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In this study, the presence of Na�-permeable cation
channels was determined and characterized in LLC-PK1
cells, a renal tubular epithelial cell line with proximal
tubule characteristics derived from pig kidney. Patch-
clamp analysis under cell-attached conditions indicated
the presence of spontaneously active Na�-permeable
cation channels. The channels displayed nonrectifying
single channel conductance of 11 pS, substates, and an
�3:1 Na�/K� permeability-selectivity ratio. The Na�-per-
meable cation channels were inhibited by pertussis
toxin and reactivated by G protein agonists. Cation
channel activity was observed in quiescent cell-attached
patches after vasopressin stimulation. The addition of
protein kinase A and ATP to excised patches also in-
duced Na� channel activity. Spontaneous and vasopres-
sin-induced Na� channel activity were inhibited by ex-
tracellular amiloride. To begin assessing potential
molecular candidates for this cation channel, both re-
verse transcription-PCR and immunocytochemical anal-
yses were conducted in LLC-PK1 cells. Expression of por-
cine orthologs of the �ENaC and ApxL genes were found
in LLC-PK1 cells. The expression of both gene products
was confirmed by immunocytochemical analysis. Al-
though �ENaC labeling was mostly intracellular, ApxL
labeled to both the apical membrane and cytoplasmic
compartments of subconfluent LLC-PK1 cells. Vasopres-
sin stimulation had no effect on �ENaC immunolabeling
but modified the cellular distribution of ApxL, consistent
with an increased membrane-associated ApxL. The data
indicate that proximal tubular LLC-PK1 renal epithelial
cells express amiloride-sensitive, Na�-permeable cation
channels, which are regulated by the cAMP pathway, and
G proteins. This channel activity may implicate previ-
ously reported epithelial channel proteins, although this
will require further experimentation. The evidence pro-
vides new clues as to potentially relevant Na� transport
mechanisms in the mammalian proximal nephron.

LLC-PK1 cells constitute an established cell line derived
from normal pig kidney displaying several characteristics of
the proximal tubule (1–3). Na� transport by LLC-PK1 cells has
been associated with coupled mechanisms, including amino
acids (2), glucose (4), and inorganic phosphate co-transport (5).
Na� exchange with hydrogen ions mediated by the Na�/H�

exchanger has also been described (6). Radioisotopic Na� fluxes
in LLC-PK1 monolayers provided the first evidence for the
presence of an amiloride-sensitive electrodiffusional Na�

transport pathway (7) with several similarities to that observed
at the apical membrane of tight epithelia (8). At least one other
study determined that electrically sensitive, but pH-insensitive
Na� transport in LLC-PK1 cells displays pharmacological
characteristics different from those expected from ENaC chan-
nels (9). A preliminary patch-clamp study suggested, however,
the presence of amiloride-sensitive, Na� channel activity in
LLC-PK1 cells (10). In the present report, patch-clamping tech-
niques and membrane reconstitution assays were applied to
subconfluent LLC-PK1 cells, and membranes, respectively, to
determine whether this renal tubular epithelial cell model in-
deed expresses Na�-permeable cation channels. The data indi-
cate the presence of amiloride-sensitive Na�-permeable, 11-pS
cation channels, whose activity is modulated by the cAMP
pathway and G proteins. The presence of �ENaC and ApxL was
determined by RT-PCR.1 The expression of the gene products
was also confirmed in the LLC-PK1 cells by immunocytochem-
ical and Western blot analyses. The present data suggest that
the mammalian equivalent of Apx, ApxL, and/or �ENaC may
be components of a Na� channel complex involved in Na�

reabsorption in the mammalian proximal nephron.

EXPERIMENTAL PROCEDURES

Cell Cultures—LLC-PK1 cells (ATCC CRL1392) were grown and
kept in a Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum and 1% L-glutamine as previously described (6, 7).
The cells were grown on glass coverslips until partially confluent and
kept in humidified atmosphere at 37 °C in 5% CO2 gassed air. The 293
human embryonic kidney cells (ATCC CRL1573) were also grown and
kept in humidified atmosphere at 37 °C in 5% CO2 gassed air. A6 renal
epithelial cells derived from Xenopus laevis (ATCC CCL102) were
grown as previously described. Briefly, the cells were kept in a Coon’s
modification of Ham’s F-12 and Liebovitz’s F15 media modified to
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contain 105 mM NaCl and 25 mM NaHCO3. This mixture was supple-
mented with 10% fetal bovine serum (Invitrogen). A6 cells were also
grown and kept in humidified atmosphere at 27 °C in 5% CO2 gassed
air.

Single Channel Studies—Cell-attached and excised, inside-out
patch-clamp experiments were carried out as previously described (11,
12). Currents and command voltages were obtained and driven with a
PC-501 patch-clamp amplifier using a 10 gigaohm head stage (Warner
Instruments, Hamden, CT). The signals were filtered at 1 kHz with an
eight-pole Bessel filter (Frequency Devices, Haverhill, MA). The data
were stored in a hard disk of a personal computer and analyzed with
PClamp 6.0.3 (Axon Instruments, Burlingame, CA). The Data were
further filtered at 200 Hz for display purposes. For excised patches,
upward and downward deflections indicated the channel open state at
positive and negative holding potentials, respectively. Holding poten-
tials between � 100 mV refer to the patch-pipette. The patch-pipette
and bathing solution was 135 mM NaCl, 5.0 mM KCl, 0.8 mM MgSO4, 1.2
mM CaCl2, and 10 mM Hepes, pH 7.4. When indicated, Na� was re-
placed by an equimolar concentration of K�, and Cl was replaced by
aspartate. All other solutes remained the same.

Ion Channel Reconstitution—Lipid bilayers were formed with a mix-
ture of synthetic phospholipids (Avanti Polar Lipids, Birmingham, AL)
in n-decane as recently reported (13). The lipid mixture was made of
1-palmitoyl-2-oleoyl phosphatidylcholine and phosphatidylethanol-
amine in a 7:3 ratio. The lipid solution (�20–25 mg/ml) in n-decane was
spread with a glass rod over the 250-�m-diameter aperture of a poly-
styrene cuvette (CP13–150) of a bilayer chamber (model BCH-13;
Warner Instruments Corp.). Both sides of the lipid bilayer were bathed
with a solution containing MOPS-NaOH, 10 mM, and MES-NaOH, 10
mM, pH 7.40, and 10–15 �M Ca2�. The final Na� concentration in the
solution was �15 mM. NaCl was further added to the cis-compartment,
from which membrane vesicles were added, such that final concentra-
tions of 150 Na� and 135 Cl� were achieved in this side of the chamber.
The experiments were also conducted with Na� aspartate, with a sim-
ilar outcome. The electrical signals were recorded using a current-to-
voltage converter with a 10 Gohm feedback resistor, as per single
channel recordings (patch-clamp). Output (voltage) signals were low
pass filtered at 700 Hz with an eight pole, Bessel type filter (Frequency
Devices, Haverhill, MA). Single channel current tracings were further
filtered (see “Results”) for display purposes only. Unless otherwise
stated, pCLAMP version 5.5.1 (Axon Instruments, Foster City, CA) was
used for data analysis, and Sigmaplot Version 2.0 (Jandel Scientific,
Corte Madera, CA) was used for statistical analysis and graphics.

Reconstituted Channel Activation and Inhibition and Calculations of
Channel Open Probability—Channels reconstituted from LLC-PK1
membranes by the lipid bilayer system were activated by addition of
PKA (10 �g/ml) and MgATP (1 mM). This was conducted by one of two
methods. In some experiments, channel activity was determined under
control conditions, prior to the PKA activation procedure. Once cation-
selective channel activity was confirmed, PKA and ATP addition was
conducted to the cis-side of the chamber (see Fig. 2a, inset). Only
channels whose activity was increased (or activated by) PKA addition to
this side of the chamber were further studied. This was done to ensure
that only channels incorporated in the “correct” orientation for activa-
tion/inhibition were studied. PKA-activated channels were active for
longer than 30 min, and run-down was never observed. On the contrary,
some experiments were unfinished because high channel activity
tended to break the reconstituted membrane. Once channel activity was
confirmed and channel levels were identified on the oscilloscope, the
addition of amiloride was conducted to the trans-side of the chamber
(see Fig. 2a, inset). In most cases where identified channel activity was
observed (up to six channel levels), the open probability (po) was calcu-
lated as previously reported (36). Briefly, the po of the channel was
obtained from the following equation,

�
i�1

n�N
n�to�

N
(Eq. 1)

where to equals the total time at a given level (n) from a total channel
number (N). The po was confirmed by approximation (10%) to the value
p�o � 1 � (tc)1/N, where p�o is the po as calculated from the inverse of the
total closed time (tc), and N reflects the total channel number, as before.
For multichannel records, the mean membrane currents from various
reconstituted membranes were averaged and compared as indicated
below.

Immunocytochemistry—Immunocytochemical analysis of �ENaC
and ApxL was performed as previously described (12). Briefly, immu-

nocytochemistry analysis was conducted as follows. LLC-PK1 cells were
fixed in 5% paraformaldehyde in 0.05% phosphate buffer for 20 min at
room temperature. A goat anti-rabbit secondary Alexa fluor 594 (Mo-
lecular Probes) antibody was used at 1:800. Conversely, LLC-PK1 cells
were grown on glass coverslips for 2–4 days (80% confluent). The cells
were fixed in 5% paraformaldehyde in 0.05% phosphate buffer for 20
min at room temperature. Conversely, the cells were fixed with 4%
paraformaldehyde, 0.1% glutaraldehyde, and 5% sucrose in phosphate-
buffered saline (PBS) for 40 min at room temperature, followed by cell
permeabilization with 0.1% Triton X-100 for 5 min. After incubation
with PBS containing 1% bovine serum albumin to block nonspecific
binding (10 min), coverslips were incubated for 1 h with the primary
antibody diluted 1:100 in PBS. After extensive washing, either goat
anti-rabbit IgG coupled to CY3 (indocarbocyanine; Jackson Immuno-
Research Laboratories, West Grove, PA) was applied (1:400) or a goat
anti-rabbit secondary Alexa fluor 594 (Molecular Probes, 1:800). LLC-
PK1 cells were counterstained with Evans Blue (1:800) to assess the
cellular morphology along with channel protein staining. After further
washing in PBS, the coverslips were mounted in Vectashield anti-
fading medium (Vector Labs, Burlingame, CA) diluted 1:1 in 0.3 M Tris
base, pH 8.9, sealed, and examined with a Nikon FXA fluorescence
microscope. The images were captured using an Optronics 3-bit CCD
color camera (Optronics Engineering, Goleta, CA), and IP Lab Spec-
trum (Scanalytics, Vienna, VA) acquisition and analysis software run-
ning on a Power PC 8500 (Apple Computer, Cupertino, CA). The images
were imported as TIFF files into Adobe Photoshop 4.0.1 for size reduc-
tion and editing.

Membrane Preparations and Western Blot Analysis—The cell mem-
branes from LLC-PK1 cells were obtained according to procedures
previously described (12). Briefly, subconfluent cultures of LLC-PK1
cells were scraped and centrifuged at 3,000 rpm for 10 min at 4 °C. After
suspension in 1 ml of buffer containing 250 mM sucrose, 10 mM Tris-
base, pH 7.6, 50 mM NaCl, and 1	 protease inhibitor mixture, the cell
pellet was sonicated twice for 10 s in a sonicator (Ultrasonic Processor,
model XL2020; Misonix Inc.). Sonication was repeated after the addi-
tion of protease inhibitor buffer (9 ml). Supernatant obtained after
centrifugation for 10 min at 3,000 rpm was further ultracentrifuged at
25,000 rpm for 1h at 4 °C in an L8–80 M Ultracentrifuge (Beckman,
Palo Alto, CA), using a swing rotor SW41 Ti. The pellet was suspended
in 200 �l of protease-inhibitor buffer and used for both immunoblot
analysis and channel reconstitution (see above). The membrane prep-
aration was separated by 4–12% SDS-PAGE and electroblotted into a
polyvinylidene difluoride membrane. The blots were immunoblotted
with anti-�ENaC and anti-Apx antibodies separately (both antibodies
were a kind gift of Dr. Tom Kleyman).

Antibodies—The primary anti-Apx antibody was a rabbit polyclonal
serum raised against an Apx fusion protein containing the Apx COOH
terminus (amino acids 1194–1395) (12). Anti-�ENaC antibodies were
from CalBiochem (San Diego, CA). Primary antibodies were used at a
1:100 dilution as previously described (12). Rabbit, anti-human anti-
bodies were raised against an immunogenic synthetic peptide
(LMKGNKREEQGLGPEPAAQQPT(C)) corresponding to amino acid
residues 20–42 of the human �ENaC. Otherwise, rabbit anti-rat anti-
bodies were raised against an immunogenic peptide corresponding to
residues 44–57 (GLGKGDKREEQGLG) within the NH2-terminal in-
tracellular domain of rat �ENaC (14).

Total RNA Isolation—Total RNA was isolated from LLC-PK1, 293,
and A6 cultured cells using a TRIzoL RNA extraction kit (Invitrogen)
following the manufacturers recommended procedures. The isolated
RNA was quantified by absorbance at 260 nm and stored at �80 °C
until further use.

RT-PCR Analysis—The RT-PCR assay was performed in two steps
using ThermoScript RT-PCR System (Invitrogen). In the first step, total
RNA (nearly 2 �g) was incubated for 60 min at 55 °C with reverse
primers (0.2 �g each) for first strand cDNA synthesis. For ApxL, a
second step was conducted, including 35 PCR cycles at 96 °C (1 min).
This was followed by 55 °C (1 min) and 72 °C (3 min), and a final
extension for 10 min at 72 °C. For �ENaC, an additional hot start step
was performed 96 °C (6 min). Forward and reverse primers (0.5 �g
each) for ApxL were 5�-TGGCCACCAATTCTACCTA-3� (residues 4265–
4283) and 5�-CCGACTTCATCTTCACGAAG-3� (residues 4840–4821),
respectively, from the COOH terminus of human ApxL sequence (15)
and were used to amplify a 575-bp band. For �ENaC, forward and
reverse primers (0.5 �g each) 5�-CTGTCCGTGGTGGAGATGGCT-3�
(residues 2341–2361) and 5�-CCCTCGGCCTGGGGACCAGTA-3� (resi-
dues 2445–2425), respectively, in the conserved region of bovine �ENaC
(16) were used to amplify a 105-bp band. RT-PCR products were sepa-
rated on either 1.5 or 3% agarose gels. The amplified bands were
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subjected to automated DNA sequence analysis at the Massachusetts
General Hospital DNA Sequencing Center.

Other Reagents—Both lysine vasopressin and arginine vasopressin
(AVP; Sigma), were kept in 0.1 mM stock solutions in distilled water and
used at 10 nM and 10 �M final concentration, respectively. The catalytic
subunit of the PKA was obtained from Sigma and used at a final
concentration of 10 �g/ml. MgATP (Sigma) was used at a final concen-
tration of 1 mM. Pertussis toxin (PTX) was obtained from Peninsula
Labs. (Belmont, CA) and stored at �20 °C. The toxin was activated in a
stock solution containing 1000 mM NaCl, 20 mM Na2HPO4, pH 7.0. The
solution also contained 10 mM dithiothreitol and 1 mM NAD� as previ-
ously described (17). Activated PTX (3 �l) was added to the patch-clamp
chamber (0.3 ml). The final concentration was �100 ng/ml. GTP�S
(Sigma) was kept in a stock solution containing 10 mM Hepes, pH 7.6,
at 0 °C. The final nucleotide concentration was 100 �M.

Calculation of Na�/K� Permeability-Selectivity Ratio and Amiloride
Inhibitory Constant—The Goldman-Hodgkin-Katz equation was used
to calculate the permeability-selectivity ratio PNa/PK, using the follow-
ing equation,

PNa/PK � z2
K � Ko � exp��zKEr� � �1 � exp��zNaEr��

/�z2
Na � Nai � �1 � exp��zKEr��� (Eq. 2)

where � � F/RT, zNa is the valence of Na�, and zK is the valence of K�.
The subscripts i and o represent the intracellular and extracellular
compartments, respectively. Er is the reversal potential, and all the
other symbols represent their usual meaning.

The inhibitory constant for amiloride (Ki) on channel activity from
reconstituted LLC-PK1 plasma membranes was calculated as previ-
ously described (12). Briefly, the mean currents from reconstituted
plasma membranes were obtained in the absence and presence of var-
ious concentrations of amiloride ([Amil]). The decrease in membrane
current was calculated as percentage of control current (100 	 IAmil/ICtr)
and fitted to the equation 100 � 100 	 ([Amil]/[Amil] � Ki), represent-
ing the fractional decrease in mean current as a function of the amilo-
ride concentration. Whenever indicated, this equation was expanded to
include two independent amiloride-binding sites.

RESULTS

Functional Characterization of Na�-permeable Channels in
LLC-PK1 Cells—Single channel currents were obtained to as-
sess the functional presence of Na�-permeable cation channels
in LLC-PK1 renal epithelial cells. Under cell-attached condi-
tions, spontaneous Na� channel activity was observed in 17 of
58 experiments (29.3%). After excision, using a symmetrical
Cl-free Na� solution, spontaneous Na� channels were observed
in 65 of 148 experiments (44%; Fig. 1a). The single channel
conductance in 135 mM Na� was 11.1 � 1.20 pS (n � 9; Fig. 1b)
and did not rectify between �100 mV and �100 mV. However,
under asymmetrical Na� versus K� conditions with K� in the
bath, the single channel currents rectified, and the reversal
potential shifted from zero to �36 � 4.5 mV, indicating a
higher Na� over K� permeability-selectivity ratio (Fig. 1b).
Under these conditions, a Na�/K� permeability-selectivity ra-
tio (PNa/PK) of �3:1 was obtained by fitting the experimental
data with the Goldman-Hodgkin-Katz equation (Fig. 1b). Na�

channel activity in asymmetrical Na�/K� also displayed fre-
quent subconductance states (Fig. 1c). Diffusion of amiloride
(100 �M) from the patch pipette (see Ref. 11 for technical
details) showed a slow decrease and complete inhibition of the
Na� currents in cell-attached and excised inside-out patches
(Fig. 1d). The spontaneous Na� channel activity of LLC-PK1
cells was similar to that previously reported in A6 epithelial
cells (17–19).

Ion Channel Reconstitution and Affinity for Amiloride—To
further assess the amiloride sensitivity of the Na�-permeable
channels in LLC-PK1 cells, the plasma membranes from these
cells were reconstituted into lipid bilayers to assess for cation-
selective ion channel activity (Fig. 2). Channel activity was
observed in 11 of 14 experiments in either asymmetrical NaCl
(150/15 mM; Fig. 2a) or Na�-aspartate. Spontaneous Na�-per-
meable channel activity increased by 191% (n � 25, p 
 0.005;

Fig. 2) (or otherwise activated) by the addition of PKA (10
�g/ml) and MgATP (1 mM) to the cis-side but not the trans-side
of the reconstituted membranes (Fig. 2a, inset). Reconstituted
channels had a single channel conductance of 15.6 pS (n � 3)
and a lower subconductance state (Fig. 2b). The PKA-activated
Na�-permeable channel activity decreased by 80% after the
addition of amiloride (1 �M; Fig. 2c). To assess the affinity for
the amiloride inhibition of the Na� channel activity in LLC-
PK1 cell membranes, various concentrations of the drug were
added to the trans-side of the chamber (Fig. 2d). The addition
of 50 nM amiloride was sufficient to decrease the open proba-
bility of the channel by 30% (n � 3) as calculated under “Ex-
perimental Procedures.” The data were obtained from open and
closed times at any given current level, from best fittings of
open and closed dwell histograms (Fig. 2e). The mean currents
were also obtained before and after the addition of increasing
concentrations of the drug in multichannel records. The frac-
tional data (as percentage) were fitted to an equation rendering
a best fit of Ki � 80.4 nM (n � 7; Fig. 2f) for a single amiloride
binding site. The data were also fitted with two putative bind-
ing sites (data not shown), which was not statistically different
from the single site. The data would suggest the possibility that
either one or two Ki, namely Ki1 � 74.2 nM and Ki2 � 3.99 �M,
respectively, may be involved in binding and inhibiting 94 and
6% of the total current, respectively.

Regulation of Na�-permeable Channels in LLC-PK1 Cells—
To assess whether vasopressin, known to activate the cAMP
pathway in LLC-PK1 cells, regulates the Na�-permeable chan-
nel activity in these cells (20, 21), AVP was added to cell-
attached patches. The addition of either lysine vasopressin (10
nM) or AVP (10 �M) readily induced Na� channel activity on
otherwise quiescent cell-attached patches from LLC-PK1 cells
in 5 of 7 experiments (71%; Fig. 3a). The current-voltage rela-
tionship of the AVP-induced Na� channel activity was highly
similar to that obtained for AVP-stimulated Na� channels of
A6 cells (Fig. 3b) (19). To further assess the effect of the cAMP
pathway on Na� channel activity of LLC-PK1 cells, PKA (10
�g/ml) was also tested on quiescent excised inside-out patches
(Fig. 3c). The addition of PKA plus ATP (1 mM) induced single
channel currents (Fig. 3c, inset). Single channel open states
often showed a smaller subconductance indicated by the open
state noise distribution (Fig. 3c, histogram). Single channel
currents of both AVP stimulation and/or PKA addition showed
identical single channel conductance (Fig. 3d): 8.29 � 3.05 pS
(n � 13) versus 8.11 � 0.98 pS (n � 17). These values were
slightly lower but not statistically different from that obtained
under spontaneous conditions (p 
 0.2). The single channel
currents observed after AVP activation, however, showed
higher dispersion than that after PKA stimulation, suggesting
a difference in the substate residence times between the two
activating methods. To test whether Na� channel activity of
LLC-PK1 cells is regulated by G proteins, the effect of PTX (100
ng/ml) was assessed in excised in inside-out patches (n � 4).
Activated PTX completely blocked the spontaneous Na� chan-
nel activity (Fig. 3e, middle tracing), which reversed after the
addition of the nonhydrolyzable GTP analog, GTP�S (1 mM;
Fig. 3e, bottom tracing). This is consistent with the inhibitory
effect of PTX on the 9 pS (17) but not the lower conductance (22)
Na� channels present in A6 renal epithelial cells.

RT-PCR Detection of �ENaC and ApxL in LLC-PK1
Cells—To begin an assessment of potentially relevant proteins
associated with the Na� channel activity in LLC-PK1 cells, the
presence of porcine orthologs of both ENaC and Apx was ex-
plored. The expression of �ENaC in LLC-PK1 cells was con-
ducted with primers specific for the bovine �ENaC subunit as
previously reported (16). An expected band of 105 bp was ob-
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served after one RT-PCR cycle, consistent with the presence of
this ENaC subunit (Fig. 4a). The �ENaC mRNA of LLC-PK1
cells was highly homologous (�90%) to the human �ENaC
subunit. The mammalian isoform of the Apx gene (ApxL) was
also examined in LLC-PK1 cells by RT-PCR with specific prim-
ers from the COOH-terminal end of the human ApxL sequence
(15). PCR products of appropriate mobility were determined on
a 1.5% agarose gel using A6 cell mRNA as a positive control
(Fig. 4b). The expected band of 575 bp for the ApxL primers was
amplified from the LLC-PK1 material. The primers were also

able to detect amphibian Apx (A6 cell). The LLC-PK1 product
was more than 90% homologous to human ApxL (Fig. 4b),
suggesting the presence of a porcine ortholog of this protein in
the pig kidney cells.

Immunolocalization of �ENaC in LLC-PK1 Cells—The pres-
ence of �ENaC in LLC-PK1 cells was also determined by im-
munolocalization with anti-�ENaC antibodies. Despite strong
nonspecific immunodetection in the presence of antigenic pep-
tide (Fig. 5b), �ENaC labeling was observed in control LLC-
PK1 cells (Fig. 5a), in particular, at the intracellular level.

FIG. 1. Na�channel activity of LLC-PK1 cells. a, excised, inside-out patches from LLC-PK1 cells displayed spontaneous Na� channel activity.
Vh indicates the holding potential applied to the pipette. b, current-voltage relationship of spontaneous Na� channel activity of LLC-PK1 cells
obtained in symmetrical Na� (135 mM NaCl or Na�-aspartate, circles) or asymmetrical Na� versus K� conditions (135 mM NaCl versus KCl,
triangles). The solid lines indicate linear and Goldman-Hodgkin-Katz fittings of data under symmetrical Na� and Na�/K� conditions, respectively.
The data are the means � S.E. obtained from 17 and 7 independent experiments for symmetrical and asymmetrical conditions, respectively. c,
expanded tracings in symmetrical Na� indicate the presence of multiple single channel levels of identical conductance (top panels) and frequent
currents of higher subconductance level (bottom panels). d, amiloride blockage of Na� channel currents. Top panel, cell attached patches with
multiple spontaneous channel activity were inhibited by diffusion of amiloride (100 �M) from the patch pipette as previously described (11).
Time-dependent decay in the mean patch current is shown in the bottom panel. The data are representative of three experiments.
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Highly transporting cells (domes; Fig. 5c) showed somewhat
stronger �ENaC expression. However, no redistribution of
�ENaC labeling was detected after activation with either ly-
sine vasopressin (10 nM) or AVP (10 �M) for 5 to 15 min (Fig.
5d).

Immunolocalization of ApxL in LLC-PK1 Cells—The pres-
ence of ApxL in LLC-PK1 cells was determined by immunolo-
calization with an anti-Apx-specific antibody. This antibody
was previously used to detect Apx expression in A6 cells (23)
and Apx-transfected human melanoma cells (12). Apx labeling
was observed in control LLC-PK1 cells, in particular, at the
subapical level (Fig. 6A). Labeling was performed with anti-
Apx antibody (FITC, green labeling) and Evans Blue (red) to
stain for cellular morphology and thus assess cell integrity. In
most cases, Apx labeling was observed at the periphery of
subconfluent LLC-PK1 cell islands (Fig. 6A), suggesting that
cell growth and spreading of LLC-PK1 cells may affect ApxL

expression. AVP treatment (10 �M; Fig. 6) of LLC-PK1 cells for
15 min prior to Apx labeling displayed an increased membrane
staining for Apx. AVP treatment showed more Apx-labeled
cells (Fig. 6B). Thus, AVP not only increased Apx labeling but
also induced a redistribution of the protein in LLC-PK1 cells.

Apx(L) and �ENaC Western Blot Analysis—The possible in-
teraction between Apx(L) and �ENaC is an issue that will
further clarify the molecular structure and functional dynam-
ics of the Na�-permeable cation channels of LLC-PK1 cells. To
assess whether Apx(L) peptides and ENaC subunits may in-
teract with each other, Western blot analysis of plasma mem-
branes was conducted with antibodies used for the immunolo-
calization studies. The membranes were prepared as for the
channel reconstitution assays. The membranes were separated
into aliquots and subjected to gel electrophoresis, blotted, and
labeled with Apx and �ENaC antibodies in the absence or
presence of competing peptides. Several peptides were ob-

FIG. 2. Channel reconstitution of LLC-PK1 membranes. a, membrane-enriched preparations from LLC-PK1 cells were reconstituted into
lipid bilayers using asymmetrical 150 mM NaCl. Channel activity was either induced and/or increased by the addition of PKA (10 �g/ml) plus
MgATP (1 mM) to the cis-side of the reconstitution chamber (inset). The inset shows a schematic diagram of the reconstitution chamber where PKA
activation took place by the addition to the cis-side of the chamber, and all of the additions of the inhibitor amiloride were conducted to the
trans-side of the chamber. This ensured that only channels in a given orientation were activated and subsequently inhibited by amiloride. b,
expanded recording to indicate the presence of subconductance states. c, channel activity was activated by PKA and ATP (*, p 
 0.01, n � 17) was
also inhibited by amiloride (1 �M, **, p 
 0.05, n � 4) added to the trans-side of the chamber. d, PKA-activated channels (top tracing) were inhibited
by the addition of amiloride to the trans-side of the reconstitution chamber. In this representative case (n � 3), showing two channel levels, the
addition of 50 nM amiloride did not modify the amplitude of the channel (bottom all-point histograms). Instead, there were more frequent closings
as shown in e. e, dwell histograms indicate that no changes in the open state (left panels) but increased, longer closed states (right panels) were
induced by as little as 50 nM amiloride. This is also reflected in the one channel level currents in the all-point histograms (d, bottom panels). The
calculated open probability (36) decreased by 29% in this example (see “Experimental Procedures” for details). f, channels were inhibited by
increasing concentrations of amiloride to the trans-side of the reconstitution chamber. As in d, PKA-activated channel activity was obtained before
and after the addition of increasing concentrations of amiloride ([Amil]). The data were expressed as percentages of mean membrane currents
versus [Amil] and fitted (solid line) to indicate a single inhibitory site with Ki � 80 nM (n � 7).
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FIG. 3. Regulation of Na�channel activity in LLC-PK1 cells. a, addition of AVP (100 nM) to quiescent cell-attached patches (top tracing)
induced Na�-selective single channel activity (bottom tracing). b, single channel current-voltage relationship of LLC-PK1 Na� channels under
cell-attached conditions. The data are the means � S.E. obtained from nine experiments. c, addition of PKA (10 �g/ml) plus ATP (1 mM) to quiescent
excised inside-out patches (top tracing) induced Na�-selective single channel activity (bottom tracing). The data are representative of 10
experiments obtained in symmetrical Na�. Expanded tracing indicates the single channel current (left bottom panel), and all-point histogram
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served (Fig. 7), which were specific for either protein, including
90, 155, and 178 kDa for �ENaC labeling, and 118, 151, 178,
and 220 kDa for Apx(L). These data suggest that both proteins
(and/or peptides related to them) are present in the same
membranes. At present, the nature of the antibodies precluded
us from obtaining a co-labeling of both proteins. However,
affinity-purified actin complexes co-precipitated both proteins
after purification. This possible interaction with cytoskeleton-
associated complexes is consistent with previous reports on
Apx-ENaC complexes in A6 cells (24) and will be further ex-
plored elsewhere (data not shown).

DISCUSSION

The first step in electrodifussional Na� transport across
distal renal epithelia entails its selective movement into the
cytosol through apical cation-selective channels. Little infor-
mation is available, however, about the presence and potential
physiological roles of ion channels responsible for apical Na�

channel activity in proximal tubular cells. As much as 10% of
the apical Na� conductance in the proximal nephron may be
accounted for by electrodifussional pathways (25). However,
the possibility that the mammalian proximal tubule expresses

(right bottom panel), showing that the open state contains a smaller subconductance state. d, current-voltage relationship of AVP-induced (circles)
and PKA-induced (triangles) Na� channel activity in LLC-PK1 cells. AVP data were obtained after excision of AVP-treated cells under cell-attached
conditions and direct addition of PKA and ATP under excised conditions. Both single channel conductances were identical, although higher
dispersion is observed for the AVP-treated data. This is suggestive of frequent presence of subconductance states. The data are the means � S.E.
from 13 and 17 experiments for AVP and PKA treated cells, respectively. e, Na� channel activity obtained either under spontaneous conditions (top
tracing) and/or AVP treatment was completely inhibited by the addition of activated pertussis toxin (100 ng/ml, middle tracing). This effect was
rapidly reversed after the addition of GTP�S (1 mM, bottom tracing). The data are representative of four experiments.

FIG. 4. RT-PCR of LLC-PK1 mRNA. a, the presence of �ENaC in total RNA from LLC-PK1 cells was determined by RT-PCR (Left) with
primers selective for the � subunit of bovine ENaC (16). Positive control was conducted with mRNA from human 293 embryonic kidney cells. PCR
products were separated on 3% agarose gel, indicating the 105-bp expected band. Right panel, sequence comparison of the RT-PCR product from
LLC-PK1 and human �ENaC, indicating very high homology. b, left panel, the presence of ApxL in total RNA from LLC-PK1 cells was determined
with primers selective for the human homolog of Apx (ApxL, as originally reported (15)). Lane 1, nucleotide ladder; lane 2, negative control; lane
3, LLC-PK1 RT-PCR material; lane 4, RT-PCR material from A6 cells. The amplified products of RNA isolated from LLC-PK1 and A6 cells is
further shown in the bottom panel, indicating that the ApxL primers effectively recognized amphibian Apx. The arrow indicates the predicted
575-bp band. Right panel, nucleotide sequence comparison of LLC-PK1 RT-PCR product with human ApxL. High homology is observed.
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Na�-permeable cation channels is a still an open question.
Early evidence suggested the presence of Na� channels in
brush border membranes of the renal proximal tubule. This
includes NMR measurements of rapid Na� exchange (26) and
the hyperpolarizing effect of amiloride on the apical membrane
of mouse straight proximal tubules (27). More direct evidence
for the presence of amiloride-sensitive Na� channels (12 pS)
has been provided by patch-clamp studies of apical membranes
from rabbit late (pars recta) (28) and rat (29) proximal tubules.
The molecular nature of Na�-permeable cation channels in
proximal tubule preparations is still unknown. A cGMP-gated,
amiloride-sensitive, nonselective, 28-pS channel has been re-
ported in proximal tubules (30). Further, Willmann et al. (29)
demonstrated the presence of an amiloride-sensitive Na�-per-
meable conductance in rat proximal tubules. In that study, the
presence of �, �, and �-ENaC message was determined. The
single channel conductance and the actual involvement of
ENaC subunits in this Na� conductance, however, were not
assessed. The consensus and previous evidence would indicate
that the mammalian proximal convoluted tubule does not ex-
press a functional ENaC channel (31–33).

LLC-PK1 cells are a useful in vitro renal tubular epithelial
cell model with several properties of the pars recta of the
proximal tubule (1). Several Na� transport mechanisms have
been previously described in LLC-PK1 cells (2, 3). Earlier stud-
ies from our laboratory determined the presence of electrodif-
fusional Na� transport in LLC-PK1 cells (7). Based on its
contribution to the resting membrane potential, its high affin-
ity for amiloride, and blockage by extracellular La3� (7), this
Na� pathway was deemed consistent with the possible pres-
ence of Na�-permeable channels in these cells. At least one
earlier preliminary patch-clamping study supported this con-
tention (10).

To investigate whether Na�-permeable channels are present
in LLC-PK1 cells, in the present study we applied patch-clamp-
ing techniques to these cells. Single channel currents were
observed in cell-attached and excised, inside-out patches of
LLC-PK1 cells. Spontaneous Na�-selective channel currents
displayed an 11-pS single channel conductance and a 3:1

Na�/K� permeability-selectivity ratio. AVP under cell-at-
tached conditions and PKA and ATP under excised conditions
activated the Na�-permeable channels in LLC-PK1 cells. Both
spontaneous and cAMP-activated single channel currents in
LLC-PK1 cells were similar to the 9-pS Na� channels previ-
ously observed in A6 renal epithelial cells (11, 17–19). How-
ever, depending on the activation process, channels showed
different kinetics (Figs. 1a and 2) and frequent subconductance
states of 8 and 3 pS, respectively. Similar findings were ob-
served by channel reconstitution of LLC-PK1 cell membranes
in a lipid bilayer, although the single channel conductance was
slightly higher under these conditions. This channel activity is
consistent with the expression of Apx but not ENaC in A6 renal
epithelial cells.

The molecular identity of the Na� channels present in LLC-
PK1 cells will require further experimentation. Nevertheless,
inhibition by activated PTX (Fig. 2) and reversal by GTP�S are
both consistent with previous evidence of G protein regulation
of Apx (17). The highly selective, 4-pS, amiloride blockable Na�

channel (the Na�/K� permeability-selectivity ratio � 30), ex-
pected to be the ENaC phenotype in A6 cells, in contrast, is
actually activated by PTX and inhibited by GTP analogs (22).
This channel phenotype is not activated by cholera toxin (22), a
maneuver mimicking the AVP response in LLC-PK1 cells,
which increased surface labeling of ApxL but not ENaC in
LLC-PK1 domes.

To initiate a characterization of membrane proteins poten-
tially associated with the Na� channel activity of LLC-PK1

FIG. 6. Immunocytochemical labeling of ApxL in LLC-PK1
cells. A, a, subconfluent monolayers of LLC-PK1 cells were immunola-
beled with anti-Apx antibody (FITC, green) and Evans Blue to counter-
stain for cellular morphology. b, labeling in the presence of immuno-
genic peptide (15 �g/ml) indicated low nonspecific immunoreactivity.
The images were obtained at 40	. c, strongest ApxL labeling was
observed in peripheral cells. d, Apical ApxL was clearly observed (X60).
B, a, ApxL labeling of control, subconfluent cell islands was stronger in
peripheral and weaker in internal cells. b, dramatic Apx redistribution
was observed after treatment with AVP (10 �M). AVP-treated cells
displayed an increase in both apical and intracellular ApxL staining.
The images were observed at 40	. The data are representative of at
least three experiments.

FIG. 5. Immunocytochemical labeling of �ENaC in LLC-PK1
cells. a, subconfluent monolayers of LLC-PK1 cells were immunola-
beled with the anti-�ENaC antibody. The �ENaC labeling was largely
intracellular. Images were observed at 20	. b, nonspecific labeling was
observed, however, in the presence of �ENaC immunogenic peptide (15
�g/ml). c, �ENaC labeling was also observed in domes of fluid trans-
porting cells. d, �ENaC immunolabeling was not modified by the pres-
ence of AVP (10 �M). The data are representative of two or three
experiments under each condition.
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cells, RT-PCR analysis was conducted in mRNA from these
cells. LLC-PK1 subconfluent monolayers expressed porcine or-
thologs of �ENaC and ApxL, the human homolog of Apx (15). A
molecular complex containing both Apx and �ENaC has been
observed in A6 epithelial cells (24), suggesting that the two
proteins may be associated and functionally implicated in yet
to be characterized channel complexes. Nevertheless, the pres-
ence of a functional ENaC in proximal tubule preparations is
still a matter of debate. Duc et al. (31) were unable to detect
ENaC in the mammalian proximal tubule. Greger’s group,
however, reported an amiloride-sensitive change in transepi-
thelial potential and mRNA for �, �, and �-ENaC subunits in
rat proximal tubules (29). The evidence in this report does not
unequivocally ascribe either ENaC subunits or Apx(L) proteins
to the Na� channel complex in LLC-PK1 cells but rather pro-
vide preliminary evidence to indicate that one of these proteins
alone, in a complex, or in association with yet to be identified
membrane proteins may be responsible for this channel activ-
ity as in other cells. It is also important to note that LLC-PK1
cells express V2 vasopressin receptors, and a robust cAMP
stimulatory response is not expected in proximal convoluted
tubules of the mammalian nephron. Because the proximal tu-
bular transport properties of the porcine kidney are still largely
unknown, further investigations will be required to identify the
various contributors to this channel activity. Full cloning and
sequencing of the proteins described in this report are required
before other proteins are assessed, including ENaC isoforms.

The presence and vasopressin-induced redistribution of
Apx(L) in LLC-PK1 cells is of particular interest, because the
channel properties and regulation are most consistent with
Apx-associated channel activity. Apx is a 120–170-kDa protein
(23) associated with the apical epithelial Na� channel complex
originally purified by Benos and collaborators (34). The 150-
kDa subunit of the A6 Na� channel complex displays channel
activity in lipid bilayers (35). Thus, Apx and the 150-kDa
subunit may represent the same transmembrane protein, and
the possibility was originally raised that Apx may be the pore-
bearing component of a renal epithelial Na� channel. The
original study failed to detect amiloride-sensitive Na� channel

activity after Apx expression in Xenopus oocytes (23). However,
studies from our laboratory (12) demonstrated that expression
of Apx in ABP-280-deficient human melanoma cells is associ-
ated with 9-pS Na� channel activity, similar to that reported in
the present study. This channel is also functionally similar to
the 9-pS apical Na� channel of A6 cells (11, 17–19, 36). Apx-
mediated Na�-permeable ion channel currents are regulated
both by PKA and actin (12). Thus, the AVP and PKA regulation
of the 11-pS Na� channel in LLC-PK1 cells share similarities
with the 9-pS Na� channels observed in A6 amphibian epithe-
lial cells (11, 19, 37). Although Apx is an amphibian protein, a
mammalian homolog of the Apx gene, ApxL, has been cloned
from human retina, which was also detected in brain, placenta,
lung, pancreas, and kidney (15). The Apxl gene encodes a
1616-amino acid protein sharing significant sequence homol-
ogy with Apx. The sequence homology of the LLC-PK1 gene
product indicates the presence of a porcine ortholog of ApxL. It
is important to indicate, however, that ApxL channel function
is not demonstrated in this study. Further investigation will be
required to assess whether the sequence homology between the
amphibian Apx and the porcine ortholog of ApxL extend to
their functional properties.

Because of the presence of both �ENaC and ApxL gene
products in LLC-PK1 cells, the possibility exists for the Na�

channel observed to be a reflection of either one of these chan-
nel proteins and/or a complex including both proteins. Several
peptides of putative similarity with both ENaC and ApxL were
co-expressed in LLC-PK1 membranes. This is in agreement
with studies by Smith and co-workers (24), who determined the
presence of a cytoskeletal complex associated with both ENaC
and Apx in A6 renal epithelial cells. In conclusion, the present
data determined the presence of an amiloride-sensitive 11-pS
Na�-permeable cation channel in LLC-PK1 cells. Potential lim-
itations arise from studies on cultured cell lines as it pertains
to extrapolations to in vivo tissues and the kidney. Neverthe-
less, the presence of Na�-permeable channels in LLC-PK1 cells
may be relevant for a better understanding of Na� reabsorp-
tion in the mammalian proximal nephron previously thought to
be devoid of Na�-permeable channels.
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