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Short-Term Regulation of the Proximal Tubule
Na+,K+-ATPase: Increased/Decreased Na+,K+-ATPase
Activity Mediated by Protein Kinase C Isoforms

Carlos H. Pedemonte1,3 and Alejandro M. Bertorello 2

In different species and tissues, a great variety of hormones modulate Na+,K+-ATPase activity in a
short-term fashion. Such regulation involves the activation of distinct intracellular signaling networks
that are often hormone- and tissue-specific. This minireview focuses on our own experimental obser-
vations obtained by studying the regulation of the rodent proximal tubule Na+,K+-ATPase. We discuss
evidence that hormones responsible for regulating kidney proximal tubule sodium reabsorption may
not affect the intrinsic catalytic activity of the Na+,K+-ATPase, but rather the number of active units
within the plasma membrane due to shuttling Na+,K+-ATPase molecules between intracellular com-
partments and the plasma membrane. These processes are mediated by different isoforms of protein
kinase C and depend largely on variations in intracellular sodium concentrations.

KEY WORDS: Na+,K+-ATPase; Na pump; sodium, potassium-ATPase; sodium pump; sodium transport regu-
lation; protein kinase C; PKC; phosphoinositide-3 kinase; polyproline motif; serine phosphorylation.

INTRODUCTION

Renal sodium homeostasis, a major determinant of
blood pressure, is regulated by a variety of endocrine,
autocrine, and neuronal factors. The molecular mecha-
nism by which these factors act involves regulation of
the rate of tubular sodium reabsorption (Guyton, 1992).
Renal epithelial cells are responsible for urinary sodium
reabsorption and extracellular fluid volume homeostasis
(Simons and Fuller, 1985; Soltoff and Mandel, 1984).
Since the intracellular sodium concentration is relatively
low compared to tubular ultrafiltrate, sodium movement
from the lumen of the tubules into epithelial cells pro-
ceeds down an electrochemical potential gradient. In
proximal tubules, the Na+,K+-ATPase provides the driv-
ing force for vectorial sodium transport from the lumen
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of the tubule to the blood supply (Katz, 1988). In re-
cent years, evidence has accumulated that hormones that
regulate kidney sodium metabolism, acting through in-
tracellular second messengers, modulate the activity of
the Na+,K+-ATPase (Bertorello and Katz, 1993; Aperia,
1995).

Considerable evidence indicates that the renal
Na+,K+-ATPase is regulated through phosphorylation/
dephosphorylation reactions by kinases and phosphatases
stimulated by hormones and intracellular second messen-
gers (Bertorello and Katz, 1993; Aperia, 1995). Apparent
contradictory results suggest that, depending on the tissue
studied and the experimental conditions, stimulation of
protein kinase C (PKC) leads to either activation or inhibi-
tion of the Na+,K+-ATPase (for reference, see Pedemonte
et al., 1997a). These differences are due to the fact that
the regulation of the Na+,K+-ATPase has characteristics
that are inherent to the cell and tissue studied and these
characteristics vary in different cells, tissues, and species.
Thus, it is well known that dopamine reduces sodium re-
absorption and inhibits Na+,K+-ATPase activity in proxi-
mal tubule cells (Bertorello and Katz, 1993; Aperia, 1995).
However, the same hormone increases sodium transport
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and stimulates Na+,K+-ATPase in pulmonary epithelial
cells (Bertorelloet al., 1999; Barnardet al., 1999). Inter-
estingly, both activation and inhibition are mediated by
PKC. Moreover, it has been observed that even in the
same cell, opposing regulatory effects may be produced
by stimulation of different isoforms of the molecules that
are involved (Vasilets, 1997). Furthermore, we have ob-
served that, depending on the concentration of intracel-
lular sodium, phorbol esters stimulate different isoforms
of PKC in proximal tubule cells and this results in either
activation or inhibition of the Na+,K+-ATPase (Efendiev
et al., 2000a). Thus, the response hormones produce on
the Na+,K+-ATPase depends on the cell type and it is
important to relate the regulatory effect to a specific phys-
iological condition.

In proximal tubules, different hormones produce
different effects on the epithelial cell Na+,K+-ATPase
(Aperia, 1995). Thus, hormones that inhibit urinary
sodium reabsorption (diuretic hormones), like dopamine
and atrial natriuretic peptide, inhibit the Na+,K+-ATPase.
In contrast, hormones that stimulate urinary sodium reab-
sorption (antidiuretic hormones), like norepinephrine and
angiotensin II, stimulate the Na+,K+-ATPase. Therefore,
both activation and inhibition should be observed when
studying the regulation of the Na+,K+-ATPase in prox-
imal tubule cells. In this minireview, we describe some
aspects of the molecular mechanism that are involved in
the inhibition by dopamine and stimulation by phorbol es-
ter of proximal tubule Na+,K+-ATPase activity. These re-
sults have been obtained in cells of rodent proximal tubules
and in a cell culture line of opossum kidney (OK cells).
We have chosen this cell line for heterologous expres-
sion of the rodent Na+,K+-ATPaseα1 subunit because
it is considered to be a good culture model of proximal
tubule function (Malstronet al., 1987; Nashet al., 1993;
Pedemonteet al., 1997a,b).

ACTIVATION OF Na +,K+-ATPase
BY PHORBOL ESTERS

PMA Activates the Na+,K+-ATPase Activity
by Recruitment of Na+,K+-ATPase Molecules
to the Plasma Membrane

Other researchers and ourselves have observed that
direct stimulation of PKC by the phorbol ester PMA
(phorbol 12-myristate 13-acetate)-produced activation of
Na+,K+-ATPase (Pedemonteet al., 1997a,b; Feraille
et al., 1995). Several lines of evidence indicate that this is a
specific effect: (1) inhibition of PKC prevented the PMA-
dependent inhibition of Na+,K+-ATPase, and phorbol es-

Fig. 1. Scheme of the PMA-dependent activation of Na+,K+-ATPase
by recruitment of pump molecules from intracellular compartments to
the plasma membrane. PKC, protein kinase C.

ters that do not activate PKC did not have any effect on the
Na+,K+-ATPase activity; (2) phorbol ester-dependent ac-
tivation was not observed in cells expressing NH2-terminal
deletion mutants of the Na+,K+-ATPaseα subunit in
which either the first 26 amino acids or amino acids 5 to 26
have been eliminated; (3) experiments withα subunit mu-
tants indicated that both Ser11 and Ser18 were essential for
PMA-dependent activation of Na+,K+-ATPase (Efendiev
et al., 2000b); and (4) both Ser11 and Ser18 were the
only residues of theα subunit that were phosphorylated
by PMA treatment of OK cells. Insulin also activates the
proximal tubule Na+,K+-ATPase (Ferailleet al., 1999);
however, this stimulation is mediated by phosphorylation
of theα subunit Tyr-5 and mutation of this residue to either
Ala or Glu had no effect on the PMA-dependent activation
of Na+,K+-ATPase. Our results indicate that neither phos-
phorylation of Tyr5 nor phosphorylation of any residue of
theα subunit other than Ser11 and Ser18 is involved in the
PMA-dependent activation of Na+,K+-ATPase (Efendiev
et al., 2000b).

To determine whether the PMA-dependent activa-
tion of Na+,K+-ATPase is due to increased turnover rate
or increased number of Na+,K+-ATPase molecules at
the plasma membrane, the size of the pool of Na+,K+-
ATPase at the plasma membrane was determined by ei-
ther ouabain-binding or biotin-labeling of cell membrane
proteins. Both assays indicated that the Na+,K+-ATPase
pool at the plasma membrane was increased by PMA treat-
ment, which suggests that Na+,K+-ATPase molecules
have been translocated from intracellular compartments
to the plasma membrane. The recruitment of Na+,K+-
ATPase to the plasma membrane appears to be mediated
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by clathrin-coated vesicles. Thus, we observed that PMA
promoted the interaction of Na+,K+-ATPase with adaptor
protein-1 (AP-1) which is a protein involved in the selec-
tion of the cargo and recruitment of clathrin during the
translocation of proteins from intracellular compartments
to the plasma membrane (Ohnoet al., 1995).

Phosphorylation of Na+,K+-ATPase May Be the
Triggering Mechanism for Recruitment to the Plasma
Membrane, but Phosphorylation by Itself Does Not
Affect the Intrinsic Activity of the Na +,K+-ATPase

Translocation of Na+,K+-ATPase molecules appears
to be dependent on the cellular content of ATP since pre-
treatment of the cells with either potassium cyanide or
dinitrophenol prevented both the PMA-dependent activa-
tion of Na+,K+-ATPase and increased membrane pool
of Na+,K+-ATPase. The effect of potassium cyanide and
dinitrophenol appears to be specific, since addition of
these reagents after treatment with PMA did not pre-
vent the stimulation of pump activity and translocation of
Na+,K+-ATPase to the plasma membrane. Neither basal
Na+,K+-ATPase nor activation of PKC was affected by
potassium cyanide treatment. This suggested that the con-
centration of ATP was not rate limiting during the length
of the experiment and it is likely that pump molecules
have access to the remaining pool of ATP. The translo-
cation of Na+,K+-ATPase is dependent on the integrity
of the cellular microtubule network, since colchicine,
which promotes disassembly of microtubules, prevented
the PMA-dependent activation of Na+,K+-ATPase and in-
creased the membrane pool of Na+,K+-ATPase. Potas-
sium cyanide, dinitrophenol, and colchicine prevented
the Na+,K+-ATPase translocation to the plasma mem-
brane, but not the PMA-dependent phosphorylation of the
Na+,K+-ATPaseα subunit. This indicates that phospho-
rylation is necessary (a possible triggering signal), but
not sufficient for PMA-dependent stimulation of Na+,K+-
ATPase activity. This would explain the observation by
other researchers thatin vitro phosphorylation of puri-
fied rodent Na+,K+-ATPase with PKC does not affect
the Na+,K+-ATPase activity (Feschenko and Sweadner,
1997).

The presence of Na+,K+-ATPase subunits in in-
ternal compartments has always posed the question of
whether they represent an intracellular pool from where
they can be recruited to the plasma membrane upon de-
mand, either in response to situations of cellular stress
(sudden rise in intracellular sodium) or in response to
G-protein-coupled receptor signals. Our results indicate
that PMA produces activation of Na+,K+-ATPase by

recruitment of pump molecules to the plasma mem-
brane (Efendievet al., 2000b). Similar recruitment of
Na+,K+-ATPase molecules to the plasma membrane has
been described in response to insulin in muscle cells
(Hundal et al., 1992), cAMP in rat proximal tubule
(Carranzaet al., 1996), and isoproterenol in lung ep-
ithelia (Saldiaset al., 1998). Insulin also regulates other
membrane proteins by translocation, including insulin-
like growth factor II receptor (Wardzalaet al., 1984) and
Glut4 (Cushman and Wardzala, 1980; Konoet al., 1981),
and both translocations are inhibited by potassium cyanide
(Kono et al., 1981; Conget al., 1997). The conclusion
that PMA treatment leads to an increased pool of plasma
membrane Na+,K+-ATPase molecules does not preclude
the possibility of direct effects on the affinity of the pump
for intrcellular sodium (Ferailleet al., 1995).

Activation of Na+,K+-ATPase by Phorbol
Esters Results in a Reduced Intracellular
Sodium Concentration

Treatment of OK cells with PMA leads to a rapid
reduction of intracellular sodium concentration from∼15
to∼5 mM (Pedemonteet al., 1997b). In OK cells, sodium
enters the cell through the apical Na+/H+-exchanger, and
it is also cotransported with glucose, amino acids, and
phosphate (Malstronet al., 1997). Therefore, a reduction
in intracellular sodium concentration may be the result of
a reduced entry, an increased exit, or a combination of
both. In conditions in which the sodium exit is blocked
by ouabain treatment, we observed that the total entry of
sodium is not affected by PMA treatment. On the other
hand, phorbol esters have no effect on the intracellular
sodium concentration of cells expressing an NH2-terminal
deletion mutant of the rodent Na+,K+-ATPaseα subunit.
As indicated above, this mutant is insensitive to PMA
since it lacks the serine residues that are phosphorylated
by PKC. Therefore, in OK cells, the reduced intracellu-
lar sodium concentration is produced exclusively by PMA
activation of the Na+,K+-ATPase. This effect is mediated
by PKC, since it is blocked by PKC inhibitors and is not
observed with phorbol esters that do not activate PKC.

INHIBITION OF Na +,K+-ATPase BY DOPAMINE

Dopamine Inhibits the Na+,K+-ATPase Activity
by Endocytosis of Na+,K+-ATPase Molecules

Inhibition of Na+,K+-ATPase activity by dopamine
is an important mechanism by which renal tubules
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modulate urine sodium excretion during high salt diet
(Bertorello et al., 1988; Hedgeet al., 1989; Hus-
sain and Lokhandwala, 1998). We determined that in
both isolated renal proximal tubule cells and OK cells
dopamine decreased Na+,K+-ATPase activity and this
effect was blocked by inhibitors of PKC, but not by
inhibitors of cAMP-dependent protein kinase (PKA)
(Chibalin et al., 1997, 1999). The inhibitory effect of
dopamine was accompanied by increased phosphoryla-
tion of the Na+,K+-ATPaseα subunit. Maximal phos-
phorylation was achieved at 2.5 min and it was restricted
to Na+,K+-ATPase molecules that were at the plasma
membrane. Subcellular fractionation did not show any
increased phosphorylation of Na+,K+-ATPase in intra-
cellular compartments (Chibalinet al., 1998a). Because
after 10 min theα subunit has been dephosphorylated, yet
the decreased enzymc activity persisted, we hypothesized
that the dephosphorylatedα subunits no longer resided
in the plasma membrane. Indeed, it was observed that
dephosphorylation of theα subunit is accompanied by
an increased amount of Na+,K+-ATPase in endosomes.
Treating the cells with okadaic acid, an inhibitor of pro-
tein phosphatases, prevented the dephosphorylation of
Na+,K+-ATPaseα subunits. Furthermore, it was deter-
mined that phosphorylated Na+,K+-ATPaseα subunits at
the plasma membrane are not affected by protein phos-
phatases, which suggested thatα subunits must be in-
ternalized first to be dephosphorylated (Chibalinet al.,
1998a). Na+,K+-ATPaseα subunits that are phosphory-
lated in the plasma membrane are internalized by sequen-
tial translocation into clathrin-coated vesicles, early and
late endosomes, where they are dephosphorylated. How-
ever, OK cells expressing a Na+,K+-ATPase mutant in
which the first 28 NH2-terminal amino acids were deleted
did not show any of these effects: dopamine did not pro-
duce inhibition of Na+,K+-ATPase activity and theα sub-
unit was not phosphorylated. Because the putative sites
for PKC phosphorylation (Ser11 and Ser18) are within
the deleted amino acids (B´eguinet al., 1994), these obser-
vations suggested a causal link between PKC-dependent
phosphorylation of amino acids at theα subunit NH2-
terminus, and both Na+,K+-ATPase inhibition and endo-
cytosis in response to the physiological agonist, dopamine.

To identify the phosphorylation site that mediates en-
docytosis, we repeated the above experiments in cells ex-
pressing Na+,K+-ATPase mutants in which either Ser11
or Ser18 was substituted for alanine residues (Chibalin
et al., 1999). Dopamine inhibited Na+,K+-ATPase activ-
ity and increasedα subunit phosphorylation and clathrin-
dependent endocytosis into endosomes in cells express-
ing the wild-typeα1 subunit or the S11A mutant and

Fig. 2. Scheme of the dopamine-dependent inhibition of Na+,K+-
ATPase by endocytosis. PI3-kinase, phosphoinositide-3 kinase; AP-2,
adaptor protein-2; PKC, protein kinase C.

both effects were blocked by PKC inhibitors. In contrast,
dopamine did not elicit any of these effects in cells ex-
pressing the S18Aα1 mutant.

Dopamine-Dependent Phosphorylation
of Na+,K+-ATPase Is the Triggering Mechanism
for Endocytosis but Phosphorylation by Itself Does
Not Affect the Intrinsic Activity of the
Na+,K+-ATPase

The relative role of phosphorylation and endocyto-
sis for the reduction of total cell Na+,K+-ATPase activity
was examined in intact cells by (1) blocking endocytosis
by mechanically stabilizing the cortical actin cytoskeleton,
or (2) disrupting the microtubule organization, or (3) af-
fecting vesicle traffic by blocking phosphatidylinositol 3-
kinase activity. Stabilizing the cortical actin cytoskeleton
with phallacidin prevented the incorporation of Na+,K+-
ATPase units in clathrin vesicles while phosphorylation of
theα subunit in the basolateral membrane was increased
without any change in Na+,K+-ATPase activity. Disrupt-
ing the microtubule network with nocodazole did not af-
fect the incorporation ofα subunits into clathrin vesicles
nor the decrease in Na+,K+-ATPase activity, however,
this treatment affected the incorporation ofα subunits
into early and late endosomes. Similarly, inhibiting phos-
phatidylinositol 3-kinase activity prevented both the de-
crease in Na+,K+-ATPase activity and endocytosis into
clathrin vesicles, but did not affect the increase inα sub-
unit phosphorylation induced by dopamine. These results
clearly indicated that phosphorylation of the Na+,K+-
ATPaseα subunit is not sufficient to reduce the catalytic
activity in intact cells, and that the removal of active units
from the plasma membrane is directly responsible for the
decrease in total cell Na+,K+-ATPase activity.
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Phosphatidylinositol 3-kinase Is Activated by Binding
to a Polyproline-Rich Domain in the Na+,K+-ATPase
α Subunit

Membrane traffic relies on the ability of lipid struc-
tures to accommodate changes in time and space, particu-
larly adjacent to the site of motion. Generation of inositol
lipids phosphorylated in the 3D position has been demon-
strated to be critical in this process. Phosphorylation
within this position is catalyzed by the action of phos-
phatidylinositol 3-kinase (PI3-K). We observed that PI3-K
is critical for Na+,K+-ATPase endocytosis in response to
dopamine (Chibalinet al., 1998b, 1999). The metabolic
products of PI3-K may participate in recruitment of
clathrin; binding to Na+,K+-ATPase and formation of
coated pit vesicles; facilitating endosome movement by
targeting the endosomes themselves; or involvement in
the process that ultimately leads to actin reorganization.
Whereas the consensus is that activation of PI3-K re-
quires its binding and association with the target protein
in the membrane via a SH2-phosphotyrosine interaction,
the activation by dopamine during Na+,K+-ATPase endo-
cytosis does not require tyrosine phosphorylation but in-
stead, serine/threonine phosphorylation (Yudowskiet al.,
2000). Because the action of dopamine was not associ-
ated with phosphorylation of PI3-K, we hypothesized that
serine phosphorylation of the Na+,K+-ATPaseα subunit
may serve as an anchor signal for binding and recruit-
ment of PI3-K to the site of endocytosis and this results
in activation of PI3-K. This hypothesis was supported
by the observation that in OK cells expressing the rat
Na+,K+-ATPaseα subunit bearing the mutation S18A,
which is the PKC phosphorylation site, dopamine not
only failed to increase PI3-K activity but also did not pro-
mote the interaction between PI3-K and Na+,K+-ATPase
(Yudowski et al., 2000). Thus, stimulation of PI3-K ac-
tivity in response to dopamine appears to be controlled
by the state of phosphorylation of the Na+,K+-ATPaseα
subunit.

Activation of intracellular signaling networks by
binding of agonists to G-protein-coupled receptors re-
quire a high degree of organization to avoid unspecific
cross-talk and to ensure proper timing and spatial organi-
zation. This could be accomplished by specific protein–
protein interactions through domains such as the Src ho-
mology (SH2 and SH3 domains), pleckstrin homology,
phosphotyrosine binding, and PDZ domains, which are
present in signaling and/or target molecules (Pawson and
Scott, 1999). The IA-isoform of PI3-K bears a SH3 do-
main in its p85α subunit (Yu et al., 1994; Pisabarro
and Serrano, 1996), which may represent a site for self-
association. However, it has been suggested that proline

rich motifs present in other proteins may interact with
the PI3-K SH3 domain (Harpuret al., 1999). We iden-
tified within the Na+,K+-ATPaseα subunit, a polypro-
line region (81-TPPPTTP-87) as a putative PI3-K binding
domain. To establish whether this amino acid sequence
represents a critical interaction motif, we used peptide
competition assays in which the effect of dopamine on
Na+,K+-ATPase activity was examined in the presence or
absence of peptides that resembled either the proline-rich
domain of the Na+,K+-ATPaseα subunit or the PI3-K
SH3 domain. Both of these peptides greatly reduced the
inhibitory action of dopamine on Na+,K+-ATPase activ-
ity. The relevance of the proline-rich domain within theα
subunit was further supported by experiments performed
with a Na+,K+-ATPase mutant. In OK cells expressing
Na+,K+-ATPaseα subunits bearing a mutation in the
polyproline region (P83R), dopamine neither inhibited the
Na+,K+-ATPase nor increased PI3-K activity and endocy-
tosis of the plasma membrane Na+,K+-ATPase molecules.
These effects were specific as dopamine still was able to
phosphorylate theα subunit and phorbol ester-dependent
stimulation of Na+,K+-ATPase activity remained unaf-
fected in cells expressing the P83R Na+,K+-ATPase mu-
tant. Therefore, binding of PI3-K to the Na+,K+-ATPase
α subunit polyproline motif may not only activate PI3-K,
but also localize this protein in a protein complex close
to the site where the PI3-K phosphoinositide products can
stimulate the endocytosis of the Na+,K+-ATPase. Since
PI3-K only binds to Na+,K+-ATPase molecules withα
subunits phosphorylated at Ser18, this interaction may re-
cruit the components of the endocytic machinery exclu-
sively around the Na+,K+-ATPase molecules that have
been phosphorylated by PKC.

Because phosphatidylinositol 3-phosphate is known
to stimulate the association of adaptor proteins with
molecules to be translocated either from the plasma to in-
tracellular compartments or vice versa (Ohnoet al., 1995;
Kirchausenet al., 1997; Bonifacino and Dell’Angelica,
1999), we examined whether colocalization of adaptor
protein-2 (an isoform that recruits cargo exclusively from
the plasma membrane) and the Na+,K+-ATPaseα subunit
was impaired in cells expressing the Na+,K+-ATPase with
a mutation on the proline-rich domain (P83R) and thereby
incapable of activating PI3-K in response to dopamine.
In these cells, dopamine failed to promote the binding of
AP-2 to the Na+,K+-ATPaseα subunit and to increase the
abundance ofα subunits within clathrin vesicles, and early
and late endosomes. These results suggest that activation
of PI3-K and the local production of phosphatidylinositol
3-phosphate may be responsible for cargo recognition by
stimulating the binding of AP-2 to Na+,K+-ATPase, and
clathrin recruitment (Fig. 2).
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Besides demonstrating the way PI3-K may be in-
volved in the dopamine inhibition of Na+,K+-ATPase,
these studies showed an alternative pathway by which
class IA PI3-K could be activated in response to G-protein-
coupled receptor stimulation. Unlike the conventional pro-
cess of activation involving SH-domain interaction with
phosphorylated tyrosine residues, dopamine stimulation
of PI3-K appears to be controlled by serine phosphory-
lation of the protein to be internalized. A similar mech-
anism has been recently described for integrin receptors
(Guthridgeet al., 2000).

STOICHIOMETRY OF PHOSPHORYLATION

Covalent phosphorylation of proteins could produce
substantial changes in the structure–dynamic conforma-
tion and function of the target protein. As described above,
Ser18 of the Na+,K+-ATPaseα subunit is phosphory-
lated in response to dopamine. Under basal conditions, the
Na+,K+-ATPase appears to be phosphorylated with a sto-
ichiometry of∼0.20 mol of phosphate/pmol of Na+,K+-
ATPase. Dopamine increases Na+,K+-ATPaseα subunit
phosphorylation by approximately 40% to a stoichiometry
of 0.35 mol/mol. Therefore, we estimated that dopamine
phosphorylates the Na+,K+-ATPase to a stoichiometry of
∼0.15 mol of phosphate/pmol of Na+,K+-ATPaseα sub-
unit.

During PMA-dependent activation of Na+,K+-
ATPase, Ser11 and Ser18 of theα subunit are phos-
phorylated; the phosphorylation of both serine residues
appears to be essential for the stimulation of activity and
recruitment of Na+,K+-ATPase molecules from intracel-
lular compartments to the plasma membrane. Assuming
that the ratio of PMA-elicited phosphorylation between
Ser11 and Ser18 in the rodent wild-typeα subunit is
the same as that observed for mutants S11A and S18A,
the 119% increase in phosphorylation produced by PMA
treatment would correspond to a 77 and 42% increase in
phosphorylation of Ser18 and Ser11, respectively. Since,
under basal conditions, the wild-type rodentα subunit is
phosphorylated with a stoichiometry of∼0.20 moles of
phosphate per mole ofα subunit, the above values yield
a predicted stoichiometry of 0.44 moles of phosphate/per
α subunit and 0.34 and 0.18 moles of phosphate per mole
of α subunit for Ser18 and Ser11, respectively.

There is an apparent lack of correlation between the
level of phosphorylation of theα subunit and the PMA-
dependent activation or dopamine-dependent inhibition of
Na+,K+-ATPase activity. As described above, PMA pro-
duces phosphorylation of Na+,K+-ATPase molecules that
are in an intracellular compartment and these are translo-
cated to the plasma membrane. Since activity is measured

exclusively in the Na+,K+-ATPase molecules that are at
the plasma membrane, phosphorylation and increased ac-
tivity correspond to molecules that are in two different
compartments. Therefore, no linear correlation between
the level of phosphorylation and the increase in Na+,K+-
ATPase activity should be expected. The correlation would
depend on the size of the initial pool of Na+,K+-ATPase
molecules at the plasma membrane, on the percentage
of phosphorylated molecules that are translocated, and
on the total number of Na+,K+-ATPase molecules that
are translocated from the intracellular compartment to the
plasma membrane.

On the other hand, an increase of∼0.15 moles of
dopamine dependent phosphorylated Na+,K+-ATPaseα
subunit at the plasma membrane per total amount of cellu-
lar Na+,K+-ATPaseα subunit translates in a∼30% inhi-
bition of Na+,K+-ATPase activity. We do not know what
role, if any, is played by the basal phosphorylation, and
it is possible that this may participate in some way in
the identification of molecules to be removed from the
plasma membrane. Furthermore, it has been described that
aquaporyn molecules are translocated to the plasma mem-
brane forming tetramer complexes and that only three of
the monomers need to be phosphorylated for translocation
(Kamsteeget al., 2000). Thus, it is possible that Na+,K+-
ATPase molecules may be translocated to and removed
from the plasma membrane in dimer or tetramer com-
plexes and that not all of the Na+,K+-ATPase molecules
in a complex need to be phosphorylated for transloca-
tion. Actually, we have observed that the PMA-dependent
activation of Na+,K+-ATPase is very fast (Pedemonte
et al., 1997b) and translocation of complexes of various
Na+,K+-ATPase molecules may be a way to accomplish
this rapid activation.

PKC-β AND PKC-ζ MEDIATE OPPOSING
EFFECTS ON PROXIMAL TUBULE
Na+,K+-ATPase TRAFFIC

In renal epithelial cells, Na+,K+-ATPase molecules
are localized within the basolateral plasma membrane, and
in early and late endosomes (Chibalinet al., 1998b). These
organelles may represent intracellular storage compart-
ments where Na+,K+-ATPase units reside either as a con-
sequence of plasma membrane endocytosis or as newly
synthesized units derived from the endoplasmic–Golgi
network. The existence of Na+,K+-ATPase molecules in
such structures revealed the possibility that it could re-
cycle between those compartments during regulation by
membrane receptor signals. Indeed, a decrease in renal
Na+,K+-ATPase activity in response to dopamine is asso-
ciated with a reduction in the number of active molecules
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in the plasma membrane (Chibalinet al., 1998, 1999) and
stimulation of Na+,K+-ATPase in renal proximal tubule
cells by phorbol esters is associated with increased units at
the plasma membrane (Pedemonteet al., 1997a; Efendiev
et al., 2000b). As described above, both phorbol ester-
dependent activation and dopamine-dependent inhibition
of Na+,K+-ATPase are mediated by stimulation of PKC.
This clearly indicated that different isoforms of PKC are
involved in both processes. We identify these PKC iso-
forms using specific inhibitors (Efendievet al., 1999).
LY333531, a specific inhibitor of the PKC-β isoform (Ishii
et al., 1996; Zimmermanet al., 1996), and low concentra-
tions of staurosporine that inhibits PKC-β (Zimmermann
et al., 1996) prevented the PMA-dependent activation of
Na+,K+-ATPase, but had no effect on the dopamine inhi-
bition of this activity.

The fact that PMA did not produce an inhibition
of the Na+,K+-ATPase activity in cultured OK cells as
dopamine did, suggested that dopamine was activating
a member of the atypical PKC isozymes that are insen-
sitive to phorbol esters (Hofmann, 1997; Zimmermann
et al., 1996; Ishiiet al., 1996). Indeed, other researchers
have previously suggested that PKC-ζ may be involved
in regulation of Na+,K+-ATPase activity (Sweeneyet al.,
1998; Yaoet al., 1998). We determined that 10µM stau-
rosporine was necessary to prevent the inhibitory effect of
dopamine on Na+,K+-ATPase activity (Efendievet al.,
1999). Since most of the PKC isoforms are inhibited
by staurosporine in the nanomolar range, except PKC-ζ

that requires micromolar concentrations, our results sug-
gested that PKC-ζ was involved in the Na+,K+-ATPase
inhibition. The results obtained with chemical reagent in-
hibitors were confirmed using specific peptide inhibitors.
Dr. Mochly-Rosen and collaborators (Mochly-Rosen and
Gordon, 1998; Johnsonet al., 1996) have demonstrated
that most inactive PKC isoforms are localized to subcel-
lular structures and, upon activation, translocate to new
distinct intracellular sites, which is due to their binding to
specific anchoring molecules. The anchoring proteins for
activated PKC isoforms were termed receptors for acti-
vated C-kinase (RACKs). It is then likely that the unique
cellular functions of PKC isoforms are determined by the
binding of isozymes to specific anchoring molecules in
close proximity to particular subsets of substrate and away
from others (Mochly-Rosen and Gordon, 1998; Johnson
et al., 1996). Accordingly, peptides that mimic either the
PKC binding site on RACKs or the RACK binding site
on PKC are translocation inhibitors of PKC that block
the function of the enzymein vivo (Mochly-Rosen and
Gordon, 1998; Johnsonet al., 1996). Using peptides to
inhibit PCK-β and PKC-ζ , we observed that the PMA-
dependent activation of Na+,K+-ATPase is prevented by

the PKC-β peptide inhibitor but not by the PKC-ζ pep-
tide inhibitor and that the DA-dependent inhibition of
Na+,K+-ATPase was prevented by the PKC-ζ peptide in-
hibitor, but not by the PKC-β peptide inhibitor. To further
support the conclusions of these experiments, we studied
the effects of these peptide inhibitors on the phospho-
rylation of the Na+,K+-ATPaseα subunit and demon-
strated that inhibition of PKC-β or PKC-ζ prevented the
increased level of phosphorylation of theα subunit pro-
duced by either PMA or dopamine treatments, respectively
(Efendievet al., 1999). Therefore, it is likely that PKC-β
and PKC-ζ isoforms are directly involved in the phospho-
rylation of the Na+,K+-ATPaseα subunit stimulated by
PMA or dopamine, respectively.

INTRACELLULAR SODIUM MAY ACTIVATE AN
INTRACELLULAR SWITCH(ES) TO MODULATE
THE HORMONAL REGULATION
OF Na+,K+-ATPase

Both PMA (as previously described by Middleton
et al., 1993) and dopamine inhibited the Na+,K+-ATPase
activity in proximal tubule and OK cells when incu-
bation with agonists was performed in Hank’s medium
(Bertorello and Aperia, 1989). The same result was ob-
served in suspended OK cells independently of the as-
say medium (Efendievet al., 2000a). However, dopamine
failed to decrease Na+,K+-ATPase activity from OK cells,
and PMA stimulated this activity if experiments were per-
formed with attached OK cells in serum-free cell cul-
ture medium (Efendievet al., 2000a). Since dopamine
inhibits proximal tubule sodium reabsorption in condi-
tions of sodium overload, we hypothesized that the excess
extracellular sodium may translate in a transiently ele-
vated intracellular sodium concentration and this may trig-
ger sodium-sensitive intracellular switches that respond
to the elevated intracellular sodium with inhibition in
sodium reabsorption. To test this hypothesis, intracellular
sodium was increased with monensin. The experiments
were performed with attached OK cells in a serum-free
medium and a concentration of ionophore that produced
an elevation of intracellular sodium from∼10 to ∼20
mM (R. Efendiev, A. M. Bertorello, A. R. Cinelli, and
C. H. Pedemonte, unpublished result). While at basal in-
tracellular sodium, dopamine inhibited and PMA acti-
vated the Na+,K+-ATPase, in cells treated with monensin,
we observed that both dopamine and PMA inhibited the
Na+,K+-ATPase activity (Efendievet al., 2000a). These
effects are not artifacts produced by monensin, since the
ionophore by itself produced a small increase in Na+,K+-
ATPase activity that is consistent with an elevation in
intracellular sodium. The PMA-dependent inhibition of
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Na+,K+-ATPase appears to occur via the intracellular
messenger pathway usually stimulated by dopamine, since
(1) the inhibitory effects of PMA and dopamine are not
additive; (2) PKC-ζ is involved in both processes; (3) in-
hibition of the synthesis of 20-HETE (an arachidonic acid
metabolite) by ethoxyresorufine prevented the inhibition
of the Na+,K+-ATPase by both dopamine and PMA; and
(4) PKC-β that is involved in PMA activation of the
Na+,K+-ATPase does not participate in the PMA inhi-
bition of the same activity in the presence of monensin.
These results indicate the existence of two distinct signal-
ing pathways that can be stimulated by PMA for either
inhibition or activation of the Na+,K+-ATPase activity,
depending on the intracellular sodium concentration. Fur-
thermore, these results present evidence that the proximal
tubule epithelial cells contain a sodium-sensor mechanism
that activates or inhibits enzyme(s) involved in the process
of sodium reabsorption.

CONCLUDING REMARKS

The renal Na+,K+-ATPase can be either activated or
inhibited by hormones (Bertorello and Katz, 1993; Aperia,
1995). Consistent with this, several laboratories have re-
ported either activation or inhibition of the Na+,K+-
ATPase upon stimulation of PKC in various tissues and
species (for references, see Pedemonteet al., 1997a). Our
results from experiments with dopamine and PMA sug-
gest that this apparent contradiction is the product of dis-
tinct mechanisms in which different serine residues of the
Na+,K+-ATPaseα subunit are phosphorylated and differ-
ent PKC isoforms are involved.

Our results would be consistent with the following
model: PMA stimulates a signaling pathway that results
in activation of Na+,K+-ATPase by translocation of pump
molecules to the plasma membrane from intracellular
compartments. PMA treatment may activate a signaling
pathway that is normally utilized by hormones that in-
crease proximal tubule sodium reabsorption (Aperiaet al.,
1994; Schusteret al., 1984; Gopalakrishnanet al., 1995).
Upon stimulation of membrane hormonal receptors, acti-
vation of an specific intracellular messenger pathway leads
to phosphorylation ofα subunit Ser11/Ser18 residues of
the Na+,K+-ATPase molecules that are localized in a recy-
cling intracellular compartment. Phosphorylated Na+,K+-
ATPases are recognized by the clathrin/AP-1 mechanism
that translocates these molecules to the plasma membrane,
resulting in an enhanced capacity of the cell to translocate
sodium ions.

In contrast, stimulation of proximal tubule dopamin-
ergic receptors results in inhibition of Na+,K+-ATPase

activity, a process that is mediated by removal of plasma
membrane pumps to intracellular compartments. Upon
stimulation of dopaminergic receptors, the G-protein cou-
pled receptor intracellular pathway is activated and this
leads to phosphorylation ofα subunit Ser18 residues of
Na+,K+-ATPase molecules that are localized exclusively
in the plasma membrane. The SH3 domain of PI3-K/p85α
interacts with the Na+,K+-ATPaseα subunit polyproline
domain, which may become accessible after dopamine-
dependent PKC phosphorylation ofα subunit Ser18.
Activation of PI3-K produces phosphatidylinositol-lipid
phosphorylation, which stimulates the binding of AP-
2 to phosphorylated Na+,K+-ATPase molecules. After
recruitment and association of the clathrin vesicle ma-
chinery, Na+,K+-ATPase molecules are translocated from
the plasma membrane to intracellular recycling compart-
ments. This results in a reduced capacity of the cell to
translocate sodium ions. These hypotheses offer an attrac-
tive explanation for how hormones involved in regulation
of kidney Na+ reabsorption may do so by regulating the
activity of proximal tubule Na+,K+-ATPase.
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