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Abstract Increases in intracellular calcium (Ca2+) inhibit
renal sodium (Na™t) absorption in cortical collecting ducts,
but the precise mechanism is unclear. We, therefore,
studied the effects of raising intracellular Ca®" (using
10 pmol/L A23187, a Ca®>" ionophore) on wild-type and
Liddle-mutated human epithelial Na® channels (hENaC)
expressed in Xenopus oocytes, using the dual-electrode
voltage clamp technique. A23187 decreased amiloride-
sensitive Na™ current by 55 % in oocytes expressing wild-
type hENaC, an effect prevented by co-exposure to
50 pmol/L W-7 (to inhibit the Ca**/calmodulin complex).
By contrast, co-exposure to 50 pmol/L calphostin (to
inhibit protein kinase C) or 5 pmol/L KN-62 (to inhibit
Ca”*/calmodulin-dependent protein kinase II) had no
effect on the decrease in amiloride-sensitive Na™ current
elicited by A23187 alone. Whereas A23187 reduced
amiloride-sensitive Nat current in oocytes expressing
wild-type hENaC, it had no similar effect in those
expressing Liddle-mutated hENaCs, suggesting that the
activity of individual Na™ channels in situ was unchanged
by the rise in intracellular Ca®". These data suggest that the
A23187-induced rise in intracellular Ca** inhibited wild-
type hENaC through a W-7-sensitive mechanism, which
likely reflected enhanced removal of Na* channels from
the cell membrane by endocytosis. We, therefore, propose
that Na™ absorption in cortical collecting duct cells is
inhibited by Ca®", possibly when complexed with
calmodulin.
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Introduction

Previous single channel studies in rat kidney tubular cells
showed that raising intracellular Ca** inhibited amiloride-
sensitive Na* channel (ENaC) activity in cell-attached but
not excised inside-out apical membrane patches (Palmer
and Frindt 1987), which suggested that Ca** has an indi-
rect effect requiring one or more cytosolic factors. Fur-
thermore, increasing intracellular Ca®* mobilizes Nedd4,
an E3 ubiquitin protein ligase, to the apical membrane
(Plant et al. 1997; Staub et al. 2000). Nedd4 and related
proteins (such as Nedd4-2) play a critical role in the
endocytosis of membrane-bound ENaC, facilitating inter-
action between ubiquitin and ENaC, and thus “tagging”
ENaC protein for subsequent endocytosis and lysosomal
degradation. Human Nedd4 has three WW domains, which
bind to PY motifs on human renal ENaC (hENaC) a-, -,
and y-subunits, respectively. The WW3 domain is the most
important mediator of the interaction between Nedd4 and
hENaC (Lott et al. 2002). On the other hand, when a
Liddle’s mutation (BY620A) is incorporated into hENaC to
disrupt the PY motifs, no WW domain binds to the -
subunit (Farr et al. 2000). This results in a marked decrease
in ENaC removal/degradation, and subsequently an
increase in Na* channel density in the apical membrane of
distal nephron segments, leading to excessive tubular Na™
absorption and the clinical features of Liddle’s syndrome, a
rare hereditary form of hypertension (Shimkets et al. 1994).

In the present study, we evaluated the effects of
increasing intracellular Ca®" on wild-type and Liddle-
mutated hENaC (B- or y-subunit mutations) expressed in
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Xenopus oocytes. We also evaluated various agents which
are known to interfere with intracellular Ca*" signaling
pathways by determining their effects on Na™ channels
cycling normally into and out of the membrane (wild-type
hENaC). Our results suggest that raising intracellular Ca®"
inhibits wild-type hENaC (but not Liddle-mutated hE-
NaCs) by stimulating endocytotic removal of Na™ channels
from the cell membrane via a W-7-sensitive mechanism,
thereby implicating calmodulin. Extrapolating these find-
ings to renal cortical collecting duct cells, we speculate that
inhibition of Na™ absorption by Ca*"-dependent agents
such as prostaglandin E, (Stokes and Kokko 1977; Hébert
et al. 1991; Breyer and Breyer 2000), involves removal of
apical Na® channels through a mechanism involving the
Ca*"/calmodulin complex.

Methods

Preparation of cDNA Constructs and Microinjection
into Xenopus Oocytes

Human renal ENaC (hENaC) subunit cDNAs were incor-
porated into pMT3 vector (a gift of Dr. P. Snyder, Uni-
versity of Iowa, USA). The vector contained one of the
three wild-type subunits, the B-subunit with a Liddle-type
truncation (B566X), or the y-subunit with a Liddle-type
truncation (y576X). Clones were amplified by transforming
competent Escherichia coli grown on LB-ampicillin agar
plates, the pMT3 vector being ampicillin-resistant. Plas-
mids were prepared using a proprietary kit (QIAGEN).
Female Xenopus laevis (European Xenopus Resource
Centre, University of Portsmouth, Portsmouth, UK) were
killed by a schedule 1 method approved by the UK Home
Office. Ovaries were removed, washed in modified Barth’s
saline (MBS), and divided into clumps of 10-30 oocytes,
which were separated using Ca®'-free Ringer’s solution
containing 1 mg/ml collagenase, as described previously
(Canessa et al. 1993). Oocytes at Dumont stages V and VI
were transferred to 96-well plates containing MBS, cen-
trifuged (2100 rpm, 15 min), and the nuclei microinjected
with either 20 nl of sterile distilled water, or 20 nl of sterile
distilled water containing (3.5 ng of each subunit cDNA)
wild-type hENaC, hENaC with the Liddle-mutated B-sub-
unit, or hENaC with the Liddle-mutated y-subunit. Injected
oocytes were transferred to 24-well plates containing MBS
(96 mmol/L Na™), and incubated at 19 °C for 2448 h.

Dual-Electrode Voltage Clamp Recording
Oocytes were superfused (1 ml/min) with a solution con-

taining (in mmol/L): Na™ gluconate 100, Ca*" 0.38, Mg*"
0.47, ClI” 11.7, and HEPES 4.6 (pH 7.4), with Ba®*" 5.0 and
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tetraecthylammonium 10 to block endogenous K* channels.
Oocytes were impaled with the voltage and current electrodes
(tip resistances <1 MQ) fabricated from glass microcapillary
tubing, and back-filled with 3 mol/L. KCI. Experiments were
done at room temperature (20-22 °C). When membrane
voltage was stable, command voltages (—140 to +40 mV in
20 mV increments) were applied for 500 ms from a holding
voltage of —10 mV, using a Labmaster TL40 interface and
pClamp 5.6 software (Axon Instruments Inc., Union City,
CA, USA). Whole-cell currents were measured twice, filtered
at 100 Hz, averaged, and stored for later analysis. The pro-
tocol was repeated after exposing oocytes to 10 umol/L
amiloride for 30 s. This relatively high concentration of
amiloride was used to ensure maximal inhibition of whole-
cell Na™ currents in oocytes expressing hENaC (Canessa
et al. 1993). Differences between the pre- and post-amiloride
whole-cell currents at each command voltage were taken to
reflect whole-cell Na* currents. After washing off amiloride,
an additional set of whole-cell current measurements was
made at each command voltage.

Agents Used to Study hENaC Regulation by Ca”*"

To determine the effects of increasing intracellular Ca2+,
amiloride-sensitive whole-cell currents were measured using
the above protocol, first in the absence and then after
exposing the oocytes to 10 pmol/L A23187 (a Ca*" iono-
phore) for 30 min, A23187 having previously been shown to
raise intracellular Ca®" in Xenopus oocytes (Boton et al.
1990). In preliminary experiments using oocytes expressing
wild-type hENaC, the changes in amiloride-sensitive whole-
cell currents produced by the A23187-induced increase in
intracellular Ca®>" had reached a steady state at this time
point. To determine whether increased intracellular Ca*"
changed hENaC activity via calmodulin, protein kinase C
(PKC), or Ca*"/calmodulin-dependent protein kinase II, we
performed similar experiments with specific inhibitors of
these regulators in the A23187-containing superperfusing
solution. Thus, 50 pumol/L. W-7 was used as a specific
inhibitor of the Ca**/calmodulin complex (Masson et al.
1992; Blodow et al. 2003), 50 pmol/L calphostin to specifi-
cally inhibit PKC (Hartzell and Rinderknecht 1996), and
5 umol/L. KN-62 to specifically inhibit Ca>*/calmodulin-
dependent protein kinase II (Tohda et al. 1991; Okazaki et al.
1994). Time control experiments were performed with
cDNA-injected oocytes to exclude possible “run-down” of
the whole-cell Na™ currents.

Statistical Analyses
Data are shown as mean = SEM. Normalised amiloride-sen-

sitive whole-cell Na™ currents at —100 mV were compared
using either Student’s 7 test (for two sets of data), or one-way
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Fig. 1 Whole-cell currents (command voltages applied for 500 ms
between —140 and +40 mV in 20 mV increments) in an oocyte
expressing wild-type ENaC a in the absence of A23187 and
amiloride, b in the absence of A23187 but in the presence of

ANOVA with post hoc analysis (for more than two sets of
data). Current—voltage relationships were compared using
repeated measures ANOVA. P < 0.05 was taken to indicate a
statistically significant difference between two mean values.
Data were analyzed using SPSS for Windows (release 10.1).

Results
Effect of A23187 on Wild-Type Human Renal ENaC

Initial experiments were done in oocytes expressing wild-
type hENaC to evaluate the changes in amiloride-sensitive
whole-cell currents produced by 30 min exposure to
10 pmol/L A23187. A representative experiment shows
that amiloride largely abolished the pre-A23187 whole-cell
currents (Fig. la, b), consistent with Na*t channel inhibi-
tion. By contrast, whereas the pre-A23187 and post-
A23187 whole-cell currents were similar in the absence of
amiloride (Fig. la, c), the post-A23187 whole-cell currents
were relatively insensitive to amiloride (Fig. lc, d). With
each oocyte, normalisation of the post-A23187 data to data
obtained in the basal (pre-A23187) state, indicated that
A23187 decreased amiloride-sensitive Nat currents in
oocytes expressing wild-type hENaC by 55 + 10 % at
—100 mV (n = 10, P < 0.015), whereas there was no
change in cDNA-injected time control oocytes (n = 12).

Effect of A23187 + W-7 on Wild-Type Human Renal
ENaC

Calmodulin is the main intracellular Ca®" receptor in eukary-
otic cells (Means et al. 1991), and W-7 inhibits the Ca”**/cal-
modulin complex. The protocol with A23187 was, therefore,

(b) Pre-A23187; Post-amil
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d & N o N

(d) Post-A23187; Post-amil

I(pA)

amiloride, ¢ in the presence of A23187 but in the absence of
amiloride, and d in the presence of both A23187 and amiloride.
A23187 markedly decreased the oocyte’s amiloride sensitivity,
consistent with loss of Na* channel function

repeated using oocytes expressing wild-type hENaC (n = 10),
which were bathed in a superfusing solution containing both
10 pmol/L. A23187 and 50 pmol/L W-7. As shown in a rep-
resentative experiment, amiloride again decreased the pre-
A23187 4+ W-7 whole-cell currents (Fig. 2a, b), reflecting
marked Na™ channel inhibition. However, in contrast to the
muted response seen in the presence of A23187 alone (Fig. Ic,
d), amiloride elicited substantial decreases in whole-cell cur-
rents under post-A23187 + W-7 conditions (Fig. 2c, d).

Effect of A23187 + Calphostin C on Wild-Type
Human Renal ENaC

The effects of intracellular Ca>* on cell function are mediated,
atleast in part, by protein kinase C (PKC) (Thomas et al. 1996).
In further experiments, the protocol with A23187 in oocytes
expressing wild-type hENaC was repeated with both 10 pmol/
L A23187 and 50 pmol/L calphostin C (a PKC inhibitor) in the
superfusing solution (n = 5). A representative experiment
shows that amiloride decreased the pre-A23187 + calphostin
C whole-cell currents by inhibiting Na* channels (Fig. 3a, b),
the pre-A23187 + calphostin C and post-A23187 + calpho-
stin C whole-cell currents were similar in the absence of
amiloride (Fig. 3a, c), and post-A23187 + calphostin C
whole-cell currents were relatively insensitive to amiloride
(Fig. 3c, d). A23187 + calphostin C produced a 43 + 8 %
overall decrease in the amiloride-sensitive Na™ current.

Effect of A23187 + KN-62 on Wild-Type Human
Renal ENaC

Having implicated calmodulin in the A23187-induced

decrease in wild-type ENaC activity, experiments were
performed (n = 8) to determine the role of Ca*"/
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Fig. 2 Whole-cell currents (command voltages applied for 500 ms
between —140 mV and +40 mV in 20 mV increments) in an oocyte
expressing wild-type ENaC a in the absence of A23187 4+ W-7 and
amiloride, b in the absence of A23187 + W-7 but in the presence of
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Fig. 3 Whole-cell currents (command voltages applied for 500 ms
between —140 and +40 mV in 20 mV increments) in an oocyte
expressing wild-type ENaC a in the absence of A23187 + calphostin
C and amiloride, b in the absence of A23187 + calphostin C but in
the presence of amiloride, ¢ in the presence of A23187 + calphostin

calmodulin-dependent protein kinase II, which is inhibited
by KN-62. A representative experiment in an oocyte
expressing wild-type hENaC shows that, whereas amilo-
ride largely abolished the pre-A23187 + KN-62 whole-
cell currents (Fig. 4a, b), and the post-A23187 4+ KN-62
whole-cell currents were relatively insensitive to amiloride
(Fig. 4c, d), A23187 + KN-62 produced a 57 £ 8 %
overall decrease in the amiloride-sensitive Na™ current.

Summary of Wild-Type Human Renal ENaC Data
The normalised amiloride-sensitive Na™ currents from each

protocol are summarized in Fig. 5. In each case, the left-hand
bar indicates normalised data at time zero in time control
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amiloride, ¢ in the presence of A23187 + W-7 but in the absence of
amiloride, and d in the presence of both A23187 + W-7 and
amiloride. W-7 prevented A23187 from decreasing amiloride-sensi-
tive Na*t currents (see Fig. 1)

5 (b) Pre-A23187+Calphostin C; Post-amil
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C but in the absence of amiloride, and d in the presence of both
A23187 + calphostin C and amiloride. Calphostin C had no effect on
the ability of A23187 to decrease amiloride-sensitive Nat currents
(see Fig. 1)

experiments, and in the presence of A23187 alone or in
combination with either W-7, calphostin C, or KN-62. In
contrast to the time control experiments, A23187 elicited a
55 % decrease in amiloride-sensitive Na™ current (P < 0.03),
whereas there was no significant change with A23187 4+ W-7
(P > 0.6), and post hoc analysis indicated that the responses to
A23187 alone and A23187 + W-7 were significantly differ-
ent (P < 0.035). Addition of A23187 + calphostin C and
A23187 4+ KN-62 produced decreases in amiloride-sensitive
Na't current of 43 % (P < 0.01) and 57 % (P < 0.001),
respectively, and one-way ANOVA followed by post hoc
analyses indicated that neither calphostin C nor KN-62 altered
the effect of A23187. These data show that the A23187-
induced increase in intracellular Ca*" produced significant
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Fig. 4 Whole-cell currents (command voltages applied for 500 ms
between —140 and +40 mV in 20 mV increments) in an oocyte
expressing wild-type ENaC a in the absence of A23187 + KN-62 and
amiloride, b in the absence of A23187 4+ KN-62 but in the presence

Fig. 5 Summary of amiloride-
sensitive whole-cell Na™ 17
currents (recorded at —100 mV) .‘—
in oocytes expressing wild-type
ENaC in time controls (open

bars, n = 12), and 30 min after
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of amiloride, ¢ in the presence of A23187 + KN-62 but in the
absence of amiloride, and d in the presence of both A23187 + KN-62
and amiloride. KN-62 had no effect on the ability of A23187 to
decrease amiloride-sensitive Na™ currents (see Fig. 1)

n=2_8) Time controls

down-regulation of wild-type Na™ channels. The ability of
W-7 to prevent the A23187-induced decrease in amiloride-
sensitive Na™ current suggests that intracellular Ca>* regu-
lates these channels in conjunction with calmodulin. By
contrast, calphostin C and KN-62 had no effect on the ability
of A23187 to decrease amiloride-sensitive Na™ currents, and
post hoc analysis indicated that amiloride-sensitive Na™ cur-
rents in oocytes exposed to A23187 alone and those exposed
to A23187 4+ calphostin C were significantly lower than in
time controls (P < 0.045 in both cases). Post hoc analysis also
revealed that the decreases in amiloride-sensitive Na* cur-
rents in oocytes exposed to A23187 alone and those exposed
to A23187 + KN-62 were comparable (P = 0.669). Taken
together, these data suggest that neither PKC nor Ca®"/cal-
modulin-dependent protein kinase I is likely to be involved in
the down-regulation of wild-type Na* channels produced by
A23187-induced increases in intracellular Ca*".

A23187 A23187

+
KN-62

A23187
+
W-7

A23187
+
Calphostin C

In addition to decreasing the amiloride-sensitive Na™
current, A23187 increased the amiloride-insensitive cur-
rents in oocytes expressing wild-type hENaC (compare
Fig. 1d with Fig. 1b). These may reflect CI™ currents, since
oocytes exhibit a variable endogenous Ca®"-activated C1~
current (Miledi and Parker 1984; Miledi et al. 1989), which
is enhanced by intracellular Ca>* injection and diminished
by intracellular injection of a Ca®* chelator (Miledi and
Parker 1984). Our superfusing solution contained only
11.7 mmol/L CI~, but the intra-oocyte CI~ concentration is
likely to have been higher owing to leakage of Cl™ ions
from the voltage and current micropipettes, which were
filled with 3 mol/L KCI. As shown in Table 1, the nor-
malised amiloride-insensitive currents at —100 mV were
increased in all experiments in which A23187 was added,
apart from those in which KN-62 was also present. This
may reflect the inhibitory effect of KN-62 on CI™ channel
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Table 1 Normalised amiloride-insensitive currents in Xenopus
oocytes expressing either wild-type hENaC (exposed to A23187 alone
or in combination with W-7, calphostin C or KN-62) or Liddle-
mutated hENaC (exposed to A23187 alone)

Normalised amiloride-
insensitive current at —100 mV
(mean = SEM)

1.01 £ 0.10
1.30 £ 0.11

Time controls (n = 12)

Wild-type hENaC + A23187
(n =10)

Wild-type
hENaC + A23187 + W-7
(n =10)

Wild-type
hENaC + A23187 + calphostin
Cn=)5)

Wild-type
hENaC + A23187 + KN-62
(n=238)

B-Liddle hENaC + A23187
(n="17

v-Liddle hENaC + A23187
(n=106)

1.33 £ 0.25

1.28 £ 0.17

0.95 £0.12

2.30 £ 0.51

1.37 £ 0.20

activation by Ca®"/calmodulin-dependent protein kinase II,
as previously reported in Xenopus oocytes (Tohda et al.
1991).

Effect of A23187 on Liddle-Mutated Human Renal
ENaC

Basal amiloride-sensitive Na® currents in oocytes
expressing B-subunit Liddle-mutated hENaC (n = 7) were
similar to those in oocytes expressing y-subunit Liddle-
mutated hENaC (n = 6), and in both cases (Fig. 6), these
currents were substantially greater than those in oocytes
expressing wild-type hENaC (Fig. 1a). In contrast to its
inhibitory effect on wild-type hENaC, A23187 had no
effects on amiloride-sensitive Nat currents in oocytes
expressing either PB-subunit Liddle-mutated hENaC or
v-subunit Liddle-mutated hENaC (Fig. 6), which suggests
that the COOH™ termini of the wild-type hENaC (- and
Yy-subunits possess critical Ca®" regulatory sites. It should
be noted that the increases in amiloride-insensitive currents
in oocytes expressing the Liddle-mutated hENaCs (see
Table 1) are not apparent in Fig. 6, because the current
scales are much larger than those for the wild-type hENaC
experiments.

Discussion

Previous patch clamp studies demonstrated that raising the
concentration of Ca®" inhibited Na™ channel activity in
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cell-attached patches but not in excised inside-out patches,
which suggested that Ca>* acted in conjunction with one or
more additional intracellular factors (Palmer and Frindt
1987). The results of the present study performed in
Xenopus oocytes are consistent with the view that the acute
inhibitory effect of Ca’" on wild-type Na™ channels
involves calmodulin, whereas neither PKC nor Ca’t/cal-
modulin-dependent protein kinase Il appears to have a
significant role. This Ca*"-induced decrease in wild-type
Na™ channel activity reflects cellular events which clearly
differ from those underlying the rapid (<5 min) and sus-
tained PKC-dependent Ca”" influxes elicited by aldoste-
rone in renal and colonic cells lines, which activate
basolateral Na™/H" exchange and basolateral K* channels
as a prelude to the later (after ~4 h) enhanced expression
of Na*t channels at the cell surface (Doolan and Harvey
1996; Harvey and Higgins 2000). Although we did not
measure the increases in intra-oocyte Ca®" produced by
A23187, this ionophore is known to raise intracellular Ca®"
in Xenopus oocytes (Boton et al. 1990).

The ability of the A23187-induced increase in intracel-
lular Ca®" to decrease amiloride-sensitive Na™ currents in
oocytes expressing wild-type hENaC could, in theory, have
reflected decreases in Na™ channel open probability and/or
single channel conductance. Although we did not test this
by single channel recording, two sets of experimental
findings make these possibilities seem unlikely. First,
increasing intracellular Ca>" by use of ionomycin inhibited
the activity of rat ENaC expressed in Madin—Darby canine
kidney cells, an effect which did not involve a decrease in
single Na™t channel conductance (Ishikawa et al. 1998).
Second, our novel observation that A23187 had no effect
on amiloride-sensitive Na™ currents in oocytes expressing
B-subunit or y-subunit Liddle-mutated hENaC, strongly
suggests that raising intra-oocyte Ca®" did not change the
unitary properties of Liddle-mutated Na® channels, nor
would we have expected such changes in wild-type Na™
channels. Our results suggest that Ca®", acting with cal-
modulin, decreased amiloride-sensitive Na™ currents in
oocytes expressing wild-type hENaC by promoting Na™
channel removal from the cell membrane via endocytosis.
Endocytosis requires Nedd4, a ubiquitin protein ligase
which binds to proline-rich regions of the wild-type Na™
channel B- and y-subunits as a prerequisite for channel
removal from the membrane (Staub et al. 1996), and when
co-expressed with wild-type ENaC in Xenopus oocytes,
results in down-regulation of the channels (Abreil et al.
1999; Goulet et al. 1998). By contrast, Nedd4 has no effect
when co-expressed with a Liddle-mutated ENaC because
they lack PY motifs and have an inherent resistance to
ubiquitination (Abreil et al. 1999). Nedd4 possesses a C2
domain, those present in other proteins binding to cell
membrane phospholipids in a Ca®"-dependent manner
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Fig. 6 Whole-cell currents
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(Nalefski and Falke 1996). Ca**-dependent translocation
of Nedd4 (mainly to the apical membrane) occurs within
5 min in MDCK cells, and deletion of the C2 domain
prevents membrane-targeted localization of Nedd4 (Plant
et al. 1997). Thus, it seems likely that if increasing intra-
oocyte Ca’* by A23187 triggered rapid mobilization of
endogenous Nedd4 (or a homologue such as Nedd4-2) to
the membrane of oocytes expressing wild-type hENaC (as
seen in MDCK cells (Plant et al. 1997)), then the resulting
decrease in amiloride-sensitive Na™ current will have
reflected endocytosis. On the other hand, in oocytes
expressing either B-subunit or y-subunit Liddle-mutated
hENaC, both of which lacked the Nedd4 binding PY
motifs, Nedd4 will have failed to initiate endocytosis,
irrespective of the rise in intra-oocyte Ca®".

We set out to test the effect of increasing intracellular
Ca®" (elicited by A23187) on hENaC in Xenopus oocytes.
Our results indicate that the down-regulatory effect of
intracellular Ca®>" on wild-type (but not Liddle-mutated)
hENaC is W-7-sensitive (and by inference, calmodulin-
dependent), without the involvement of PKC or Ca**/cal-
modulin protein kinase II. Other studies in epithelial cells
expressing endogenous ENaC, which were not designed
specifically to evaluate the effect of raising intracellular
Ca”" have provided results which in some respects are at

variance with our own. For example, activation of PKC by
phorbol-12-myristate 13-acetate (PMA) decreased Na™
channel activity by 67 % in rat cortical collecting tubule
cells, the effect being abolished by staurosporine, an inhib-
itor of PKC and Ca”"/calmodulin-dependent protein kinase
II (Frindt et al. 1996). Furthermore, staurosporine prevented
the ability of ouabain to markedly down-regulate Na™
activity in these cells, whereas KN-62 (a specific inhibitor of
Ca*"/calmodulin-dependent protein kinase IT) had no effect
on the ouabain-induced decrease in Na™ activity (Frindt
et al. 1996). Ca*"-dependent activation of apical PKC also
inhibited apical Nat channels in rabbit cortical collecting
tubules (Ling et al. 1992). In cultured renal A6 cells, in
which Na® channel activity and benzamil-sensitive Na™
transport were stimulated by hypotonicity (which itself
increases intracellular Ca®'; Rothstein and Mack 1992),
W-7 significantly decreased benzamil-sensitive Na™ trans-
port irrespective of whether it was applied before or after
hypotonic stimulation, whereas application of KN-93 (an
inhibitor of Ca?*/calmodulin-dependent protein kinase II)
before hypotonic stimulation decreased benzamil-sensitive
Na™ transport by ~60 %, but had no significant effect when
applied after the hypotonic stimulus (Tokuda et al. 2002).
Thus, under those specific experimental conditions, Ca*t/
calmodulin-dependent protein kinase II appeared to be
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involved in Na' channel translocation, whereas the main-
tenance of hypotonicity-induced Na™ channel activity was
calmodulin-dependent (Tokuda et al. 2002). Although these
other studies tested Ca’"-dependent signaling pathways,
they were not designed to evaluate the effect of raising
intracellular Ca>* per se, whereas our results are consistent
with A23187 having produced a marked and sustained
increase in intra-oocyte Ca*™ which down-regulated wild-
type hENaC through a mechanism which was inhibited by
W-7, and therefore, predominantly (if not solely) calmodu-
lin-dependent. However, additional factors should be taken
into consideration when interpreting our data. Thus, at the
concentration used in the present study to inhibit Ca®*/cal-
modulin (50 pmol/L), the amphipathic weak base W-7
almost certainly attached to the inner leaflet of the plasma
membrane and decreased its net negative charge, which may
have altered the function of myristolated alanine-rich C
kinase substrate (MARCKS) (Sengupta et al. 2007).
MARCKS possesses sites for PKC phosphorylation and
Ca”"/calmodulin binding (Hartwig et al. 1992), and also acts
as an adaptor protein which binds to and presents phos-
phatidylinositol phosphates (PIPs; particularly phosphati-
dylinositol 4,5-biphosphate, PIP,) to regulate ENaC activity
(Alli et al. 2012). In Xenopus 2F3 renal epithelial cells,
MARCKS colocalised with PIP; at the apical membrane, but
translocated to the cytoplasm after PKC stimulation or
raising intracellular Ca** with ionomycin, whilst PKC-
induced MARCKS phosphorylation decreased amiloride-
sensitive transepithelial ENaC currents, and inhibition of
PKC stimulated ENaC activity by allowing unphosphory-
lated MARCKS to bind PIPs for presentation to ENaC (Alli
et al. 2012). Putting our results into context with those from
Xenopus 2F3 cells, A23187 alone should have activated
PKC, as well as raising intracellular Ca’t per se, both these
effects promoting translocation into the cytoplasm of any
MARCKS present in the oocyte membrane and decreasing
PIP-regulated wild-type hENaC activity. W-7 might also
have been expected to decrease wild-type hENaC activity by
impairing the functionality of MARCKS (Sengupta et al.
2007). However, W-7 prevented the A23187-induced
decrease in amiloride-sensitive Na™ current, whilst the PKC
inhibitor calphostin C had no effect, which is consistent with
our view that the decrease in amiloride-sensitive Na* cur-
rent induced by A23187 reflected predominantly Ca®"/cal-
modulin-dependent endocytosis of wild-type hENaC.
Furthermore, the A23187-induced rise in intracellular Ca?
had no effect on amiloride-sensitive Na™ currents in oocytes
expressing the two Liddle-mutated hENaCs, which suggests
that MARCKS had no significant role in regulating basal
mutant hENaC activity via PIPs.

It is of interest that A23187 also increased the amilo-
ride-insensitive currents in oocytes expressing wild-type
hENaC (compare Fig. 1d with Fig. 1b). Increased
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amiloride-insensitive currents have previously been
exploited as an intrinsic marker of Ca*t entry into Xenopus
oocytes (Boton et al. 1990; Bourinet et al. 1992), since
oocytes demonstrate variable endogenous Ca®'-activated
Cl™ currents (Miledi and Parker 1984; Miledi et al. 1989).
These amiloride-insensitive currents may well reflect the
large leak current previously reported in Xenopus oocytes
on removal of external Ca2+, which was mediated by
~90 pS ClI™ channels (Weber et al. 1995). We found that
the normalised amiloride-insensitive currents were
increased whenever A23187 was added, apart from those
experiments in which KN-62 was also present, which may
have inhibited C1~ channel activation by Ca**/calmodulin-
dependent protein kinase II, as previously reported in
Xenopus oocytes (Tohda et al. 1991).

Our finding that raising intracellular Ca*" rapidly
inhibits Na™ channels via what appears to be a calmodulin-
dependent mechanism in Xenopus oocytes expressing wild-
type hENaC, but has no effect in those expressing Liddle-
mutated hENaCs, suggests that the proposed Ca”'/cal-
modulin complex acts at sites on the COOH™ termini of
wild-type B- and y-subunits to increase the rate of Na™
channel drop-out by endocytosis. In terms of the regulation
of renal Na™ excretion, we speculate that this mechanism
may underlie the inhibitory effect of endogenous prosta-
glandin E, (PGE,) on renal Na' channels (Breyer and
Breyer 2000). PGE, acts through a group of G protein-
coupled (E-prostanoid or EP) receptors, four subtypes
(EP,_4) having been characterised (Breyer at el Breyer
et al. 1996; Toh et al. 1995). The EP, receptor is particu-
larly relevant to the inhibitory effect of PGE,, since its
activation increases intracellular Ca*" and phosphatidyl-
inositol bisphosphate hydrolysis (Batshake et al. 1995;
Funk et al. 1993; Watabe et al. 1993). Based on these
findings, we suggest that a W-7-sensitive, Ca>*-dependent
mechanism may play a critical role in mediating the
inhibitory effect of PGE, on renal Na™* absorption.
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