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Abstract Involvement of phosphoinositide 3-kinases
(PI3Ks) in early aldosterone action on epithelial sodium
channel (ENaC) in mammalian renal epithelia was inves-
tigated by hopping probe ion conductance microscopy
combined with patch-clamping in this study. Aldosterone
treatment enlarged the cell volume and elevated the apical
membrane of renal mpkCCDc14 epithelia, which resulted
in enhancing the open probability of ENaC. Inhibition of
PI3K pathway by LY294002 obviously suppressed these
aldosterone-induced changes in both cell morphology and
ENaC activity. These results indicated the important role of
PI3K pathway in early aldosterone action and the close
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Introduction

Epithelial sodium channel (ENaC) is crucial to regulate
blood pressure, and performs a rate-limiting step for Na™
reabsorption in renal epithelia (Garty and Palmer 1997).
Activity of ENaC is tightly modulated by aldosterone in
renal cortical-collecting duct (CCD) (Eaton et al. 2001;
Palmer et al. 2012). There are two possible ways to
increase Na' reabsorption in response to aldosterone,
namely, by augmenting numbers and/or by enhancing the
open probability (P,) of ENaCs (Palmer et al. 2012; Ros-
sier 2003). Early effects of aldosterone can increase Na™
reabsorption within 3 h before significant increase in pro-
tein expression of ENaCs (Garty and Palmer 1997; May
et al. 1997), suggesting that early aldosterone action on
ENaC activity may mainly result from the increased
channel P, (Eaton et al. 2001; Palmer et al. 2012; Kemendy
et al. 1992). Although many studies focus on such early
aldosterone action on ENaC activity, more regulation
mechanisms remain to be learned in mammalian renal
epithelia (Dooley et al. 2012).

Some studies indicated that phosphoinositide 3-kinase
(PI3K) pathway was required for aldosterone actions on
Na" transport by increasing the P, of ENaCs (Star-
uschenko et al. 2004, 2007; Blazer-Yost et al. 1999).
Aldosterone stimulated the activity of PI3K and conse-
quently promoted the synthesis of its downstream products
PtdIns(3,4,5)P5 (PIP3) (Blazer-Yost et al. 1999), which was
suggested to stimulate ENaC activity directly (Pochynyuk
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et al. 2008; Helms et al. 2005; Ma et al. 2001; Tong et al.
2004; Pochynyuk et al. 2005). PI3K pathway was also
known to be strongly involved in the reorganization of cell
actin cytoskeleton (Carpenter and Cantley 1996), which
had been demonstrated to regulate the cell morphology
(Ivanov et al. 2010) and the P, of ENaC (Cantiello 1995;
Berdiev et al. 1996). Our previous study also showed that
PI3K pathway played important roles in aldosterone early
action on ENaC activity and cell morphology in Xenopus
renal epithelia A6 cells (Gorelik et al. 2005). However,
little is known about the correlation between the ENaC
activity and the cell morphology to respond to the aldo-
sterone in a PI3K-signaling-modulated manner in living
mammalian CCD epithelia.

In this study, with the help of a combination of patch-
clamp and high-resolution noncontact hopping probe ion
conductance microscopy (HPICM) (Novak et al. 2009;
Yang et al. 2011), we further investigated the involvement
of PI3K pathway in the early aldosterone action on ENaC
activity and cell morphology in mouse CCD mpkCCDc14
cells (Bens et al. 1999).

Methods
Reagents

DMEM/F12 (1:1) medium was purchased from Thermo
Scientific Hyclone (Beijing, China). Heat-inactivated fetal
bovine serum (FBS) was bought from ExCell Biology
(Shanghai, China). L15 medium, Insulin—Transferrin—
Selenium, penicillin, and streptomycin were bought from
Gibco (Langley, OK, USA). Glucose monohydrate, 3,3’,5-
Triiodo-L-thyronine sodium salt (T3), Dexamethasone,
LY294002, aldosterone, and amiloride were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Murine EGF
was bought from PeproTech Inc. (Rocky Hill, NJ, USA).
HEPES buffer was purchased from Amresco LLC (Coch-
ran Road, Solon, USA).

Cell Culture

Mouse CCD mpkCCDcl14 cell line was provided as a
generous gift by Prof. Zhiren Zhang (Medical University of
Harbin, China) and cultured as per previously published
methods (Bens et al. 1999; Chen et al. 2013). In brief, cells
were cultured in the growth medium DMEM/F12 (1:1)
with 2 g/LL Glucose monohydrate, 100 pg/mL streptomy-
cin, and 100 U/mL penicillin; and supplemented with 1 %
(V/V) Insulin—-Transferrin—Selenium, 0.5 mM Dexameth-
asone, 1 uM T3, 10 pg/mL EGF, and 2 % FBS at 37 °C in
a humidified 5 % CO, atmosphere. Cells were passaged
twice a week with the medium being changed every 2 days.
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For experiments, cells were seeded on cell culture
inserts (0.4-um pore size on Polyethylene terephthalate
membrane; BD Biosciences, Durham, USA) at a density of
1 x 10° cells/well and grown for 10-12 days to form a
polarized epithelial monolayer (Kemendy et al. 1992;
Gorelik et al. 2005). Then, mpkCCDc14 cells were pre-
treated with aldosterone using a modified protocol reported
by Kemendy et al. 1992. In brief, the mature mpkCCDc14
cell monolayer was maintained for 24 h in the growth
medium supplemented with 2 % FBS and 1 pm aldoste-
rone. After 24 h, the cell monolayer was incubated in a
serum-free medium but only with aldosterone for a further
24 h. The cells were then grown in a culture medium free
of both serum and aldosterone for the final duration of
24-48 h.

Transepithelial Electrical Resistance (TEER)
Measurements

Transepithelial electrical resistance (TEER) measurements
of mpkCCDc14 cell monolayer were investigated by a
commercial epithelial volt ohmmeter (EVOM, World
Precision Instruments, USA) and an ENDOHM-24 SNAP
Chamber (World Precision Instruments, USA) as per pre-
viously published methods (Zhang et al. 2005). In brief,
TEER measurements were performed in the L15 medium
at 37 °C after the EVOM reading became stable
(~30 min). Only monolayers with a stable initial TEER of
greater than 4,000 Q cm?” were chosen for the experiments.
In order to determine whether any observed effects
involved the ENaC activity, 10 uM ENaC inhibitor amil-
oride was added to the apical side of the cell monolayer to
induce an amiloride-sensitive part of TEER measurement.

Hopping Probe Ion Conductance Microscopy (HPICM)
Imaging of Living mpkCCDc14 Cell Monolayer

The HPICM (Ionscope Ltd., UK) was set up as described
previously (Novak et al. 2009; Yang et al. 2011, 2012). In
brief, a HPICM probe was mounted on a 3D piezoelectric
translation stage. The HPICM probe consists of a glass
pipette filled with the L15 medium and plugged into an Ag/
AgCl electrode. An external Axon MultiClamp 700B
amplifier and a Digidata 1440A analog-to-digital converter
(Molecular Devices, USA) were used to monitor the ion
current passing through the probe and supply a DC voltage
of 200 mV between pipette electrode and bath electrode.
At each imaging point, the probe approached the
mpkCCDc14 cell from a starting position, and the refer-
ence ion current was measured, while the probe was well
above the cell surface. The probe then approached until the
ion currents were reduced by 0.4 %, and the position of
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z-dimensional piezo was recorded as the height of the cell
at this imaging point. The data acquisition electronics
recorded both the lateral and vertical positions of the probe,
which then can be used to generate the topographical image
of living mpkCCDc14 epithelia.

HPICM scanning pipettes were pulled from borosilicate
glasses (O.D. 1.00 mm, I.D. 0.59 mm, VitalSense Scientific
Instruments Co., China) using a laser-based puller, Model
P-2000 (Sutter Instruments Co., USA). The resistance of
scanning pipettes was ~ 100 MQ. Both the pipette solution
and bath solution were of L15 medium. The time required to
scan a 50 x 50 um area with a typical resolution of
128 x 128 pixels was about 20 min, while it was15 min for
a 30 x 30 um scanning. All HPICM experiments were
carried out at the room temperature (24 £ 2 °C).

Patch-Clamp Recording

Ion channel currents were recorded with the cell-attached
configuration of patch-clamp technique, using a MultiClamp
700B amplifier connected with a Digidata 1440A analog-to-
digital converter (Molecular Devices, USA) (Yang et al.
2011, 2012). HPICM scanning pipette was precisely con-
trolled by HPICM piezo stage to approach to the cell surface.
When a gigaohm seal was formed, successive ion channel
activities were recorded. Evoked currents were sampled at
10 kHz and low-pass filtered at 1 kHz by an eight-pole
Bessel filter. The resistance of patch-clamp pipettes was
6-10 MQ. Patch-clamp pipette solution was the same as bath
solution (in mM): 145 NaCl, 5 KCl, 1 CaCl,, 1 MgCl,, and 10
HEPES (pH 7.4). All Patch-clamp recordings were per-
formed at the room temperature (24 £ 2 °C).

Data Processing and Statistical Analysis

The HPICM images were processed and analyzed by
means of SICM Image Viewer software (Ionscope Ltd,
UK). The ion channel recordings were analyzed using
pClamp10.2 (Molecular Device, CA, USA) and Origin 8.0
software (Originlab Corporation, USA). Values were pre-
sented as mean + SEM. Statistical significance was
determined by the Student’s ¢ test. A difference between
means at level of P < 0.05 was considered statistically
significant; P < 0.005 was statistically highly significant.

Results

Early Aldosterone Action on Amiloride-Sensitive
Transepithelial Electrical Resistance (TEER)
in mpkCCDc14 Cell Monolayer

Similar to those previously published results (Bens et al.
1999; Wang et al. 2008), 1 uM aldosterone treatment

significantly increased the absolute value of amiloride-
sensitive transepithelial electrical resistance (TEER) of cell
monolayer within 3 h (Fig. 1a), which was accompanied
by the TEER reduction in whole mpkCCDc14 cell mono-
layer. This result indicated that early aldosterone action
increased the ENaC activities of whole mpkCCDc14 cell
monolayer.

To evaluate the involvement of PI3K pathway in early
aldosterone action, the mpkCCDc14 cells were pretreated
with PI3K pathway inhibitor LY294002 for 30 min before
any aldosterone stimulation (Fig. 1b). It showed clearly that
the inhibition of PI3Ks completely blocked the effects of
aldosterone on the transepithelial Nat transport of
mpkCCDc14 cell monolayer. Similarly, LY294002 inhibi-
tion effects on Na™ transport were also observed by other
research teams (Staruschenko et al. 2007; Wang et al. 2008).

Early Aldosterone Action on Cell Morphology
and ENaC Activity of mpkCCDc14 Cells

The relationship between the aldosterone-induced cell mor-
phological change and ENaC activity in mpkCCDc14 cell was
investigated by HPICM combined with patch-clamp. As a
control experiment, mpkCCDc14 cell monolayer was con-
tinuously observed with HPICM (Fig. 2). Figure 2a presents
five time-lapse images of a chosen 50 x 50 pm? area of
control mpkCCDc14 cell monolayer taken over a 3-h period.
Neither HPICM topographical images of mpkCCDc14 cell
monolayer (Fig. 2a) nor scanning profiles of solid-line-
marked cells (Fig. 2b) showed any visible changes in cell
morphology during 3-h HPICM scanning.

Figure 3a presents another series of HPICM images of
aldosterone-treated mpkCCDc14 cell monolayer taken over
a 3-h period. The mpkCCDc14 cells morphology presented
two visible change trends: changed morphology (Fig-
ure 3a, high-lighted cells with numbers of 1-3) and non-
changed morphology (Fig. 3a, cell marked with *). These
aldosterone-induced morphology-changed mpkCCDc14
cells were recruited progressively within 3 h, and the
percentage of morphology-changed cells was about 55 %
after 3-h aldosterone exposure. With the help of previously
published measurement methods for cell height and cell
volume (Korchev et al. 2000), we calculated these mor-
phology-changed cells and found that aldosterone treat-
ment increased the average values of cell height and cell
volume by about 1 um and 268 pm?, respectively. These
morphological changes were demonstrated more clearly by
HPICM scanning profiles of those solid-line-marked cells
(Fig 3b). The bottom black scanning profile represents the
solid-line-highlighted three cells in the control frame of
Fig. 3a. The blue scanning profile shows the dramatic
apical membrane elevations of these cells after 3-h aldo-
sterone stimulation.
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Fig. 1 Absolute value of amiloride-sensitive TEER measurements of

mpkCCDc14 cell monolayer. a Histogram showing the time courses
of early aldosterone (Ald) effects on the absolute value of amiloride-
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Fig. 2 HPICM images of a live mpkCCDc14 cell monolayer. a Five
images chosen from a sequence of 3-h time-lapse scanning of a
selected 50 x 50 pm area in mpkCCDc14 cell monolayer. The time
in hours from the start of the experiment is shown for each image.

In order to detect the link between ENaC activity and
aldosterone-induced cell morphology changes, HPICM
combined with patch-clamp was utilized on those mor-
phology-changed (Fig. 4a) and nonchanged mpkCCDc14
cells (Fig. 4b) (Chen et al. 2013), respectively. Electric
current traces from cell-attached recordings indicated that
aldosterone treatment significantly increased the ENaC P,
of morphology-changed cells from 0.18 £ 0.04 to
0.35 £+ 0.05 (P < 0.005, Fig. 4c). However, such aldoste-
rone-induced changes in ENaC activity were not recorded
from those morphology-nonchanged mpkCCDcl4 cells
(Fig. 4c). Single-channel conductances of both the
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morphology-changed and the nonchanged mpkCCDcl14
cells were about 4.95 £ 0.06 pS (Fig. 4d), which was
characterized to be ENaC channel property as published
previously (Staruschenko et al. 2007; Gorelik et al. 2005).

Involvement of PI3K Pathway in the Early Aldosterone
Action on Cell Morphology Changes and ENaC
Activities of mpkCCDc14 Cell

In order to investigate the involvement of PI3K pathway in
the aldosterone action on the cell morphology and ENaC
activity of mpkCCDcl14 cells, HPICM combined with
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Fig. 3 Aldosterone effects on the changes in cell morphology of
mpkCCDc14 cells. a Five images chosen from a sequence of 3-h
time-lapse scanning of a selected 50 x 50 pm area in mpkCCDc14
cell monolayer. The time in hours from the start of the experiment is
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shown for each image. b Time-dependent profile changes of the solid
line via cells marked 1-3 in a. Black trace from control “0-h” frame;
blue trace from “3-h” frame (Color figure online)

Fig. 4 lon-channel activities of aldosterone-treated mpkCCDc14
cells. a Ion current traces from a representative cell-attached
recording made on the apical membrane of aldosterone-treated
morphology-changed mpkCCDc14 cell. b A set of ion current traces
from a cell-attached patch-clamp on the apical membrane of
aldosterone-treated morphological-nonchanged mpkCCDcl14 cell.

patch-clamp was utilized again (Fig. 5). Two chosen
topographical images from a series of HPICM scanning of
mpkCCDc14 cell monolayer are presented in Fig. 5a. The
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¢ Calculated means of ion-channel open probability (P,) of
mpkCCDc14 cells in the groups of control, the aldosterone-induced
morphology-changed, and nonchanged mpkCCDc14 cells. d Current—
voltage (I-V) relation for single ion-channel of aldosterone-induced
morphology-changed and morphology-nonchanged mpkCCDc14
cells

control image was taken before any stimulation, and it
showed the expected features of intact mpkCCDc14 cell
monolayer. Pretreatment with PI3K inhibitor LY294002
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Fig. 5 Effects of LY294002 (LY) on aldosterone-induced changes in
cell morphology and ENaC activity of mpkCCDcl14 cells. a Two
images chosen from a sequence scannings of 3-h time-lapse scanning
of a selected 30 x 30 pm area of a LY294002 (LY)-pretreated
mpkCCDc14 cell monolayer in response to aldosterone (Ald)

for 0.5 h inhibited the previously observed aldosterone-
induced cell morphology changes, which even decreased
the cell height and the cell volume by about 0.2 um and
20 um’, respectively (Fig. 5a, b). Compared with patch-
clamp recordings obtained from control cells, pretreatment
with PI3K inhibitor not only inhibited the previously
observed aldosterone-induced increasing in ENaC P,, but
also significantly reduced ENaC P, to about 0.13 £ 0.04
(p < 0.05, Fig. 5d). Such PI3K inhibition that abolished
aldosterone action on ENaC activity was similar to the
previously published results (Staruschenko et al. 2007).

Discussion

In aldosterone-responsive renal epithelia, ENaC plays a
critical role in modulating homeostasis of Na™, blood
volume, and thus, chronic blood pressure (Garty and Pal-
mer 1997; Eaton et al. 2001; Palmer et al. 2012). The
regulation of ENaC activity by early aldosterone action has
been intensively studied in amphibian renal epithelial cells
(Gorelik et al. 2005), but relatively little information exists
regarding the modulation mechanisms in mammalian CCD.
With the help of HPICM combined with patch-clamp
technique and TEER measurement, we found that early
aldosterone action induced time-dependent morphological
changes in about 55 % of mpkCCDc14 cells and increased
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amiloride-sensitive Na™ currents of whole cell monolayer
within 3 h, which were similar to our previously observa-
tions in amphibian A6 cells (Gorelik et al. 2005; Zhang
et al. 2007). It is suggested that aldosterone may enhance
the release of ATP from some renal epithelial cells and
activate the basolateral purinergic receptors of their adja-
cent cells to produce rapid morphology/volume changing,
as we have described previously (Gorelik et al. 2005;
Zhang et al. 2007). However, further investigation on such
involvement of aldosterone and purinergic signaling in
mammalian CCD cells needs to be done in the future. In
this study, patch-clamp recordings of individual aldoste-
rone-treated mpkCCDc14 cell, which enabled the mor-
phology and physiological function to be correlated,
showed that the morphology of mpkCCDc14 cells changed
with the increase in ENaC activities. Moreover, an exten-
sive body of literature (Staruschenko et al. 2004, 2007;
Blazer-Yost et al. 1999; Pochynyuk et al. 2008; Helms
et al. 2005; Ma et al. 2001; Tong et al. 2004; Pochynyuk
et al. 2005; Gorelik et al. 2005) indicates that PI3K is a
crucial signaling pathway for aldosterone action. Although
PI3K is not an aldosterone-induced protein, its activity is
regulated by aldosterone in renal epithelia to produce PIP;
(Blazer-Yost et al. 1999; Helms et al. 2005), which can
enhance the P, of ENaC directly (Pochynyuk et al. 2008;
Helms et al. 2005; Ma et al. 2001; Tong et al. 2004;
Pochynyuk et al. 2005). Our observed aldosterone-induced
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changes in cell morphology, trans-epithelial Na™ transport,
and ENaC activities were markedly blocked by PI3Ks
inhibitor LY294002. It is tempting to conclude that aldo-
sterone that activates PI3K pathway, which induces change
in the anatomy of those cells that responded, can trigger the
activity of the apical ENaC in mammalian renal CCD.

ENaCs have been reported to be activated by cell
morphological changes during swelling (hypotonic stress)
and be suppressed by cell morphological changes during
shrinkage (hypertonic stress), which were mediated via
actin filament depolymerization and consequently regu-
lated the P, of ENaC (Awayda and Subramanyam 1998).
Downstream effectors of PIP; in PI3K pathway are thought
to stimulate actin polymerization and drive changes in
membrane morphology (Chen et al. 2012). Such PI3K
involving regulation of cell morphology may also partici-
pate in the mechanical force (membrane stretch)-regulated
activation of ENaC (Rozansky et al. 2002; Fronius and
Clauss 2008; Althaus et al. 2007).

It is likely that PI3K pathway is also integral to
increases in Na™ transport in response to IGF, insulin,
hydrogen peroxide, or hypotonic stress in renal epithelial
cells (Fronius and Clauss 2008; Record et al. 1998; Pa-
unescu et al. 2000; Ma 2011). Given the need for rapid and
dynamic modulation of Na™ reabsorption, it is not sur-
prising that ENaC activity can be regulated via PI3K
pathway to integrate different stimuli and a variety of
intrinsic factors. We observed that aldosterone acutely
enhanced change of cell morphology and ENaC activity
involving PI3K pathway is important in regulating ENaC
function, which not only demonstrates that HPICM com-
bined with patch-clamp technique is a powerful physio-
logical research tool, but also supports the potential for
targeting PI3K as a therapeutic approach for hypertension.
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