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Abstract. Na™ /K *-ATPase plays a key role in the
transport of Na* throughout the nephron, but age-
ing appears to be accompanied by changes in the
regulation and localization of the pump. In the
present study, we examined the effect of in vitro cell
ageing on the transport of Na* and K™ ions in
opossum kidney (OK) cells in culture. Cells were aged
by repeated passing, and Na™ /K" -ATPase activity
and K™ conductance were evaluated using electro-
physiological methods. Na™K *-ATPase o;— and B-
subunit expression was quantified by Western blot
techniques. Na™/H™ exchanger activity, changes in
membrane potential, cell viability, hydrogen peroxide
production and cellular proliferation were deter-
mined using fluorimetric assays. In vitro cell ageing is
accompanied by an increase in transepithelial Na™
transport, which results from an increase in the
number of Na™ /K "-ATPase o,- and B,-subunits, in
the membrane. Increases in Na™ /K "-ATPase activ-
ity were accompanied by increases in K* conduc-
tance as a result of functional coupling between Na */
K*-ATPase and basolateral K* channels. Cell
depolarization induced by both KCl and ouabain was
more pronounced in aged cells. No changes in Na™/
H™* exchanger activity were observed. H,O, pro-
duction was increased in aged cells, but exposure for
5 days to 1 and 10 pm of H,0, had no effect on Na™/
K *-ATPase expression. Ouabain (100 nm) increased
o-subunit, but not P;-subunit, Na*/K*-ATPase
expression in aged cells only. These cells constitute an
interesting model for the study of renal epithelial cell
ageing.
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Introduction

The kidney plays an important role in the regulation
of blood pressure through modulation of sodium
transport across the proximal tubules. Sodium- and
potassium-activated adenosine triphosphatase (Na "/
K *-ATPase), the major Na ' transporter in renal
basolateral epithelia throughout the nephron, is an
oligomeric transmembrane protein composed of two
main subunits, o and B, the o subunit being the
catalytic domain of Na /K ™-ATPase (Feraille &
Doucet, 2001). This enzyme catalyzes ATP-depen-
dent transport of three sodium ions out of and two
potassium ions into the cell per pump cycle, gener-
ating a sodium gradient across the cell. It is well
established that changes in luminal Na™ entry pro-
ceed in concert with changes in Na™ /K" -ATPase
and K* conductance (Beck, Laprade & Lapointe,
1994; Mauerer, Boulpaep & Segal, 1998; Muto et al.,
2003). ATP-regulated K* channels (Karp) allow
recycling of K™ taken by Na* /K " -ATPase (Warth,
2003). Apical sodium entry stimulates Na™ /K-
ATPase activity and opening of Katp channels,
which mediate hyperpolarization of the basolateral
membrane, facilitating the Na* reabsorption and
K™ recycling required for continued Na™ /K *-AT-
Pase pump turnover (Gomes & Soares-da-Silva,
2003; Noulin et al., 2001; Warth, 2003).

In the kidney, ageing processes cause several
structural and functional changes that include a de-
cline in renal blood flow and glomerular filtration rate
(Knapowski, Wieczorowska-Tobis & Witowski, 2002;
Lindeman, 1990). Several studies have documented
deficiencies in the renal dopamine-dependent natri-
uretic system of old rats (Armando et al., 1995;
Fukuda, Bertorello & Aperia, 1991; Kansra, Hussain
& Lokhandwala, 1997; Mancini et al., 1991; Meister,
Bean & Aperia, 1993; Meister et al., 1992; Soares-da-
Silva & Fernandes, 1991; Tenore et al., 1997). In old



164

Fisher 344 rats, dopamine failed to inhibit renal Na ™/
K "-ATPase activity, which was accompanied by a
reduced number of dopamine receptors and defec-
tive coupling with G proteins (Asghar, Hussain &
Lokhandwala, 2002; Kansra et al., 1997). Overex-
pression of protein kinase C (PKC)-BI and PKC-9
paralleled an increase in PKC activity in the proximal
tubules of old Fisher rats, which may be responsible
for hyperphosporylation of Na ™ /K " -ATPase and the
diminished dopamine-induced inhibition of Na ™ /K *-
ATPase activity (Asghar, Hussain & Lokhandwala,
2003). On the other hand, delocalization of a;-subunit
Na /K "-ATPase in the proximal tubules of aged
Fisher rats (Jung et al.,, 2004) and increases in
oy-subunit Na™ /K -ATPase abundance in aged
Milan hypertensive rats (Ferrandi et al., 1996) have
been reported.

Several groups have reported that ageing of cell
lines by serial passing is accompanied by changes in
morphology and physiology of the cells (Arthur,
2000; Cottam & Milner, 1997; Huang et al., 2001;
Yu, Cook & Sinko, 1997). In vitro cellular ageing is
considered a useful model for investigating some of
the functional changes associated with cellular age-
ing (Blalock, Porter & Landfield, 1999; Huang et al.,
2001; Moon, Cha & Kim, 2003; Porter et al., 1997;
Xiong et al., 2004). Established cell lines of renal
origin are frequently used as models for analyzing
renal transport functions and their regulation. The
opossum kidney (OK) renal epithelial cell line was
derived from the kidney of a female American
opossum and has been widely used as a model of
proximal renal tubules (Koyama et al., 1978). OK
cells express renal transport systems that are char-
acteristic of proximal tubules and comprise the only
renal epithelial cell line possessing high-affinity
parathyroid hormone (PTH) receptors coupled to
both activation of adenylyl cyclase and inhibition
of the Na'-dependent phosphate cotransporter
(Caverzasio, Rizzoli & Bonjour, 1986; Cole et al.,
1987; Malmstrom & Murer, 1986; Teitelbaum et al.,
1986). Cole and coworkers (1989) described three
clonal sublines of OK cells, on the basis of limiting
dilution processes, that are morphologically and
functionally distinct from parental cells. More re-
cently, our laboratory isolated two different sub-
populations of OK cells with origin in the same
batch (Gomes et al., 2002).

The aim of the present work was to examine
whether in vitro cellular ageing induces changes in the
ionic transport properties of proximal tubular cells.
The major Na " transporters on the apical side (Na "/
H™" exchanger) and on the basolateral side (Na ™/
K" -ATPase) as well as K™ transport activity were
evaluated. Na™ /K "-ATPase expression and regula-
tion by ouabain and hydrogen peroxide were also
evaluated.
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Materials and Methods
CELL CULTURE

OK cells (ATCC 1840 CRL, batch number 2129181), obtained
from the American Type Culture Collection (Rockville, MD) at
passage 36 of culture, were maintained in a humidified atmosphere
of 5% C0O,-95% air at 37°C. Cells were grown in minimum essential
medium (Sigma, St. Louis, MO) supplemented with 10% fetal
bovine serum (Sigma), 100 U/ml penicillin G, 0.25 pg/ml ampho-
tericin B, 100 pg/ml streptomycin (Sigma) and 25 mm N-2-hy-
droxyethylpiperazine-N'-2-ethanosulfonic acid (HEPES, Sigma).
The medium was changed every 2 days, and cells reached conflu-
ence 3-5 days after initial seeding. For subculturing, the cells were
dissociated with 0.05% trypsin-ethylenediaminetetraacetic acid
(EDTA, Sigma), split 1:5 and subcultured in a 21-cm? growth area
(Costar, Badhoevedorp, The Netherlands). Twenty-four hours
prior to experiments, the cell medium was free of fetal bovine
serum. For electrophysiological studies, the cells were seeded onto
polycarbonate filter supports (Snapwell, Costar) at a density of
13,000/well and experiments were performed 4 days after initial
seeding.

CELL PROLIFERATION

Cell proliferation was evaluated with the CYQUANT Cell Prolif-
eration Assay Kit (Molecular Probes, Eugene, OR), which pro-
duces large fluorescence enhancements upon binding to cellular
nucleic acids. OK cells were seeded onto 96-well plates (Costar) at a
density of 2,000/well and incubated at 37°C for 9, 24 and 48 h.
Plate cultures were harvested by inverting the plates onto paper
towels to remove growth medium without disrupting adherent cells
and frozen at —70°C. On the day of the experiment, cells were
thawed at room temperature and 200 pl of CyQUANT GR dye/
lysis buffer (prepared following the manufacturer’s protocol) was
added to each sample well. Samples were incubated for 5 min at
room temperature and protected from light. Fluorescence was
measured using a microplate spectrofluorometer (Spectramax
Gemini; Molecular Devices, Palo Alto, CA) at excitation and
emission wavelengths of 480 and 520 nm, respectively.

NA*/K*-ATPASE ACTIVITY

Na*/K"-ATPase activity was examined in OK cells grown on
polycarbonate filters (Snapwell, Costar) mounted in Ussing
chambers bathed with the Krebs-Henseleit solution, gassed with
5% CO,-95% O, and maintained at 37°C. The standard composi-
tion of the Krebs-Hensleit solution was (in mm): NaCl 118, KCl
4.7, NaHCOj; 25, KH,PO, 1.2, CaCl, 2.5 and MgSO, 1.2, with pH
adjusted to 7.4 after gassing with 5% CO, and 95% O,. The apical
bathing solution contained mannitol (10 mM) instead of glucose
(10 mm) to avoid entry of apical Na™ through the Na " -dependent
glucose transporter. In Na " -free Krebs-Henseleit solution, NaCl
was replaced with choline chloride and NaHCO; with choline
bicarbonate. In K*-free Krebs-Henseleit solution, KCl was
substituted with cesium chloride. The concentration-response
relationship of the short-circuit current (/) was determined by
bathing the apical cell monolayer with Krebs with increased Na*
concentrations over the range 0-143 mm without affecting the
concentration of other ions. After 5-min stabilization, monolayers
were continuously voltage-clamped to zero potential differences by
application of an external current, with compensation for fluid
resistance, by means of an automatic voltage current clamp (DVC
1000; World Precision Instruments, Sarasota, FL). Cells were
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allowed to stabilize for a further 25 min before permeabilization of
apical membrane with amphotericin B (1.0 pg/ml); this period was
also used for exposure of cells to test compounds. Under these
conditions, the resulting /. is due to Na" transport across the
basolateral membrane (Gomes, Vieira-Coelho & Soares-da-Silva,
2001). The voltage-current clamp unit was connected to a personal
computer by means of a BIOPAC MP1000 data acquisition system
(BIOPAC Systems, Goleta, CA). Data were analyzed with Acq-
Knowledge 2.0 software (BIOPAC Systems).

BasoLATERAL MEMBRANE K * CONDUCTANCE

Cell monolayers were mounted in Ussing chambers in the presence
of an apical to basolateral K™ gradient (80:5 mm), while the Na ™"
concentration was maintained at 25 mm at both sides of the
monolayers, gassed with 5% CO,-95% O, and maintained at 37°C.
NacCl in the apical solutions was replaced with KCI (75 mm), and
NacCl in the basolateral bathing solution was replaced with choline
chloride (75 mm). The modified Krebs-Heinseleit solution con-
tained (in mm) 25 NaCl, 5 KCI, 25 choline HCOs3, 1.2 KH,POy, 2.5
CaCl, and 1.2 MgSOy, with pH adjusted to 7.4. After 5-min sta-
bilization, monolayers were continuously voltage-clamped to zero
potential as mentioned above. Ouabain (100 um) was added to the
basolateral bathing solution to inhibit Na*/K"-ATPase, and after
25 min apical plasma membrane was permeabilized with ampho-
tericin B (3 pg/ml). Test drugs were usually added to the bath
solution 20-30 min before the addition of amphotericin B. The
resulting /. is due to the movement of K™ (Ix) through channels in
the basolateral membrane (DuVall, Guo & Matalon, 1998; Gomes
& Soares-da-Silva, 2002a). The concentration-response relationship
of the Ix was determined by bathing the basal cell monolayer with
Krebs with increased K* concentrations over the range 5-80 mwm
without affecting the concentration of other ions.

MEMBRANE POTENTIAL

Changes in membrane potential were monitored with the bisoxonol
fluorescent dye bis-(1,3-dibutylbarbituric acid) (DiBACy4[3]). Cells
cultured in 96-well plates (Costar) were rinsed twice with assay
buffer (in mm: 20 HEPES, 120 NaCl, 2 KCl, 2 CaCl,, 1 MgCl, and
5 glucose, pH 7.4, at 25°C) containing 5 pM DiBACy(3) and then
incubated for 30 min in 200 pl buffer solution containing 5 pM
DiBAC,(3) to ensure dye distribution across the cell membrane.
Ouabain (100 um) and KCI (50 mm) were added to the incubation
medium, and changes in fluorescence were monitored for 35 min by
sampling every 5 s at excitation and emission wavelengths of 488
and 520 nm, respectively. Changes in fluorescence were corrected
for background.

INTRACELLULAR PH MEASUREMENT AND
Na*/H* EXCHANGER ACTIVITY

Intracellular pH was measured as previously described (Gomes &
Soares-da-Silva, 2004; Gomes et al., 2001). At days 4-5 after
seeding, cells cultured on 96-well plates (Costar) were incubated at
37°C for 40 min with 5 pm of the acetoxymethyl ester of 2’,7’-
bis(carboxyethyl)-5(6)-carboxyfluorescein (BCECF-AM). Cells
were then washed twice with prewarmed dye-free modified Krebs
buffer before initiation of the fluorescence recordings. Cells were
placed in the sample compartment of a dual-scanning microplate
spectrofluorometer (Spectramax Gemini, Molecular Devices), and
fluorescence was measured every 19 s, alternating between 440 and
490 nm excitation at 535 nm emission, with a cut-off filter of 530
nm. The ratio of intracellular BCECF fluorescence at 490 and 440
nm was converted to intracellular pH values by comparison with
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values from an intracellular calibration curve using the nigericin
(10 pm) and high-K* method (Gomes & Soares-da-Silva, 2004;
Gomes et al., 2001).

Na®/H" exchanger activity was assayed as the initial rate of
pH; recovery after an acid load imposed by 20 mm NH4CI followed
by removal of Na™ from the Krebs modified buffer solution (in
mMm: NaCl 140, KCl 5.4, CaCl, 2.8, MgSO,4 1.2, NaH,PO,4 0.3,
KH,PO, 0.3, HEPES 10 and glucose 5, pH 7.4, adjusted with Tris
base), in the absence of CO,/HCO; (Gomes & Soares-da-Silva,
2004; Gomes et al., 2001). In these experiments, NaCl was replaced
by an equimolar concentration of tetramethylammonium chloride
(TMA).

CELL VIABILITY

Cell viability was measured using calcein-AM (Molecular Probes),
as previously described (Pedrosa & Soares-da-Silva, 2002). Mem-
brane-permeant calcein-AM, a nonfluorescent dye, is taken up and
converted by intracellular esterases to membrane-impermeant cal-
cein, which emits green fluorescence. After treatment, cells were
washed twice with Hanks medium (in mm: NaCl 137, KCI 5,
M¢gSO, 0.8, Na,HPO, 0.33, KH,PO, 0.44, CaCl, 0.25, MgCl, 1.0,
Tris HCI 0.15 and sodium butyrate 1.0, pH 7.4) and loaded with
2 uM calcein-AM in Hanks medium at room temperature for 30
min. Fluorescence was measured at 485 nm excitation and 530 nm
emission wavelengths in a multiplate reader (Spectramax Gemini).
Six wells were treated with ethanol 30 min before calcein-AM
addition, and the readings obtained were used for background
correction.

HyYDROGEN PEROXIDE PRODUCTION

H,0, was measured fluorometrically using the Amplex™ Red
Hydrogen Peroxide Assay Kit (Molecular Probes), as previously
described (Pedrosa & Soares-da-Silva, 2002). Amplex Red is a
fluorogenic substrate with very low background fluorescence that
reacts with H,O, with a 1:1 stoichiometry to produce a highly
fluorescent reagent (Mohanty et al., 1997). Measurement of H,O,
accumulation was followed in extracellular medium. Fluorescence
intensity was measured in a multiplate reader (Spectramax Gemini)
at an excitation wavelength of 530 nm and emission wavelength of
590 nm at room temperature. The concentration of H,O, was
calculated using a resorufin-H,0, standard calibration curve.

IMMUNOBLOTTING

OK cells grown for 5 days were rinsed twice with cold phosphate-
buffered saline (PBS) and lysed by the addition of radioimmuno-
precipitation assay buffer (150 mm NaCl, 50 mm Tris-HCI [pH 7.4],
S mm EDTA, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1%
sodium dodecyl sulfate [SDS]) containing protease inhibitors:
100 pg/ml phenylmethyl sulfonyl fluoride, 2 pg/ml leupeptin and
2 pg/ml aprotinin. Cells were scraped, briefly sonicated, incubated
on ice for 1 h and centrifuged (13,000 rpm for 45 min). Clarified
supernatants were used fresh or stored at —70°C. Proteins were
mixed with 6x sample buffer (0.35 m Tris-HCl, 4% SDS, 30%
glycerol, 9.3% dithiothreitol [pH 6.8], 0.01% bromophenol blue)
and warmed at 37°C for 15 min. Equal amounts of total protein (10
ng) were separated on a 7.5% SDS-polyacrylamide gel and elec-
trotransferred to a nitrocellulose membrane in Tris-glycine transfer
buffer containing 20% methanol. For the assay of o;-subunit Na ™/
K *-ATPase abundance, membranes were blocked in 3% nonfat
dry milk in PBS-Tween (PBS [pH 7.4] containing 0.05% Tween 20)
for 20 min and then incubated overnight at 4°C with anti-o;-sub-
unit Na* /K "-ATPase primary antibody, diluted 1:10,000 in 3%



166

nonfat dry milk in PBS-Tween (Upstate Biotechnology, Lake
Placid, NY). For the assay of B-actin abundance, membranes were
blocked in 5% nonfat dry milk in PBS-Tween overnight and then
incubated for 1 h with anti B-actin primary antibody, diluted
1:15,000 in 5% nonfat dry milk in PBS-Tween. The immunoblots
were subsequently washed, incubated with peroxidase-conjugated
secondary antibody and diluted 1:3,000 in 3% nonfat dry milk in
PBS-Tween (Santa Cruz Biotechnology, Santa Cruz, CA); the
reaction was visualized by enhanced chemiluminescence using the
ECL system (Amersham, Arlington Heights, IL). For experiments
performed with nontoxic concentrations of H,O, (1 and 10 um)
and ouabain (100 nm), cells were grown for 5 days in the presence
of the drug and the medium was changed daily. The densities of the
appropriate bands were determined with Quantity one (Bio-Rad,
Hercules, CA). For the assay of Na'/K'-ATPase PB;-subunit
abundance, the membrane was blocked in 3% nonfat dry milk in
PBS for 1 h and then incubated overnight at 4°C with a mouse
monoclonal anti-B;-Na™ /K *-ATPase primary antibody (Santa
Cruz Biotechnology), diluted in 3% nonfat dry milk in PBS. The
immunoblots were subsequently washed and incubated with 0.5 pg/
ml of fluorescently labeled goat anti-mouse secondary antibody
(AlexaFluor 680, Molecular Probes) for 90 min at room tempera-
ture and protected from light. The membrane was washed and
imaged by scanning at 700 nm with an Odyssey Infrared Imaging
System (LI-COR Biosciences, Lincoln, Nebraska, USA).

DruaGs

Amphotericin B, ouabain, BaCl, and glybenclamide were pur-
chased from Sigma. BCECF-AM, DiBAC4(3) and the CYQUANT
Cell Proliferation Assay Kit were purchased from Molecular
Probes.

DATA ANALYSIS

Arithmetic means are given with standard error of the mean (SEm)
and geometrical means with 95% confidence values. Statistical
analysis was carried out with a one-way analysis of variance fol-
lowed by Newman-Keuls test for multiple comparisons. P < 0.05
was assumed to denote a significant difference.

Results
CELL PROLIFERATION

Over time in culture the same cell line can exhibit
different functional characteristics due to the selec-
tion of fast-growing clones. In the present study, all
experiments were performed with a single batch of
relatively young (36 passages) OK cells. Cells used in
subsequent evaluations were kept in culture approx-
imately over 30 cell passages, namely from cell pas-
sage 40 to 70, which corresponds to 5 months of
culture. CYQUANT cell proliferation assay, a fluo-
rescent indicator of cell number based on the fluo-
rescence exhibited by the CyQUANT GR dye upon
binding to nucleic acids, was used to determine the
proliferative capacity of young and aged OK cells, at
passages 40 and 70, respectively. Cells were seeded at
equivalent densities on a microplate, and fluorescence
was measured 9, 24 and 48 h after seeding. Linear

E. Silva et al.: Na¥ /K" -ATPase Overexpression

700 1
600 -

Cell proliferation
(Arbitrary Units)

w A O
o O O o
o O O O

= N
o
)
1

O passage 40
® passage 70

o
L

0 10 20 30 40 50 6
Time (h)

Fig. 1. Cellular proliferation of OK cells in culture using the Cy-
QUANT assay. Young and aged cells were plated at equal density
and cultured in standard growth medium for 9, 24 and 48 h.
Symbols represent the mean of 24 experiments per group; lines
show error bars.

regression analysis of cultured OK cells showed no
differences in their ability to proliferate (Fig. 1); the
rate of proliferation (arbitrary fluorescence per hour)
was 10.0 £ 0.3 and 10.2 + 1.0 at cell passages 40
and 70, respectively.

NA*/K*-ATPASE ACTIVITY AND EXPRESSION

Na /K -ATPase activity was evaluated using an
electrophysiological method in which cell monolayers
were continuously monitored for changes in 7 after
the addition of amphotericin B (1.0 pg/ml) to the
apical cell side to increase the Na* delivered to Na ¥/
K "-ATPase. The amphotericin B (1.0 pg/ml)-in-
duced increase in I, was inhibited by ouabain
(100 pm) and by removal of apical Na® (NaCl re-
placed with choline chloride and NaHCO; with
choline bicarbonate) by 79% and 92%, respectively
(Fig. 2). Removal of K" from the solution bathing
the basolateral cell side (substitution by cesium
chloride) markedly attenuated (87% reduction) the
amphotericin B-induced increase in I,.. However,
blockade of basolateral K channels with BaCl, (1 m
M) applied from the basolateral cell side failed to af-
fect the amphotericin B-induced increase in Iy
(Fig. 2). As shown in Figure 3, the increase in /. (in
tA/ecm?) induced by 0.6 and 1.0 pg/ml amphotericin
B increased with the number of cell passages and was,
therefore, largely dependent on the age of the cell
line. However, 0.3 pg/ml amphotericin B did not in-
crease I at all cell passages (Fig. 3). The relationship
between Na " /K "-ATPase activity and intracellular
Na™ was also studied. The amphotericin B-induced
increase in I, was measured at increasing concen-
trations of Na™ (0-143 mm) (NaCl was replaced by
equimolar concentration of choline choloride). At
passages 50 and 60, the amphotericin B-induced in-
crease in I, was Na " -dependent and saturable while
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Fig. 2. Effect of Na* removal from the solution bathing the apical
side and K™ from the solution bathing the basolateral side and
effects of ouabain and BaCl, upon changes in short-circuit current
(A, % of control) induced by amphotericin B (1.0 pg/ml) applied
from the apical cell side. Columns represent the mean of five
experiments per group; vertical lines show error bars. *Significant
differences from the control (P < 0.05).

approaching 100 mm Na™ (Fig. 4). As depicted in
Figure 4 and Table 1, cell ageing was accompanied
by an increase in V.« values without affecting the
affinity of Na /K "-ATPase for Na*. These results
suggest that the differences observed in basolateral
Na™ transport may not be due to an altered affinity
of Na¥ /K" -ATPase for Na™ but probably results
from an increase in the number of pump units in the
membrane. To evaluate this possibility, the expres-
sion of the ;- and B;-subunits of Na " /K "-ATPase
was quantified. In agreement with the functional
data, the results obtained from four independent
experiments show that the abundance of ;- and B-
subunits of Na® /K "-ATPase increased with the
number of cell passages (Fig. SA and B); this was
particularly evident in cells with high number of cell
passages (60—80 passages). The relative abundance of
oy- and PBi-subunits of Na " /K "-ATPase were four
and three times greater after 40 cell passages,
respectively. However, the ratio between o,- and B;-
subunits of Na " /K "-ATPase did not attain statisti-
cal significance (Fig. 5C). The antibodies raised
against the o;- and B;-subunits of Na™ /K " -ATPase
revealed the presence of, respectively, ~100-kDa and
~50-kDa bands.

K™ CONDUCTANCE

K™ channels located at the basolateral membrane of
proximal tubules are functionally coupled to Na ™/
K" -ATPase (Beck et al., 1994; Gomes & Soares-da-
Silva, 2002a; Warth, 2003). Thus, the next set of
experiments was aimed at evaluating K* conduc-
tance in aged OK cells. In the presence of an apical
to basolateral K" gradient (80:5 mwm), addition of
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Fig. 3. (A4) In. traces for the effect of amphotericin B (1.0 pg/ml) at
passages 40, 60 and 80. (B) Mean values of amphotericin B (0.3, 0.6
and 1.0 pg/ml)-induced increases in /. across OK cell monolayers
at passages 40, 50, 60, 70 and 80. Symbols represent the mean of 5—
12 experiments per group; vertical lines show error bars. *Signifi-
cant differences from passage 40 (P < 0.05).

amphotericin B (3 pg/ml) to the apical bathing
solution induced an increase in Ix. The increase in Ik
was largely due to K transport across the basolat-
eral membrane, as revealed by marked inhibition of
the amphotericin B-induced increase in K" conduc-
tance by the nonspecific K © channel blocker BaCl, (1
mM, 78% reduction) and by pretreatment with the
ATP-sensitive channel blocker glibenclamide (10 pm,
30% reduction) (Fig. 6). The amphotericin B-induced
increase in K" conductance was dependent on the
age of the cells and increased with the number of cell
passages (Fig. 7).

MEMBRANE POTENTIAL

Since the primary role of K5tp channels is to recycle
K" pumped into the cell by Na* /K "-ATPase, thus
maintaining the plasma membrane potential, changes
in membrane potential were determined after treat-
ment with KCl (50 mm) and ouabain (100 pum). The
fluorescent dye DiBAC4(3) was used to monitor
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Fig. 4. Na™ dependence of amphotericin B (1.0 pg/ml)-induced
increases in short-circuit current (A, pA/ecm?) at passages 50 and
60. Symbols represent the mean of five experiments per group;
vertical lines show error bars.

Table 1. Apparent K,, and V. for Na" K -ATPase activity at
passages 50 and 60

Ky (my) Vinax(A fem?)
Passage 50 68.5 £ 26.8 30.1 £ 5.2
Passage 60 369 £ 15.1 66.4 + 8.8*

Values are means + sEM of five experiments per group. *Signifi-
cant differences from passage 50 (P < 0.05).

changes in membrane potential. As shown in Fig-
ure 8A and B, both KCIl and ouabain produced cell
depolarization, as evidenced by time-dependent in-
creases in cell fluorescence. Cell depolarization was
also dependent on the number of cell passages
(Fig. 8C).

NA*/H* EXCHANGER ACTIVITY

Because Na™ pump activity was augmented in aged
OK cells, we hypothesized that the resulting increase
in the gradient for Na " transepithelial flux might
alter the activity of the apical Na™/H™ exchanger,
the main mechanism responsible for the apical
transport of Na' in renal proximal tubular cells.
Na“/H" exchanger activity was assayed as the initial
rate of pH; recovery measured after an acid load
imposed by 20 mm NH4CI followed by removal of
Na™ from the Krebs modified buffer solution, in the
absence of CO,/HCO;. As shown in Table 2, the pH;
recovery rates (in ApH units/s) during the linear
phase of pH; recovery after intracellular acidification
did not change with the number of cell passages.

H.,O, proDUCTION AND NA* K *-ATPASE EXPRESSION

Free radicals and other reactive products of oxygen
metabolism were suggested to contribute to age-
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related cellular changes (Knapowski et al., 2002;
Lavrovsky et al.,, 2000). It was, therefore, felt
worthwhile to evaluate H,O, production and
examine the influence on the expression of o;-sub-
unit Na" /K" -ATPase. H,O, levels in the extracel-
lular medium were significantly higher in aged OK
cells, being 231.4 £ 3.5 and 309.4 = 2.3 nm at
passages 51 and 73, respectively (Table 3). In order
to determine if H,O, might influence Na™ /K-
ATPase expression, OK cells were treated for 5 days
with 1 and 10 pm H,O,. As shown in Figure 9A, cell
viability was not compromised after incubation with
H,0, up to 10 um. The relative abundance of oy-
subunit Na™ /K "-ATPase was not affected by pro-
longed treatment with H,O, (Fig. 9B).

OUuUABAIN AND NA " /K *-ATPASE EXPRESSION

Treatment of renal cells with nanomolar concentra-
tions of ouabain has been shown to stimulate Na™/
K " -ATPase activity (Ferrari et al., 1998; 1999; 2003).
In the next series of experiments, both young (pas-
sage 40-50) and aged (passage 60-80) OK cells were
treated for 5 days with a nontoxic (Fig. 10A) con-
centration of ouabain (100 nm) and the abundance of
oy- and By-subunits of Na ™ /K "-ATPase was deter-
mined. As revealed by immunoblotting, only in aged
cells was the abundance of a;-subunit Na ™ /K *-
ATPase increased following treatment with ouabain
(Fig. 10B). However, the abundance of B;-subunit
Na ™ /K -ATPase was not altered following treat-
ment with ouabain (Fig. 10C).

Discussion

Changes in functional characteristics of cell lines can
be due to the accumulation of mutations, changes in
the pattern of protein expression, posttranslational
modifications or selection of different populations of
cells (Arthur, 2000; Cottam & Milner, 1997; Huang
et al., 2001; Yu et al., 1997). Previous studies have
reported the isolation of subpopulations of OK cells
based on limiting dilutions; these cell populations
were functionally distinct from the parental cell line
and from each other (Cole et al., 1989; Gomes et al.,
2002). The increase in Na ™ /K "-ATPase activity and
K™ conductance reported here was a consistent
observation in different series of cells with high
number of cell passages, suggesting that the results
are due to alterations induced by repetitive cell
passing. Changes observed in aged OK cells may not
be due to selection of fast growing populations since
young and aged OK cells have identical abilities to
proliferate. The finding that 0.3 pg/ml amphotericin
B failed to elicit Na™ currents at all cell passages
suggests that the presence of amphotericin B
(0.25 pg/ml) in the culture medium had no impact on
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the increase in Na " /K " -ATPase activity and o,- and
B;-subunits of Na /K " -ATPase expression with cell
passaging.

The results obtained in the present study show
that Na" /K "-ATPase activity, but not Na®/H™"
exchanger activity, increased with the number of cell
passages. The increase in Na " /K "-ATPase activity
paralleled the increment in Na™ /K "-ATPase present

Fig. 5. Abundance of (4) o;-subunit and (B)
B;-subunit Na* /K " -ATPase expression in OK cell
monolayers. Each blot was equally loaded with

10 pg of total protein. Immunoblots were repeated
four times and normalized for the expression of
B-actin. (C) Ratio between protein expression of
a;- and B;-subunits of Na ™ /K " -ATPase. Columns
indicate relative density and represent the mean of
four separate experiments; vertical lines show error
bars. *Significant differences from passages 40 and
50 (P < 0.05).

in the cellular membrane, rather than changes in
Na " /K "-ATPase affinity for Na ™, as shown by the
increase in V., with cell passages without changes in
K., values. These changes can be due to posttransla-
tional modifications that interfere with the number of
pump units in the cell surface, alterations in protein
expression pattern or both. Immunoblotting studies
revealed an increase in Na' /K *-ATPase subunit
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Fig. 6. Effect of glibenclamide (G/ib, 10 um) and barium chloride
(BaCl,, 1 mm) upon changes in K* conductance (Alx, % of con-
trol) induced by amphotericin B (3.0 pg/ml) applied from the apical
cell side. Columns represent the mean of five experiments per
group; vertical lines show error bars. *Significant differences from
control (P < 0.05).

expression that may account for the differences ob-
served in Na " /K *-ATPase activity. In this respect, it
is interesting to underline the observation that the
abundance of B;-subunit Na /K "-ATPase was less
pronounced. One possible explanation for this find-
ing is that the preexisting pool of Bi-subunits was
excessive and available to form functional heterodi-
mers with the overexpressed o;-subunit. The obser-
vation in transfected cells of increased basolateral
Na™ currents mediated by Na” /K" -ATPase also
implies that the a-subunits were assembled with their
respective B-subunits in the endoplasmic reticulum,
followed the secretory pathway, and then the newly
synthesized proteins were correctly sorted to the ba-
solateral membrane.

The regulation of Na ™ /K *-ATPase is of partic-
ular importance to maintain sodium homeostasis.
The majority of studies have addressed Na™ /K *-
ATPase regulation through phosphorylation of
oi-subunit mediated by protein kinases C and A
(Gomes & Soares-da-Silva, 2002b; Pedemonte et al.,
1997; Pierre et al., 2002). Phosphorylation results
from the activation of a cascade of intracellular
mechanisms by hormones such as dopamine, nor-
epinephrine and insulin; growth factors; and more
directly by ionic distribution across the membrane
(Efendiev et al., 2000; 2005; Feraille & Doucet, 2001).
However, there is limited information on the tran-
scriptional regulation of the o-subunit of the Na ™/
K "-ATPase gene, namely in ageing. Aberrant stain-
ing of oy-subunit Na® /K" -ATPase in basolateral
membranes and some apical staining in proximal
tubules of aged (24 months) Fisher 344 rats have been
observed (Jung et al., 2004). In Milan normotensive
and hypertensive rats, ageing has been found to be
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Fig. 7. (A4) Ik for the effect of amphotericin B (3.0 pg/ml) at pas-
sages 40, 60 and 80. Barium chloride (BaCl,, 1 mm) was added after
current reached the plateau. (B) Amphotericin B (3.0 pg/ml)-in-
duced increases in K+ conductance (Alx, pA/cm?) across aged OK
cell monolayers at passages 40, 50, 60, 70 and 80. Columns repre-
sent the mean of five experiments per group; vertical lines show
error bars. *Significant differences from passage 40 (P < 0.05).

accompanied by increases in renal Na " /K " -ATPase
activity and oy and B; protein expression. In Milan
hypertensive rats, the increase in renal Na™ /K-
ATPase activity and o and B; protein expression is
already present before the development of hyperten-
sion (Ferrandi et al., 1996). Although the observa-
tions made in this model of in vitro cellular ageing do
not completely resemble those observed in old rats,
studies on these cells may prove useful for the
understanding of Na /K -ATPase regulation in
vivo, which in some cases leads to the development of
hypertension.

Age-dependent upregulation of Na™ /K -AT-
Pase observed both in vitro and in vivo can be due to
many factors, including increased apical sodium en-
trance, positive feedback due to inhibition of baso-
lateral sodium extrusion by ouabain, hormonal
steroid activation and alterations in cytoskeletal
proteins. Na ¥ /K *-ATPase gene and protein expres-
sion stimulation by low K™ in clonal MDCK cells
has been reported to require an increase in reactive
oxygen species (ROS) production (Zhou et al., 2003).
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Fig. 8. Representative traces (4, passage 54; B, passage 65) and
summarized data (C) of the effect of ouabain (100 pm) and KCI (50
mM) on changes in DiBACy4(3) fluorescence in OK cells. Com-
pounds were added after a baseline period of 5 min. Fluorescence
sampling was done every 5 s. Symbols represent the mean of five
experiments per group; vertical lines show error bars. *Significant
differences from the control (P < 0.05). *Significant differences
from passage 54 (P < 0.05).

The contribution of some of these factors to the
changes observed was addressed in our study.

ROS production has been associated with the
activation of several signaling pathways and is known
to play a significant role in in vivo ageing (Finkel,
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Table 2. Apical Na®/H" exchanger activity in OK cells at pas-
sages 40, 50, 60 and 70

Na*/H™ exchanger activity (ApH units/s)

Passage 40 0.00465 £ 0.00016
Passage 50 0.00447 £+ 0.00011
Passage 60 0.00407 £+ 0.00014
Passage 70 0.00453 £+ 0.00010

Values are means + sem of five experiments per group.

2003; Knapowski et al., 2002). In fact, we have ob-
served higher concentrations of H,O, production in
aged OK cells. However, exposure of OK cells for 5
days to nontoxic concentrations of H,O, failed to
alter Na™ /K "-ATPase protein expression. ROS are
generated as by-products of cellular metabolism,
namely by mitochondria during ATP formation.
Since Na /K "-ATPase utilizes 10-30% of cellular
ATP, an increase in Na " /K" -ATPase activity is ex-
pected to be accompanied by an increase in ATP
production. The relationship between Na " /K *-AT-
Pase and ATP may justify differences in H,O, levels
between new and old OK cells. In this model, in-
creased accumulation of H->O, in extracellular med-
ium seems to be a consequence, rather than a cause,
of the increase in Na™ /K "-ATPase activity in OK
aged cells.

Increases in Na " /K "-ATPase activity have been
observed after incubation of cells with low concen-
trations of ouabain (Ferrari et al., 1998; 1999; 2003).
Ouabain binds to Na®/K"-ATPase and activates
several pathways that ultimately may regulate gene
expression (Ferrari et al., 1998; 1999; 2003). In car-
diac myocytes, some of these events include increases
in ROS production, increases in [Ca®™" ], activation
of several transcription factors related to early re-
sponse genes and growth-mediated genes, stimulation
of protein synthesis and nyocyte hypertrophy (Ayd-
emir-Koksoy, Abramowitz & Allen, 2001; Xie &
Askari, 2002). The role Na'/K'-ATPase as an
intracellular signal-transducing molecule, namely as a
consequence of the interaction with ouabain, has
been demonstrated in other cell types and is inde-
pendent of changes in intracellular Na® and K™
concentrations (Aydemir-Koksoy et al., 2001; Xie &
Askari, 2002). The results presented here show an
increase in Na /K "-ATPase expression following
treatment with ouabain (100 nM) over 5 days in aged
cells only. An ouabain-like factor (OLF) has been
isolated from the plasma and seems to play a role in
the control of Na* homeostasis and the develoment
of hypertension (Manunta et al., 2001; Vakkuri et al.,
2001). The prolonged infusion of ouabain has also
been shown to induce reversible hypertension
(Ferrari et al., 1998; 2003; Manunta et al., 1994; Tian,
Dang & Lu, 2001). At this stage, we cannot rule out
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Table 3. Levels of H,O, in the extracellular medium in young
(passage 40-50) and old (passage 60-80) OK cells

H,0; (nm)
Young 236.5 £ 2.7
Old 319.3 £ 2.9*

Values are means + sSem of 24 experiments per group. *Significant
differences from young OK cells (P < 0.05).
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Fig. 9. (4) Concentration-dependent effect of H,O, on cell via-
bility. (B) Relative abundance of a;-subunit Na™/K *-ATPase
expression in young (passage 40-50) and aged (passage 60-80) OK
cell monolayers treated with 1 and 10 um of H,O, for 5 days. Each
blot was equally loaded with 10 pg of total protein. Columns rep-
resent the mean of four experiments; vertical lines show error bars.
*Significant differences from control (P < 0.05).

the possibility that fetal bovine serum added to the
culture medium contains OLF and that the changes
observed in OK cells over time in culture might, in
part, be induced by permanent exposure to OLF.
This hypothesis is currently being addressed.

Several studies have reported that the functional
coupling of Na ¥ /K*"-ATPase and K" conductance
is crucial for sustaining transport in the proximal
tubules (Beck et al., 1994; Mauerer et al., 1998; Muto
et al., 2003; Noulin et al., 2001; Warth, 2003). To
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Fig. 10. (4) Concentration-dependent effect of ouabain on cell
viability. Relative abundance of (B) o;-subunit Na™ /K "-ATPase
and (C) B;-subunit Na™ /K "-ATPase expression in both young
(passage 40-50) and aged (passage 60-80) OK cell monolayers
treated with ouabain (100 nm) for 5 days. Each blot was equally
loaded with 10 pg of total protein. Immunoblots were repeated
four times and normalized for the expression of B-actin. Columns
represent the mean of four experiments; vertical lines show error
bars. *Significant differences from the control (P < 0.05).

maintain a constant intracellular K" concentration,
alterations in Na ' /K *-ATPase must be compen-
sated by alterations in K conductance in order to
maintain intracellular K at normal values. It is
interesting to note that increases in Na " /K " -ATPase
activity after serial cell passing were accompanied by
parallel increases in K conductance. Opening of
basolateral Katp channels mediates membrane
hyperpolarization, which facilitates Na™ reabsorp-
tion and K recycling at the basolateral membrane.
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Cell depolarization with KCI (50 mm) increased
membrane potential, as evidenced by increases in cell
fluorescence to DiBAC,(3). Inhibition of Na™ /K -
ATPase activity after ouabain treatment also pro-
duced cell membrane depolarization, in agreement
with the view that changes in Na™ /K -ATPase
activity alter K™ conductance and membrane po-
tential. As the aged cells used in the present study
were endowed with increased Na' /K -ATPase
activity and K ¥ conductance, it was expected that the
magnitude of changes induced in membrane potential
would also be dependent on the age of the cell line. In
fact, a ouabain- and KCl-induced increase in mem-
brane potential was more pronounced in cells with
higher passages and increased pump-leak coupling
activity.

The absence of correlation between increases in
Na /K -ATPase and Na™/H™ exchanger activities
in the present study contrasts with the findings pre-
viously reported by our group in OK cells engineered
to overexpress Na " /K "-ATPase (Gomes & Soares-
da-Silva, 2005). These OK cells were transfected with
a ¢cDNA construct encoding the rat Na™ /K "-AT-
Pase oy-subunit. Permanent cell lines derived by
transfection of rat a;-subunit cDNA overexpress the
Na™ pump as well as the apical type 3 Na™/H™
exchanger, and these changes are accompanied by
increases in the activities of both transporters (Gomes
& Soares-da-Silva, 2005). On the other hand, we
previously reported the isolation of two clonal sub-
populations of OK cells (OK;c and OKpyc) with
origin in the same batch from the American Type
Culture Collection (Gomes et al., 2002), in which the
most impressive differences between OK; - and
OKyyc cells were the overexpression of both Na™/
K *-ATPase and type 3 Na’/H" exchanger by the
latter, accompanied by increased activities of these
transporters. It is unlikely that the absence of corre-
lation between increases in Na ' /K" -ATPase and
Na™/H" exchanger activities may be related to dif-
ferences in the magnitude of increases in Na™ /K *-
ATPase activity. In fact, the two- to threefold in-
crease in Na™ /K " -ATPase activity observed in aged
cells (vs. young cells) is similar to that observed in
OKyyc cells (vs. OK ¢ cells) and OK cells transfected
with the rat o;-subunit Na /K "-ATPase (vs. non-
transfected cells). It is suggested that the process of
cellular ageing may interfere with mechanisms that
regulate the expression or the function of the Na ™/
H" exchanger and prevent it from adapting to in-
creases in Na /K "-ATPase activity, as occurred in
OK[c and OKyc cells and OK cells overexpressing
the rat o;-subunit Na® /K -ATPase. Studies are
ongoing to evaluate this possibility.

In conclusion, in vitro cellular ageing of OK cells
is accompanied by an increase in basolateral Na™
transport, which results from an increase in the
number of operational pump units, as revealed by the
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increase in oy- and B;-subunits of Na™ /K "-ATPase
expression, without changes in the affinity of the
pump for intracellular Na™. The ouabain-induced
increase in o;-subunit Na™ /K "-ATPase in aged cells
may result from effects of ouabain at the sodium
pump gene expression. Increases in Na™ /K “-ATPase
activity in OK cells were accompanied by increases in
K™ conductance, as a result of functional coupling
between Na'/K"-ATPase and basolateral K™
channels, without apparent consequences at the level
of the apical Na*/H" exchanger.

Supported by Fundagdo para a Ciéncia ¢ a Tecnologia, POCTI,
FEDER and Programa Comunitario de Apoio (POCTI/CBO/
45767/2002).
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