayers from 2 experiments in each group.
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Figure 10.
Estimated rates of insertion and removal of functional ENaC from the data in figure 8. Open
bars, control monolayers; hatched bars, wild type γhENaC; solid bars, γY627A. ** p<0.01 by
ANOVA.
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Table: Rate constants (krem) and half-lives of ENaC in control and γ-ENaC expressing monolayers (data derived
from figure 9B). All values are different from each other (p<0.001)

No Virus Adγ-WT Adγ-Y->A
krem (min-1*103) -2.10 ± 0.10 -1.41 ± 0.12 -0.71 ± 0.12
t1/2 (hr) 2.40 ± 0.04 3.58 ± 0.11 7.27 ± 0.49
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