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ABSTRACT Epithelial Na1 channels are expressed
widely in absorptive epithelia such as the renal collecting duct
and the colon and play a critical role in f luid and electrolyte
homeostasis. Recent studies have shown that these channels
interact via PY motifs in the C terminals of their a, b, and g
subunits with the WW domains of the ubiquitin-protein ligase
Nedd4. Mutation or deletion of these PY motifs (as occurs, for
example, in the heritable form of hypertension known as
Liddle’s syndrome) leads to increased Na1 channel activity.
Thus, binding of Nedd4 by the PY motifs would appear to be
part of a physiological control system for down-regulation of
Na1 channel activity. The nature of this control system is,
however, unknown. In the present paper, we show that Nedd4
mediates the ubiquitin-dependent down-regulation of Na1

channel activity in response to increased intracellular Na1.
We further show that Nedd4 operates downstream of Go in this
feedback pathway. We find, however, that Nedd4 is not in-
volved in the feedback control of Na1 channels by intracell-
ular anions. Finally, we show that Nedd4 has no inf luence on
Na1 channel activity when the Na1 and anion feedback
systems are inactive. We conclude that Nedd4 normally me-
diates feedback control of epithelial Na1 channels by intra-
cellular Na1, and we suggest that the increased Na1 channel
activity observed in Liddle’s syndrome is attributable to the
loss of this regulatory feedback system.

Epithelial Na1 channels are expressed widely in absorptive
epithelia such as the renal collecting duct (1), the colon (1),
and salivary ducts (2, 3) and play a critical role in the
homeostatic control of f luid and electrolyte transport (4).
Recent studies have shown that these channels are composed
of three homologous subunits: a, b, and g (5), each of which
contains a proline-rich PY motif in its C terminal (6, 7) that
interacts with the WW domains in Nedd4 (6), a widely
expressed ubiquitin-protein ligase (8–10) that is believed to
regulate the rate of proteolysis and the stability in the plasma
membrane of the Na1 channels by catalyzing the ubiquitina-
tion of the a and g subunits (11). Mutation or deletion of these
PY motifs prevents interaction of the Na1 channel with Nedd4,
leading to increased Na1 channel activity (7, 12–17). This
happens, for example, in Liddle’s syndrome, an autosomal
dominant form of hypertension associated with low circulating
aldosterone levels and hypokalemia (18), which has been
found to be attributable to mutation or deletion of the PY
motifs in the b or g subunits of the Na1 channel (13, 14, 19,
20). Binding of Nedd4 to the PY motifs of the Na1 channel
thus would appear to be part of a physiological control system
down-regulating Na1 channel activity. The identity of this
tonically inhibitory control system is, however, unknown.

Because this unknown control system acts to inhibit Na1

channel activity tonically, it is reasonable to limit the search for
candidate control systems to those that down-regulate channel
activity. These control systems mediate homocellular regula-
tion; in other words, they regulate the rate of Na1 influx across
the apical membranes so as to match the basolateral extrusion
rate and thereby maintain a stable cell volume and cytosolic
Na1 concentration (1, 21, 22).

The proposed mechanisms that underlie homocellular reg-
ulation of Na1 channels have been the subject of much
controversy. Suggested mechanisms include (i) a direct inhib-
itory action of extracellular Na1 (23, 24), (ii) feedback inhi-
bition by raised intracellular Na1 (25–27), (iii) feedback
inhibition by decreased intracellular pH (28), (iv) feedback
inhibition by increased intracellular free Ca21 concentration
(29, 30), and (v) feedback inhibition by raised intracellular Cl2
concentration (31, 32). In mouse mandibular salivary duct
cells, however, it has been possible to eliminate extracellular
Na1 (33), intracellular pH, and intracellular Ca21 (25) as
important mediators of homocellular regulation and to estab-
lish that the Na1 channels in these cells are regulated by
feedback systems involving both intracellular Na1 and intra-
cellular Cl2 (25) acting, respectively, via the G proteins Go and
Gi2 (25, 34).

In this study, we used whole-cell patch-clamp techniques to
investigate whether Nedd4 is involved in feedback inhibition of
Na1 channels by intracellular Na1 or by intracellular Cl2. We
found that Nedd4 mediates the ubiquitin-dependent down-
regulation of Na1 channel activity in response to increased
intracellular Na1 and that it operates downstream of Go. In
contrast, we show that Nedd4 is not involved in the feedback
control of Na1 channels by intracellular Cl2.

MATERIALS AND METHODS

Cell Preparation. Isolated cells were prepared by collage-
nase digestion of mandibular glands from male mice (3, 32).
The standard bath solution had the following composition (in
mmolyl): NaCl (145), KCl (5.5), CaCl2 (1.0), MgCl2 (1.2),
NaH2PO4 (1.2), Na-Hepes (7.5), H-Hepes (7.5), and glucose
(10); the pH was adjusted to 7.4 with NaOH. After establishing
the whole-cell configuration, we replaced the bath with a
solution containing (in mmolyl) Na-glutamate (145), NaCl
(5.0), MgCl2 (1.0), H-Hepes (10), glucose (10), and EGTA
(1.0); the pH was adjusted to 7.4 with NaOH. The pipettes
were filled with solutions containing (in mmolyl) N-methyl-
D-glucamine (NMDG)-glutamate and NaCl (together totaling
150), MgCl2 (1.0), H-Hepes (10), glucose (10), and EGTA
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(5.0); the pH was adjusted to 7.2 with Tris base or NaOH (7–14
mmolyl) as appropriate.

Patch-Clamp Techniques. Standard whole-cell patch-clamp
methods were used as described (3, 32). Patch-clamp pipettes
were pulled from borosilicate microhematocrit tubes (Modul-
ohm, Hevik, Denmark) so as to have resistances of 1–3 MV. An
Ag–AgCl pellet was used as the reference electrode, and all
potential differences were corrected for liquid junction poten-
tials as appropriate (32). An Axopatch-200A patch-clamp
amplifier (Axon Instruments, Foster City, CA) was used to
measure whole-cell currents. To determine current–voltage
relations, a MacLab-4 data acquisition interface (ADInstru-
ments, Sydney, Australia) attached to a Macintosh-IIci com-
puter was used to generate command voltages and to sample
whole-cell currents. Amiloride-sensitive currents were mea-
sured as the differences between the whole-cell currents before
and after the addition of 100 mmolyl amiloride to the bath
solution. Whole-cell current–voltage relations were obtained
by applying voltage pulses of 250-ms duration from a resting
potential of 0 mV. Steady-state currents were calculated as the
average current between 150 and 250 ms after the start of the
voltage pulse.

Nedd4 Antibodies. A polyclonal serum was raised against the
carboxyl region of Nedd4 as described (9). IgG then was
purified from pre-immune and anti-Nedd4 serum by standard
protein A chromatography.

Glutathione-S-transferase (GST)–WW Fusion Protein. To
generate the GST–WW fusion protein, the region of Nedd4
cDNA containing the three WW domains was amplified by
PCR by using the primers 59-GGATCCCAACCAGATGCT-
GCCACT and 59-GAATTCTCTTGTAACTTCTGGAGTA.
The PCR product was cloned into the BamHIyEcoRI sites of
pGEX-2TK (Pharmacia) and transformed into the Escherichia
coli strain DH5a. Overnight cultures of E. coli harboring the
GST–WW expression plasmid were diluted 1 in 50, grown for
2 hr at 37°C, induced with 1 mmolyl isopropyl b-D-
thiogalactoside and grown for an additional 4 hr at 37°C.
Bacterial cell pellets were resuspended in NETN (100 mmol/l
NaCly1 mmol/l EDTAy20 mmol/l TriszHCl, pH 8.0y0.5%
Nonidet P-40), were lysed by sonication, and were clarified by
centrifugation at 10,000 3 g for 10 min. Glutathione Sepharose
(Pharmacia) was incubated with the cleared lysate for 60 min
at room temperature, and then the beads were washed three
times in NETN. Fusion protein was eluted five times with
glutathione elution buffer. Protein concentration was mea-
sured by using a BCA kit (Pierce).

Wild-Type and Mutant GST-Ubiquitin Proteins. A pGEX-
2TK-ubiquitin construct was provided kindly by J. M.
Huibregtse (Rutgers University). The ubiquitin K48R mutant
was generated from pGEX-2TK-ubiquitin by using the Strata-
gene Quickchange method and was verified by sequencing.
Wild-type and mutant GST-ubiquitin plasmids were trans-
formed into E. coli BL21 cells, and proteins were expressed and
purified as described above for GST–WW protein, except that
bacterial pellets were resuspended in PBS and glutathione
Sepharose-bound proteins were washed in PBS.

Immunohistochemistry. Formalin-fixed mouse mandibular
gland tissue was sectioned at a thickness of 3 mm. Sections were
incubated sequentially with 1:200 dilution of the primary
antibody (rabbit preimmune or the anti-Nedd4 serum) fol-
lowed by biotinylated anti-rabbit IgG and ABC reagent (both
from Vector Laboratories) according to the manufacturer’s
protocol. The specific immune complexes were detected by
using an AEC substrate kit (Vector Laboratories). Sections
were counterstained with haematoxylin and mounted in Aqua-
mount (BDH).

Chemicals. EGTA, Tris, and Hepes were obtained from
Sigma, amiloride was obtained from Research Biochemicals,
and collagenase (type IV) was obtained from Worthington.

Recombinant rat a-subunits of Go and Gi2 were obtained from
Calbiochem and were activated as described (34, 35).

RESULTS

Nedd4 Is Expressed in Mouse Mandibular Duct Cells.
Immunohistochemistry showed marked staining of the gran-
ular ducts and the intralobular ducts of the mouse mandibular
gland for Nedd4 (Fig. 1) whereas there was little or no staining
of the endpieces.

Nedd4 Does Not Influence Na1 Channel Activity When the
Na1 and Cl2 Feedback Loops Are Inactive. As we have
reported (3, 33), when mouse mandibular duct cells are studied
in the whole-cell patch-clamp configuration with a Na1-rich
bath solution and a Na1-free, low-Cl2 pipette solution (con-
taining 150 mmolyl NMDG-glutamate), the predominant con-
ductance seen is an amiloride-sensitive Na1 conductance that
is not voltage-activated and is permeable to Li1 but not to K1.
The channel type underlying this conductance appears to be
the epithelial Na1 channel, which is known to be expressed in
these cells (2). With NMDG-glutamate solution in the pipette
and 150 mmolyl Na1-glutamate solution in the bath, the Na1

channel activity we observed appears to be maximal because
we have discovered no treatment, including application of
known Na1 channel activators such as para-chloromercuri-
phenylsulfonate or benzimidazolylguanidinium (34), that fur-
ther increases Na1 channel activity.

Because mutations of the PY domains of the Na1 channel
that prevent Nedd4 from interacting with that channel lead to
increased Na1 channel activity (see above), we first investi-
gated whether preventing Nedd4 from interacting with the
Na1 channel could further increase Na1 channel activity in
mouse mandibular duct cells. We attempted to interfere with
the interaction between Nedd4 and the Na1 channels in two
ways: (i) by the inclusion in the pipette solution of a fusion
protein constructed from GST and a segment of Nedd4, which
included its three WW domains (GST–WW; final concentra-
tion 0.3 mgyml) in the hope that it would compete with native
Nedd4 for the PY domains in the Na1 channels and (ii) by the
inclusion in the pipette solution of purified IgG raised against
Nedd4 (anti-Nedd4; final concentration 1 mgyml) in the hope
of complexing all the native Nedd4 and rendering it unable to
interact normally with the Na1 channels. We found that
neither treatment increased the amiloride-sensitive Na1 con-
ductance above the level observed with NMDG-glutamate in
the pipette and 150 mmolyl Na-glutamate in the bath (Fig. 2A).
Furthermore, neither the GST–WW fusion protein nor the
anti-Nedd4 antibody caused any significant increase in the
amiloride-sensitive Na1 conductance above that observed with
the control GST protein or pre-immune IgG in the NMDG-
glutamate pipette solution (Fig. 2 A). Thus, we conclude that
Nedd4 does not exert a tonic inhibitory effect on Na1 channels
when the Na1 and Cl2 feedback systems are inactive.

Nedd4 Mediates the Na1 Feedback Loop. In agreement with
our previous studies (25, 34), we found that increasing the Na1

concentration in the pipette from 0 to 72 mmolyl effectively
abolished the amiloride-sensitive Na1 conductance (Fig. 2B).
We have shown (25) this inhibition to be caused by a reduction
in the activity, rather than to a decrease in the single channel
conductance of the Na1 channels (25). Here, we investigated
whether inclusion of the GST–WW fusion protein in the 72
mmolyl Na1 pipette solution overcame the inhibitory effects
of cytosolic Na1. We found that the inclusion of 0.3 mgyml
GST–WW in the 72 mmolyl Na1 pipette solution increased the
amiloride-sensitive Na1 conductance to a level not signifi-
cantly different from the conductance observed with the zero
Na1 pipette solution (Fig. 2B), thus completely overcoming
the inhibitory effect of cytosolic Na1. Inclusion of control GST
protein in the 72 mmolyl Na1 pipette solution (0.3 mgyml),
on the other hand, failed to prevent inhibition of the
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amiloride-sensitive Na1 conductance by raised intracellular
Na1 (Fig. 2B). Similarly, we found that inclusion of purified
anti-Nedd4 IgG (1 mgyml) in the pipette solution totally
reversed the inhibitory effect of 72 mmolyl Na1 in the pipette
solution (Fig. 2B) whereas inclusion of preimmune IgG in the
72 mmolyl Na1 pipette solution (1 mgyml) was without effect
(Fig. 2B).

Nedd4 Does Not Mediate the Cl2 Feedback Loop. We then
examined whether Nedd4 mediated the Cl2 feedback loop. We

have reported (32) that the Na1 conductance in salivary duct cells
is inhibited by the presence of anions such as Cl2, Br2, and NO3

2

in the cytosol (32) and have shown that this effect is mediated by
the pertussis toxin-sensitive G protein (31) Gi2 (25, 34). We thus
examined whether the effect of anions on the Na1 conductance
is inhibited by the GST–WW fusion protein or by the anti-Nedd4
antibodies. As is our usual practice when studying control of Na1

channels by cytosolic anions (25, 31, 34), we used NO3
2 rather

than Cl2 in the pipette solution to inhibit the Na1 channels

FIG. 1. Expression of Nedd4 protein in the mouse mandibular gland. Sections of the formalin-fixed, paraffin-embedded mandibular gland tissue
were subjected to immunohistochemical analysis by using either the pre-immune serum (A and C), or a 1:200 dilution of anti-Nedd4 serum (B and
D). Note the strong expression of Nedd4 (brown) in all granular duct cells. [Bars 5 160 mm (A and B), or 80 mm (C and D).]

FIG. 2. (A) The effects of the inclusion in NMDG-glutamate pipette solution of the GST–WW fusion protein (G-W), GST control (G), anti-Nedd4
IgG (A-Nd4), or pre-immune IgG on the chord conductance measured at 280 mV of the amiloride-sensitive Na1 conductance. (B) The effects of the
inclusion in 72 mmolyl Na1 pipette solution of the GST control, the GST–WW fusion protein, pre-immune IgG, or anti-Nedd4 IgG on the chord
conductance measured at 280 mV of the amiloride-sensitive Na1 conductance. (C) The effects of the inclusion in NMDG–NO3 pipette solution of the
GST–WW fusion protein or anti-Nedd4 antibody on the chord conductance measured at 280 mV of the amiloride-sensitive Na1 conductance. (D) The
effects of the inclusion of activated a subunit of Go(ao), activated a subunit of Go plus pre-immune IgG, activated a subunit of Go plus anti-Nedd4 IgG,
or activated a subunit of Gi2 plus anti-Nedd4 IgG in the NMDG-glutamate pipette solution on the chord conductance measured at 280 mV of the
amiloride-sensitive Na1 conductance. The chord conductance observed by using the NMDG-glutamate pipette solution is shown in each panel as a dotted
line.
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because NO3
2 reproduces the effects of Cl2 on the Na1 channels

(32) while having the additional benefit of eliminating the large
Cl2 currents (32, 36, 37) that would otherwise interfere with
measurement of the Na1 current.

As shown in Fig. 2C, we found that neither inclusion of the
GST–WW fusion protein (0.3 mgyml) nor inclusion of the
anti-Nedd4 antibody (1 mgyml) in the NMDG–NO3

2 pipette
solution reversed the inhibitory effects of NO3

2, despite being
used in concentrations that were adequate to reverse the
inhibitory effects of cytosolic Na1 (compare Fig. 2B). We thus
concluded that Nedd4 did not mediate the anion feedback
control of the Na1 channels.

Nedd4 Mediates the Effects of Go on Na1 Channels. As
mentioned above, the inhibitory effect of intracellular Na1 on
the Na1 channels in these cells is mediated by the a subunit of
Go (25, 34). We have shown (34) that the inclusion of activated
recombinant a subunit of Go in NMDG-glutamate pipette
solution inhibits the amiloride-sensitive Na1 conductance
(34). Consequently, in the present study, we investigated
whether a blockade of Nedd4 would prevent inhibition of the
amiloride-sensitive Na1 conductance by the activated a sub-
unit of Go (0.2 mmolyl). As shown in Fig. 2D, we first
reconfirmed our observation (25) that the activated a subunit
of Go, when added to the NMDG-glutamate pipette solution,
inhibited the amiloride-sensitive Na1 conductance. We then
found that the addition of anti-Nedd4 antibody (1 mgyml)
totally overcame the inhibitory effect of adding activated a
subunit of Go to NMDG-glutamate pipette solution (Fig. 2D).
Finally, we confirmed that inclusion of purified pre-immune
IgG in the pipette solution (1 mgyml) was without effect (Fig.
2D). Thus, we concluded that Nedd4 mediates the effect of Go
on Na1 channels. The inhibitory effect of the activated a
subunit of Gi2 [which mediates the Cl2 feedback system (25,
34)] was not inhibited by anti-Nedd4 antibody (Fig. 2D).

Down-Regulation of Na1 Channel Activity by Intracellular
Na1 Requires Ubiquitin. It recently has been reported (11)
that the rate of proteolysis of epithelial Na1 channels and their
stability in the plasma membrane are regulated by ubiquiti-
nation of the a and g subunits of the channel (11), presumably
catalyzed by the ubiquitin-protein ligase Nedd4. Because our
data indicated that Nedd4 mediated the Na1 feedback path-
way in mouse mandibular duct cells, we also investigated
whether ubiquitination was involved in this control system. We
did so by examining the effects of the inclusion of a dominant
negative mutant of ubiquitin in the pipette solution on the Na1

feedback system (Fig. 3). This mutant (K48R) lacks the lysine
that is required for the formation of multi-ubiquitin chains (38,
39). We found that inclusion of the ubiquitin K48R mutant (0.3
mgyml) in the pipette solution overcame the inhibitory effects
of intracellular Na1 but had no effect when the Na1 feedback
system was inactive (Fig. 3). Inclusion of wild-type ubiquitin
(0.3 mgyml) in the Na1 containing pipette solution, on the
other hand, did not affect the Na1 feedback system (Fig. 3).

DISCUSSION

In this paper, we have shown that Nedd4 is expressed in
salivary duct cells (Fig. 1) and mediates the inhibitory effects
of intracellular Na1 on the amiloride-sensitive Na1 channels
(Fig. 2B) downstream of Go (Fig. 2D). In contrast, we have
shown that Nedd4 does not mediate the corresponding anion
feedback system (Fig. 2 C and D) that also regulates the
amiloride-sensitive Na1 channel. Finally, we have shown that
the effects of intracellular Na1 on the activity of the Na1

channels are blocked by a dominant negative mutant of
ubiquitin (Fig. 3), indicating that Nedd4 influences channel
activity as a consequence of its ubiquitin-protein ligase activity.
Whether ubiquitination works by reducing the number of Na1

channels active in the cell membrane, as would be suggested by
the findings that ubiquitination regulates the rate of Na1

channel turnover (11) and that deletion of the epithelial Na1

channel PY motifs inhibits endocytosis of Na1 channels (15,
16), or by decreasing open channel probability, as has been
suggested on the basis of lipid bilayer studies (17), cannot be
decided from our data.

Our current knowledge of the Na1 and anion feedback
systems that control the epithelial Na1 channels in mouse
mandibular duct cells is summarized in Fig. 4. Intracellular
Na1 binds an intracellular receptor site for Na1 (34), which can
be blocked by amiloride and related compounds such as
5-N-dimethylamiloride and benzimidazolylguanidinium. The
receptor, in turn, activates the G protein Go (25, 34), the a
subunit of which then inactivates the Na1 channels by a
mechanism that can be blocked by the GST–WW fusion
protein (Fig. 2 B and D) and so must depend on the binding
of Nedd4 to the PY motifs of Na1 channel. Nedd4 then
ubiquitinates the Na1 channel (Fig. 3 and ref. 11), leading to
its inactivation. From our data, it is not possible to determine
whether Go acts on Nedd4, which in turn ubiquitinates the
channels (as shown in Fig. 4), or whether Go puts Na1 channels

FIG. 3. The effects of the inclusion in the 72 mmolyl Na1 pipette
solution or in the NMDG-glutamate pipette solution of the GST–dn–
ubiquitin (K48R) fusion protein (dn) and the GST–wt–ubiquitin
fusion protein (wt) on the chord conductance measured at 280 mV of
the amiloride-sensitive Na1 conductance.

FIG. 4. Proposed model for feedback regulation of Na1 channels
in salivary duct cells by cytosolic Na1 and Cl2 acting through G
proteins and Nedd4.
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into a conformation that is sensitive to ubiquitination by
Nedd4.

In the anion feedback pathway, intracellular Cl2 activates
the G protein Gi2 (25, 34), which in turn inhibits the Na1

channels by a mechanism that does not involve Nedd4 (Fig. 2
C and D), implying that Go and Gi2 inhibit Na1 channel activity
by different mechanisms. This inference is consistent with the
ability of other effectors, such as Ca21 channels, to discrimi-
nate between the Go and Gi classes of G protein (40), although
it is perhaps surprising given the ability of the sulfhydryl
reagent para-chloromercuriphenylsulfonate to override both
the Na1 and the Cl2 feedback systems (34).

Our finding that Nedd4 mediates the Na1 feedback pathway
in mouse mandibular duct cells is important for two reasons.
First, it identifies a physiological control pathway for Na1

channels, which, when interrupted, would lead to the increased
Na1 channel activity that is observed in Liddle’s syndrome (13,
14, 19, 20) and in other circumstances when interaction
between Nedd4 and Na1 channels has been prevented—for
example, when Na1 channels with deleted PY motifs are
expressed in Xenopus oocytes (15). The only other physiolog-
ical control system that has been shown to be defective in
Liddle’s syndrome, the loss of protein kinase A activation of
Na1 channels (12), is a consequence of increased Na1 channel
activity rather than an explanation for it. Second, our findings,
when taken together with the occurrence in Liddle’s syndrome
of abnormal Na1 channel activity in B lymphocytes (12) and
in renal collecting ducts (18), suggest that the Na1 feedback
pathway, which thus far has been characterized well only in
mouse mandibular duct cells, may be of more general signif-
icance.
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