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LRNFLABORATORY STUDY

Mechanisms of PKC-Dependent Na+ K+ ATPase Phosphorylation in the Rat 
Kidney with Chronic Renal Failure

Na+ K+ ATPase Phosphorylation by PKC in CRFClaudia A. Bertuccio, Elvira E. Arrizurieta, Fernando R. Ibarra, and Rodolfo S. Martín
Instituto de Investigaciones Médicas Alfredo Lanari, Universidad de Buenos Aires, Buenos Aires, Argentina

The present work was designed to study Na+ K+ ATPase
α1-subunit phosphorylation in rats with chronic renal failure
(CRF) in comparison with normal rats. Na+ K+ ATPase α1-sub-
unit phosphorylation degree was measured by binding the McK-1
antibody to dephosphorylated Ser-23 in microdissected medul-
lary thick ascending limb of Henle (mTAL) segments. In addi-
tion, the total Na+ K+ ATPase α1-subunit expression and activity
were also measured in the outer renal medulla homogenates and
membranes.

CRF rats showed a higher Na+ K+ ATPase activity, as com-
pared with control rats (18.95 ± 2.4 vs. 11.21 ± 1.5 μmol Pi/mg
prot/h, p < 0.05), accompanied by a higher total Na+ K+ ATPase
expression (0.54 ± 0.04 vs. 0.27 ± 0.02 normalized arbitrary units
(NU), p < 0.05). When McK-1 antibody was used, a higher
immunosignal in mTAL of CRF rats was observed, as compared
with controls (6.3 ± 0.35 vs.4.1 ± 0.33 NU, p < 0.05). The ratio
Na+ K+ ATPase α1-subunit phosphorylation / total Na+ K+

ATPase α1-subunit expression per μg protein showed a non-
significant difference between CRF and control rats in microdis-
sected mTAL segments (2.11 ± 0.12 vs.2.26 ± 0.18 NU, p = NS).
The PKC inhibitor RO-318220 10−6M increased immunosignal
(lower phosphorylation degree) in mTAL of CRF rats to 128.43 ±
7.08% (p < 0.05) but did not alter McK1 binding in control rats.
Both phorbol 12-myristate 13-acetate (PMA) 10−6M and dopam-
ine 10−6M decreased immunosignal in CRF rats, corresponding
to a higher Na+ K+ ATPase α1-subunit phosphorylation degree at
Ser-23 (55.26 ± 11.17% and 53.27 ± 7.12% compared with basal,
p < 0.05). In mTAL of CRF rats, the calcineurin inhibitor FK-
506 10−6M did not modify phosphorylation degree at Ser-23 of

Na+ K+ ATPase α1-subunit (100.21 ± 3.00% compared with
basal CRF). In control rats, FK 506 10−6M decreased the immun-
osignal, which corresponds to a higher Na+ K+ ATPase α1-sub-
unit phosphorylation degree at Ser-23. The data suggest that the
regulation of basal Na+ K+ ATPase α1-subunit phosphorylation
degree at Ser-23 in mTAL segments of CRF rats was primarily
dependent on PKC activation rather than calcineurin dependent
mechanisms.

Keywords Na+ K+ ATPase phosphorylation, Na+ K+ ATPase
α1-subunit PKC site, McK-1 antibody, mTAL,
CRF rats

INTRODUCTION

Sodium homeostasis in chronic renal failure (CRF) is
maintained until late stages of the disease by mechanisms
that have only been partially characterized. Thus, when
total renal mass is reduced, single nephron glomerular fil-
tration rate in the remaining nephrons augments[1] and is
paralleled by an increase in fractional sodium excretion
(FENa).

[2,3] Several authors have found a reduction in prox-
imal tubule fractional reabsorption of sodium in CRF,[4–6]

which results in an increased delivery to both loop seg-
ments and distal tubules.[7,8] The increased sodium deliv-
ery to the loop of Henle is associated with a compensatory
increment in sodium reabsorption in this segment, though
FENa remains elevated.[8] Changes in the ionic transport
events described above have been associated with an
increase in both Na+ K+ ATPase expression and activity in
the outer medulla after unilateral nephrectomy[9] and in
CRF animals.[10,11]

Three isoforms of the catalytic α-subunit and two
β-subunit isoforms constitute the multigene family encod-
ing the functional Na+ K+ ATPase α/β heterodimer. Na+

K+ ATPase isoforms exhibit tissue-specific patterns of
expression. In the mTAL of rats, only α1/β 1 proteins are
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expressed under normal physiological conditions.[12] In
CRF rats, an increase in renal Na+ K+ ATPase activity was
accompanied by an increase in the mRNA of α1-
subunit,[13] so different tissues display different patterns of
isoform expression for Na+ K+ ATPase. Independently of
the particular isoforms expressed in each tissue, it has
been described as an important and specific role for post-
translational regulation as well. When cation activation
kinetics was explored in different tissues expressing dif-
ferent Na+ K+ ATPase isoforms, it was found that tissue-
specific kinetic was at least as important as isoform-
specific predicted activation for Na+ K+ ATPase function.[14]

In line with this, recent studies in the normal kidney have
well established that phosphorylation/dephosphorylation
processes at the α1-subunit of Na+ K+ ATPase contribute
to different post-translational Na+ K+ ATPase regulatory
rates.[15–19] Thus, rat Na+ K+ ATPase α1-subunit is phos-
phorylated in vitro by protein kinase C (PKC), predomi-
nantly at Ser-23.[17] It has recently been demonstrated in
rats with normal renal function that Na+ K+ ATPase phos-
phorylation degree at Ser-23 was lower in microdissected
medullary thick ascending limb of Henle (mTAL) seg-
ments, as compared with proximal tubules (PCT), accom-
panied by an increase in Na+ K+ ATPase activity.[20] This
Na+ K+ ATPase phosphorylation heterogeneity in the nor-
mal kidney was associated with different regulatory intrac-
ellular mechanisms. Thus, while Na+ K+ ATPase activity
was strongly dependent of PKC activation in PCT, it was
mostly determined by calcineurin-dependent phosphoryla-
tion in mTAL.[20]

Thus, factors that could potentially affect Na+ K+

ATPase function in CRF, such as tissue-specific activation
kinetic, segmental variations in the rate of phosphoryla-
tion/dephosphorylation in the nephron, and compensatory
changes in ionic transport shown by mTAL in CRF,
prompted this investigation into whether the modifications
observed in electrolyte transport in CRF could be a conse-
quence of changes in regulatory intracellular pathways
that command the post-translational regulation of Na+ K+

ATPase in CRF. Therefore, the present study was
designed to focus on the regulation by both PKC and cal-
cineurin of Na+ K+ ATPase α1-subunit in mTAL micro-
dissected segments in rats with CRF. The results indicate that
Na+ K+ ATPase α1-subunit phosphorylation in mTAL of
CRF rats was determined by an increase in PKC-dependent
phosphorylation, rather than on a calcineurin dependent
mechanism, as has been found in normal rats.[20]

METHODS

Male Wistar rats (Animal Care Laboratory, Alfredo
Lanari Institute of Medical Research, Buenos Aires,

Argentina), weighing 250–350 g with either normal renal
function or CRF, on a free diet (Ganave, Buenos Aires,
Argentina) containing 24% protein, 0.5% sodium chloride
and 1.25% potassium, with tap water ad libitum and under
controlled room temperature and light conditions, were
used. The protocol was approved by the local Committee
for Animal Research. Renal insufficiency was produced
by suppressing a major portion of renal tissue, as previ-
ously described.[21] Briefly, under pentobarbital anesthesia
(25 mg/kg body wt, i.p.), the left kidney was exposed by a
flank incision and then dipped in hot water for 14 seconds
to burn the outer cortex. Previous studies have demon-
strated that this procedure results in a predominantly loss
of cortical nephrons with preserved medullary nephrons
showing an intact diluting capacity. After seven days of
recovery and under light anesthesia, the right kidney was
surgically removed. The rats were studied one week later.
Control rats were subjected to sham operation with the
surgical procedures described above.

In Vivo Studies

Both animal groups, those with normal renal function
and after induction of CRF, were anesthetized and pre-
pared for clearance studies. Briefly, after tracheotomy,
suitable catheters were placed at the carotid artery, jugular
vein, and urinary bladder. Enough inulin (Inutest, Linz,
Austria) to provide 0.2 mg/mL plasma concentrations was
administered in saline at 0.025 mL/min through the jugu-
lar vein to measure glomerular filtration rate (GFR). After
45 minutes of equilibrium, three consecutive periods of
30 minutes for urine collections were done. Blood samples
from the carotid artery were taken at the midpoint of
each period. Inulin was determined in both plasma and
urine samples by anthrone method.[22] Urea, electro-
lytes, and osmolality were also measured in urine and
plasma.

Preparation of Samples

Control and CRF rats were anesthetized with intrap-
eritoneal sodium pentobarbital, 50 mg/kg body wt i.p.
After a midline incision, the left kidney was perfused and
the tubules were microdissected as described previ-
ously.[23] The kidney was perfused with a modified Hank’s
solution (mM): NaCl 137, KCl 5, MgSO4 0.8, Na2HPO4
0.33, KH2PO4 0.44, CaCl2 1, MgCl2 1 and Tris-HCl 10, to
which 0.05% collagenase (Sigma Chemical Co., St. Louis,
Missouri, USA) and 0.1% bovine serum albumin (BSA)
had been added. The pH was adjusted to 7.4. The kidney
was removed and cut along its corticopupillary axis into
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small pyramids. The pyramids were incubated at 35oC for
20 min in 10 ml perfusion solution, which was bubbled
with 100% oxygen. Butyrate 10−3 M was added to the per-
fusion fluid to optimize mitochondrial respiration of the
tubules. The tissue was rinsed and transferred to the same
perfusion solution, except that collagenase and bovine
serum albumin were omitted and the CaCl2 concentration
was reduced to 0.25 mM (microdissection solution).
Butyrate (10−3 M) was also added to the microdissection
solution. mTAL segments were manually microdissected
from outer medulla. Dissection was carried out on ice and
under stereomicroscopic observation as described.[24]

Outer medulla homogenates from control and CRF
rats were prepared as described.[25] Outer medulla slices
were isolated and homogenized with 300 μl of buffer con-
taining (in mM): 20 Tris, 2 EGTA, 2 EDTA, 1 phenylme-
thylsulnyl fluoride (PMSF), 10 β-mercaptoethanol and
100 KIE/mL aprotinin (pH 7.4). The sample was stored at
-70ºC until assay. The protein content for each sample was
measured by Lowry’s method.[26]

Incubation of Samples for Electrophoresis

Dissected tubules were drawn for measurement of
length by using a camera lucida device. mTAL segments
were incubated in a final volume of 15 μl with dissection
buffer alone or with phorbol 12-myristate 13-acetate
(PMA) 10−6 M, RO-312880 10−6 M, FK-506 10−6 M or
dopamine (DA) 10−6 M for 10 min at room tempera-
ture.[27] The incubation was stopped by adding lysis buffer
containing 10% 2-mercaptoethanol, 8% sodium dodecyl
sulfate (SDS), 0.25 M Tris-HCl, pH 6.8, 50% glycerol, 50
mM NaF, 1 mM phenylmethylsulphonyl fluoride (PMSF),
and 0.001% phenol blue. Aliquots of this solution, con-
taining 10 to 12 microdissected segments with a total
length ranging between 9 and 12 mm, were immediately
placed onto an 8% SDS-PAGE. The protein content was
2–3 μg for each sample, which is in agreement with previ-
ous data.[24] For each gel, an identical gel was run in paral-
lel and subjected to Coomassie staining to ensure identical
protein loading. The amount of protein was chosen after
the linearity of detection had been verified. After electro-
phoresis, proteins were electrophoretically transferred to
PVDF membranes (Hybond, PVDF, Amersham Pharma-
cia Biotech, Buckinghamshire, England). Then, the mem-
branes were rinsed in Tris buffered saline (TBS) and
quenched with 5% fat-free dry milk in TBS containing
0.1% Tween 20.

Phosphorylation of PKC sites in Na+ K+ ATPase
α1-subunit was detected with a specific monoclonal anti-
body, McK-1. This antibody binds a sequence, DKKSKK,
located in the N- terminus of the rat α1-subunit of Na+ K+

ATPase. This sequence contains the serine residue Ser-
23.[28] McK-1 binds Ser-23 when this residue is dephos-
phorylated and not when it is phosphorylated by PKC.[17]

Thus, a higher immunosignal indicates that Na+ K+

ATPase is more dephosphorylated at α1-subunit, Ser 23.
In rat Na+ K+ ATPase α1-isoform, McK-1 also binds Ser-
11, another PKC phosphorylation site, but with a lower
stoichiometry than Ser-23.[17] This antibody, constructed
at Dr. K. Sweadner’s laboratory, has been validated as a
good probe to evaluate phosphorylation/dephosphoryla-
tion degree in rat Na+ K+ ATPase α1-subunit as seen with
the 32P loading method by several other works.[17,29,30]

McK-1 was diluted 1:1000 in TBS containing 0.1%
Tween 20.

The outer medulla homogenates were also placed
onto an 8% SDS-PAGE, loading an equal amount of pro-
tein per lane (∼15 μg). The expression of total Na+ K+

ATPase was assessed by using a common monoclonal
antibody (mouse anti-Na+ K+ ATPase α1-subunit). This
antibody recognizes Na+ K+ ATPase α1-subunit irrespec-
tive of its phospho-state and was chosen because α1-subunit
represents 99% of the α-isoforms in the kidney.[31] Com-
mon antibody was diluted 1:5000 in TBS containing 0.1%
Tween 20.

After incubation with secondary antibody, proteins
were visualized with an enhanced chemiluminescence
detection kit (ECL, Amersham Pharmacia Biotech, Buck-
inghamshire, England). Thereafter, the PVDF membranes
were stained with Amido Black and scanned to confirm
uniform protein loading of the lanes. Densitometric analy-
ses of films and membranes were performed on a PC com-
puter using the BioRad Laboratories Molecular Analyst
Software (Bio-Rad, Model GS-670 Imaging Densitome-
ter). Channel width and height selected for densitometric
analyses were equal in each gel, and the background was
also considered. Samples under comparison were run on
the same gel and comparisons among band intensities
were performed within the same membrane. The magni-
tude of the immunosignal is given as normalized figures,
referring to common antibody signal or ug protein, when
appropriate.

Na+ K+ ATPase Activity

Membranes of outer renal medulla from control and
CRF rats were prepared by homogenizing slices in 25 mM
phosphate buffer (pH 7.4) as previously described.[11]

Homogenates were centrifuged at 2,000 rpm for 10 min at
4ºC. Then, supernatants were centrifuged at 12,000 rpm
for 30 min at 4ºC and pellets resuspended in the original
buffer to the same volume. The membranes obtained were
incubated during 15 min at 37ºC in the absence or
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presence of 4 mM ouabain. Na+ K+ ATPase activity was
measured in a buffer containing (in mM): 140 NaCl, 5
KCl, 5 MgCl2, 1 EGTA, 30 Tris-HCl, 3 Na2ATP, and
trace amounts of [γ-32P] ATP. When ouabain was
present, NaCl and KCl were omitted from the incubation
medium. The phosphate liberated by hydrolysis of [γ-
32P] ATP was separated by centrifugation after adsorp-
tion of the unhydrolyzed nucleotide on 15% activated
charcoal in trichloroacetic acid. Radioactivity of the
supernatant was measured in a liquid scintillation spec-
trometer. Total and ouabain insensitive ATPase activities
were measured and the difference between them was
expressed in micromoles of [32P] hydrolyzed per mg
protein and per hour.

Statistical Analysis

Results are given as means ± SEM in normalized arbi-
trary units (NU) or percentage of NU as compared with
basal condition. Na+ K+ ATPase activity is expressed as
micromoles of [32P] hydrolyzed per mg protein and per hour
and results are given as means ± SEM. p < 0.05 was consid-
ered significant. Data were analyzed by Student’s t-test.

Chemicals

Common monoclonal antibody against total α1-
subunit Na+ K+ ATPase was purchased from Upstate
Biotechnology (Waltham, Massachusetts, USA); McK-1,
antibody against dephosphorylated Ser-23 of rat α1-sub-
unit Na+ K+ ATPase was a kind gift from Dr. K Sweadner.
Dopamine (DA), phorbol 12-myristate 13-acetate (PMA),
and ouabain were purchased from SIGMA. RO-318220
from Roche Products LTD (London, UK); FK-506 from
Calbiochem, Calbiochem-Novabiochem, Corporation (La
Jolla, California, USA). [γ-32P]ATP was from Perki-
nElmer, Life Sciences, Inc. (Boston, Massachusetts, USA).

RESULTS

Table 1 shows baseline parameters in experimental
and control animals, where CRF rats display values con-
sistent with a ∼60% decrease in renal function.

The activity and expression of Na+ K+ ATPase in
outer renal medulla homogenates were compared between
control and CRF rats. As shown in Figure 1A, Na+ K+

ATPase activity was ∼70% higher in CRF, as compared
with control rats (18.95 ± 2.4 vs.11.21 ± 1.5 μmol Pi / mg
prot . hr, respectively, n = 9, p < 0.05). When a common

monoclonal antibody, which recognizes total Na+ K+

ATPase α1-subunit expression, was used in outer medulla
homogenates, CRF rats showed a ∼100% increased in the
immunosignal, as compared with control homogenates
(0.54 ± 0.036, n = 5 vs.0.27 ± 0.018 NU, n = 6, p < 0.05;
see Figure 1B). The results agree with the notion that CRF
is associated both with a higher Na+ K+ ATPase activity
and expression in the outer medulla, as earlier
reported.[9,10]

Outer medullary homogenates contain both inner and
outer stripe zones. Among renal tubule segments in the
outer medulla, the higher Na+ K+ ATPase activity is found
in the thick ascending limb,[32] which accounts for ∼90%
of the total Na+ K+ ATPase activity of the outer medulla.
Thus, changes in Na+ K+ ATPase expression in the outer
medulla are most likely due to changes in enzyme expres-
sion in the thick ascending limb, as previously shown.[33]

In order to determine whether the increase in Na+ K+

ATPase activity in CRF rats is paralleled by changes in the
phosphorylation degree, Na+ K+ ATPase α1-subunit phos-
phorylation degree at Ser-23 in microdissected mTAL in
control and CRF rats was measured. Figure 2A shows a
higher immunosignal in mTAL of CRF rats when McK-1
antibody was used (6.3 ± 0.35 vs.4.1 ± 0.33 NU, n = 5,
p < 0.05). This increment indicates an increase in the
dephosphorylation degree of >50% in CRF rats. However,
the ratio between Na+ K+ ATPase α1-subunit phosphory-
lation degree at Ser-23 / total Na+ K+ ATPase α1-subunit
expression showed no significant differences between
CRF and control rats in microdissected mTAL segments
(2.11 ± 0.12 vs. 2.26 ± 0.18 NU, p = NS; see Figure 2B),
suggesting a major contribution of total Na+ K+ ATPase
α1-subunit to the observed changes.

Table 1 
Body weight, plasma and urine parameters in control 

and CRF rats

Group
Control rats

(n = 12)
CRF rats
(n = 11)

Body weight (g) 300.4 ± 11.6 287.7 ± 12.7
Inuline clearance

(ml.min−1.100 g BW−1)
1.1 ± 1.2 0.4 ± 0.03*

Urinary osmolality
(mosmol.kg H20

−1)
2601 ± 178.4 899.9 ± 55.6*

Water intake (ml.d−1) 18.2 ± 2.0 36.41 ± 7.0*
Plasmatic osmolality

(mosmol.kg H20
−1)

292.1 ± 4.0 312.6 ± 3.6*

Plasmatic sodium (mM) 139.3 ± 1.3 139.9 ± 2.3
UNaV

(μmol.min−1.100 g BW−1)
0.31 ± 0.03 0.26 ± 0.05

Data represent mean ± SE. *p < 0.05 compared to control values.
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Figure 3 and Table 2 show the effect of RO-318220
10−6 M, a specific PKC inhibitor, on the degree of phos-
phorylation at Ser-23 α1-subunit Na+ K+ ATPase in
mTAL from control and CRF rats. The addition of the
PKC inhibitor caused a significant decrease in the degree
of phosphorylation in CRF rats, as given by a higher
immunosignal (128.43 ± 7.08 %, n = 6, p < 0.05), as com-
pared with basal CRF. In control rats, the PKC inhibitor
did not alter the immunosignal, as compared with basal
values (95.32 ± 3.56 %, n = 5, p = NS). These results sug-
gest that Na+ K+ ATPase α1-subunit degree of phosphory-
lation at Ser-23 in mTAL of CRF rats is dependent, at least
in part, on a constitutive activation of PKC.

The ability of PKC to phosphorylate Na+ K+ ATPase
α1-subunit at Ser-23 in mTAL was examined by incubating
microdissected mTAL segments with PMA 10−6 M, a direct
PKC activator, and DA. As can be seen in Table 2, control
rats with PMA and DA showed a significant decrease in the
immunosignal, revealing a higher degree of Na+ K+ ATPase
α1-subunit phosphorylation at Ser-23 (PMA: 40.19 ± 6.4 %
vs. basal, n = 4, p < 0.05; DA: 41.85 ± 9.6 % vs. basal, n =
5, p < 0.05). Figure 4A and Table 2 show a significant
decrease in the immunosignal in CRF rats by PMA, corre-
sponding to a higher degree of Na+ K+ ATPase α1-subunit
phosphorylation at Ser-23 (55.26 ± 11.2% compared with
basal CRF, n = 5, p < 0.05). Besides, when microdissected
mTAL segments of CRF rats were incubated with dopamine
(DA) 10−6 M, a decrease was observed in the immunosignal

(increased phosphorylation) of Na+ K+ ATPase α1-subunit
in mTAL (53.27 ± 7.1%, compared with basal CRF, n = 4, p
< 0.05; see Figure 4B). These results suggest that Na+ K+

ATPase in microdissected mTAL segments from CRF rats
can be phosphorylated by the same direct and indirect
mechanisms that affect PKC in control rats.

Figure 5 and Table 2 show the effect of FK-506, a spe-
cific calcineurin inhibitor,[34] on the degree of phosphoryla-
tion at Ser-23 α1-subunit Na+ K+ ATPase in mTAL from
control and CRF rats. Treatment with FK-506 10−6 M
caused no changes in the immunosignal when microdis-
sected mTAL segments from CRF rats were tested (100.21
± 3.00%, compared with basal CRF, n = 4, p = NS). Con-
versely, FK-506 decreased the immunosignal in control
rats (62.46 ± 6.3 % compared with basal condition, n = 5,
p < 0.05). These results suggest that phosphorylation
degree of α1-subunit Na+ K+ ATPase at Ser-23 in CRF rats
is not dependent upon constitutive calcineurin activation.

DISCUSSION

The data presented in this study indicate, for the first
time, that a reduction in renal mass is accompanied by
PKC-dependent phosphorylation of the α1-subunit Na+ K+

ATPase at Ser-23 in mTAL, as compared with control rats,
and corroborate earlier data of an increase in both Na+ K+

ATPase activity and expression in CRF. As shown in

Figure 1. Differences in Na+ K+ ATPase activity and total Na+ K+ ATPase expression in outer renal medulla of control and CRF
rats: (a) Na+ K+ ATPase activity was measured in outer renal medulla membranes by hydrolysis of [γ-32P]ATP; values are means ±
SEM and expressed as μmol Pi / mg. prot . hr, and (b) Na+ K+ ATPase expression was measured in outer renal medulla homogenates
using a common monoclonal antibody that recognizes total Na+ K+ ATPase α1-subunit independently of its phosphorylation degree;
values are means ± SEM and were expressed as normalized arbitrary units. Normalized arbitrary units were obtained as total Na+ K+

ATPase α1-subunit expression with common antibody per μg protein. Na+ K+ ATPase activity and total Na+ K+ ATPase expression
were increased in CRF rats as compared with control rats. *p < 0.05, as compared with control rats.
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Figure 3, PKC inhibition by RO-318220 10−6 M brought
about an increase in the immunosignal and therefore a

diminution in the phosphorylation rate. Conversely, and as
shown in Figure 5, the inhibition of protein phosphatase
calcineurin by FK-506 10−6 M was not associated with
changes in the phosphorylation signal. This type of
response contrasts sharply with that observed in control
rats, where basal phosphorylation of Na+ K+ ATPase was
not dependent on a constitutive action of PKC, but rather
on a constitutive activation of calcineurin.[20]

The data must be put in the context of an increase in
Na+ K+ ATPase expression and activity observed by reduc-
tion of renal mass, as observed here and as already
reported,[9,10] Although speculative, the fact that in CRF
animals a common monoclonal antibody revealed an incre-
ment of ∼100% in Na+ K+ ATPase α1-subunit expression
(see Figure 1 and Table 2), whereas with McK1 the incre-
ment in Na+ K+ ATPase α1-subunit was ∼50% (see Figure 2
and Table 2), would indicate a proportional higher expres-
sion of phosphorylated Na+ K+ ATPase.

When mTAL samples from CRF rats were treated with
the specific PKC inhibitor RO-318220 10−6 M, McK1
immunosignal increased ∼25% over basal CRF, revealing
that Na+ K+ ATPase α1-subunit at Ser-23 was more exten-
sively phosphorylated by PKC in CRF as compared with
normal rats (see Figure 3 and Table 2). This indicates that
PKC constitutively controls basal phosphorylation of Na+

K+ ATPase α1-subunit at mTAL in CRF rats and might
also suggest that the Na+ K+ ATPase α1-subunit at Ser-23
in mTAL of CRF rats is shifted to a predominant phospho-
rylation state, unlike that observed in normal rats.

The McK-1 antibody recognizes a sequence
DKKSKK localized at the α1-subunit Ser-23 of the Na+ K+

ATPase, which has been identified as the PKC site. As
Ser-23 is one of the PKC phosphorylation sites, the anti-
body thus binds to this sequence when it is dephosphory-
lated and not when it is phosphorylated.[17] Thus, the
changes observed in this study should be regarded as rep-
resentative only for the α1-subunit phosphorylation
degree at Ser-23 and not as phosphorylation rates of other
sites.[35,36] However, phosphorylation at the Ser-23 is
responsible for most of the PKC dependent phos-
phorylation of the enzyme in the rat, since it has been
demonstrated that PKC dependent Na+ K+ ATPase phos-
phorylation is almost suppressed when the Ser-23 site is
mutated.[35,36]

Though in the current experiments PKC activity was
not measured, results in the CRF experimental model
would suggest a constitutive activation of the enzyme in
mTAL segments. In this setting, PKC seems to play a dual
role in the regulation of Na+ K+ ATPase by phosphoryla-
tion. When inhibited (RO-318220), Na+ K+ ATPase α1-
subunit dephosphorylation degree increases, pointing to a
basal and tonic activation of the kinase; and when stimu-
lated, PKC can further increase the phosphorylation

Figure 2. Differences in α1-subunit Na+ K+ ATPase expression
at Ser-23 in mTAL microdissected segments of control and CRF
rats. The immunoblot was performed with a monoclonal
antibody (McK-1) against dephosphorylated PKC site, Ser-23, of
the Na+ K+ ATPase α1-subunit. Values are means ± SEM and
were expressed as normalized arbitrary units. Normalized
arbitrary units were obtained as (a) Na+ K+ ATPase α1-subunit
expression with McK-1 antibody per μg protein, and (b) Na+ K+

ATPase α1-subunit expression with McK-1 antibody / total Na+

K+ ATPase α1-subunit expression with common antibody per μg
protein in microdissected tubules. (see Table 2). Densitometric
analysis of all samples revealed a higher immunosignal
(decreased phosphorylation) of Na+ K+ ATPase α1-subunit
expression in CRF rats, as compared with control rats. *p < 0.05,
as compared with control rats.
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degree of Na+ K+ ATPase α1-subunit in CRF. In fact, both
PMA (a direct PKC activator) and DA (a PKC activator
through the binding of G-protein coupled receptors)
increased Na+ K+ ATPase α1-subunit phosphorylation at
PKC site Ser-23 (see Figures 4A and 4B). In addition, DA
results show the integrity of mTAL epithelium in spite of
the injury imposed to kidney tissues by the underlying dis-
ease, as a change in the phosphorylation degree of Na+ K+

ATPase α1-subunit Ser-23 by DA requires that DA binds
specific receptors with the subsequent triggering of the cor-
responding intracellular signaling cascade. In other patho-
logical conditions, it has been described that DA does not
modify Na+ K+ ATPase activity because some steps in the
signaling cascade are disrupted.[37,38] In addition, previous
results[39] have demonstrated that basal levels of intracellu-
lar cAMP in the microdissected mTAL are increased in this
CRF model. Thus, vasopressin and calcitonin stimulated
mTAL adenylate-cyclase in a dose-dependent manner in
control rats but failed to stimulate it in CRF. Maximal

Figure 3.  Effect of PKC inhibition on α1-subunit Na+ K+ ATPase phosphorylation degree at Ser-23 in mTAL microdissected from
control and CRF rats. Na+ K+ ATPase α1-subunit phosphorylation degree at Ser-23 in immunoblots of mTAL segments from control
and CRF rats were treated with RO-318220 10−6 M, a specific PKC inhibitor. The immunoblot was performed with a monoclonal
antibody (McK-1) against dephosphorylated PKC site, Ser-23, of the Na+ K+ ATPase α1-subunit. Values are means ± SEM and were
expressed as percentage of normalized arbitrary units over basal. Normalized arbitrary units were obtained as Na+ K+ ATPase α1-
subunit expression with McK-1 antibody / total Na+ K+ ATPase α1-subunit expression with common antibody per μg protein in
microdissected tubules (see Table 2). Densitometric analysis of all samples revealed an increase in immunosignal of Na+ K+ ATPase
α1-subunit (decreased phosphorylation) under RO-318220 in mTAL segments of CRF rats. No changes were observed with RO-
318220 in mTAL segments of control rats (p = NS). *p < 0.05, as compared with basal in CRF rats.
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Table 2 
Expression of α1-subunit Na+ K+ ATPase phosphorylation 

degree at Ser-23 in microdissected mTAL 
in control and CRF rats

Control CRF

Basal 2.26 ± 0.18 2.11 ± 0.12
RO-318220, 10−6M 2.16 ± 0.086 2.72 ± 0.13†

PMA, 10−6M 0.90 ± 0.28* 0.17 ± 0.24†

DA, 10−6M 0.94 ± 0.23* 1.13 ± 0.28†

FK-506, 10−6M 1.41 ± 0.02* 2.12 ± 0.20

Expression of phosphorylation degree was measured using
McK-1 antibody. Data are expressed as normalized arbitrary
units ± SEM. Normalized arbitrary units (NU) were obtained as
Na+ K+ ATPase α1-subunit expression with McK-1 antibody /
total Na+ K+ ATPase α1-subunit expression with common anti-
body per μg protein in microdissected tubules.

*p < 0.05, as compared with basal condition of control rats.
†p < 0.05, as compared with basal condition of CRF rats.
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adenylate-cyclase stimulation with IBMX plus forskolin
increased cAMP in control rats but not in CRF. The find-
ings that neither forskolin nor vasopressin were able to aug-
ment intracellular cAMP would suggest that stimulatory
pathways of the adenylate-cyclase system were activated in
the basal state in CRF rats. In this regard, Cheng et al. have
reported that in transfected COS cells phosphorylation of
Ser-23 site of Na+ K+ ATPase α1-subunit by PKC was
enhanced when the enzyme was either previously phospho-
rylated at PKA site Ser-943 or when PKA site was mutated
to Asp-943, mimicking a constitutive phosphorylation.[40]

On the other hand, Silva et al. observed that increas-
ing urea concentrations inhibit Na+ K+ ATPase activity in
medulla membrane fractions from normal pig kidney, and
that cAMP is not able to inhibit Na+ K+ ATPase in the
presence of urea.[41] The authors suggest that the increase
in NaCl reabsorption in the mTAL is modulated by the
combined effect of increased urea concentration and
cAMP.[41] Taken together, these data could suggest, at
least in part, that a complex interaction among cAMP,

urea, and PKC is operative, indicating that other regula-
tory phosphorylation mechanisms are potentially present
in the CRF model. Alternatively, the rearrangements in
Na+ K+ ATPase α1-subunit phosphorylation degree at
PKC site Ser-23, which is under PKC control in CRF, may
serve to rapid adjustments in extracellular space homeo-
stasis posed by intercurrences in CRF.

In summary, PKC-dependent Na+ K+ ATPase phos-
phorylation in mTAL is regulated by different intracellular
mechanisms in CRF, as compared with control rats. The
data may help in the design of new experiments looking at
the role of Na+ K+ ATPase post-translational changes[14] in
states where both injury associated events and increased
demands for Na+ reabsorption are present.
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