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Abstract. In the cortical collecting duct (CCD), arginin
vasopressin (AVP) has been shown to increase the num-
ber and activity of basolateral Na+-K+-ATPase by re-
cruiting or activating a latent pool of pumps. However,
the precise mechanism of this phenomenon is still un-
known. The aim of this study was to investigate whether
this AVP-induced increase in basolateral Na+-K+-
ATPase could depend on a dephosphorylation process.
To this purpose, the effect of protein serine/threonine
phosphatase (PP) inhibitors was examined on both the
specific 3H-ouabain binding (to evaluate the number of
pumps in the basolateral membrane) and the ouabain-
dependent86Rb uptake (to evaluate pump functionality)
in the presence or absence of AVP. In addition, the ac-
tivity of two PP, PP1 and PP2A, was measured and the
influence of AVP was examined on both enzymes. Ex-
periments have been performed on mouse CCD isolated
by microdissection. Results show that inhibition of
PP2A prevents the AVP-induced increase in the number
and activity of Na+-K+-ATPases, independent of an ef-
fect on the apical cell sodium entry. In addition, AVP
rapidly increased the activity of PP2A without effect on
PP1. These data suggest that PP2A is implied in the
regulation of Na+-K+-ATPase activity by AVP in the
CCD and that the AVP-dependent increase in the number
of Na+-K+-ATPases is mediated by a PP2A-dependent
dephosphorylation process.
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Introduction

In the cortical collecting duct (CCD), aldosterone is in-
volved in the constitution of a latent pool of Na+-K+-

ATPases [1, 7]. The recruitment and/or activation of
these pumps is induced by an increase in intracellular
sodium concentration [1, 7, 15] or in cellular volume
[16]. Recently, we have shown that arginin vasopressin
(AVP) could induce the phenomenon, leading to a syn-
ergy of action of AVP and aldosterone on the basolateral
Na+-K+-ATPase [17]. However, the precise mechanism
leading to the increased Na+-K+-ATPase activity is still
unknown.

Recent studies have demonstrated that Na+-K+-
ATPase can be present under several phosphorylation
states. Serine and/or threonine residues of the Na+-K+-
ATPase can be phosphorylated by protein kinase A
(PKA) or C (PKC) leading to an inactivated enzyme [4,
5, 9, 18]. Phosphorylation/dephosphorylation processes
could thus represent a new regulation pathway of the
Na+-K+-ATPase activity [10, 11]. The role of protein
serine/threonine phosphatases (PP) such as PP1 or PP2A
that could dephosphorylate Na+-K+-ATPase is still un-
known. It has been shown that dephosphorylation by PP
is involved in the regulation of ion channel [2, 3, 22, 23,
25, 27] or Na+-K+-2Cl− [21]. Several PP inhibitors such
as okadaic acid, calyculin A and tautomycin have been
found to be potent and selective inhibitors of PP1 and
PP2A [6, 12, 20, 24, 30] and have been commonly used
to examine the effects of dephosphorylation processes
[21, 22, 28]. In the present study, we have examined the
role of PP in the AVP-induced increase in the number
and activity of Na+-K+-ATPase pumps and searched for
the type of PP involved. Results have shown that (i)
AVP-induced pump recruitment or activation is blunted
in the presence of protein phosphatases inhibitors; (ii)
AVP activates PP2A, not PP1, in the CCD. It is con-
cluded that the AVP-induced recruitment or activation of
the latent pool of Na+-K+-ATPase is due to a PP2A-
dependent dephosphorylation process and that this phe-
nomenon is mediated by a selective increase in PP2A
activity by AVP.Correspondence to:M. Blot-Chabaud
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Material and Methods

ANIMALS

Experiments have been performed on female Swiss mice (20–30 g
body wt;n 4 24). Each animal was bilaterally adrenalectomized and
an osmotic minipump (Alzet 2001, Alza, Palo Alto, CA) delivering 1
mg. 100 g body wt−1. day−1 dexamethasone and 30mg. 100 g body
wt−1. day−1 aldosterone was immediately placed subcutaneously. Ani-
mals were fed a standard laboratory diet and had free access to tap
water. Experiments were performed 5–7 days after surgery. Plasma
aldosterone concentration (radioimmunoassay, Oris Industrie, Saclay,
France) was 136 ± 4 ng/dl.

MICRODISSECTION OFCCD

Mice were injected i.p. with 50 U heparin sodium 5 min before the
beginning of the experiment. They were anesthetized with ether, and 1
ml blood was collected from the vena cava after abdominal incision (to
determine plasma aldosterone concentration). Kidneys were perfused
via the aorta with an ice-cold rinsing solution containing (in mM): 137
NaCl, 5 KCl, 0.8 MgSO4, 0.33 Na2HPO4, 0.44 KH2PO4, 1 MgCl2, 1
CaCl2, 5 D-glucose, and 10 TRIS (hydroxymethyl) aminomethane HCl,
pH 7.4. Subsequently, they were perfused with a collagenase solution,
which was identical to the rinsing solution except that 0.1% collagenase
(0.85 U/mg, Serva, Heidelberg, Germany) was added. Thin slices of
kidney were cut and incubated in collagenase solution at 30°C for 1 hr
under air bubbling. Dissection of CCD was then performed at 4°C
under stereomicroscope in a Na+K solution containing (in mM): 139
NaCl, 10 NaHCO3, 5 KCl, 0.8 MgSO4, 5 glucose, 1 MgCl2, 1 CaCl2,
1 alanine, 20 HEPES/TRIS and 1 mg/ml bovine serum albumin (BSA),
pH 7.4.

DETERMINATION OF TUBULAR VOLUME

After microdissection at 4°C, CCD were incubated at 37°C for 10 min
in the Na+K solution to restore electrochemical gradients. CCD were
then photographed using a camera placed on a stereomicroscope. This
photograph served to determine the tubular volume of each CCD, using
an image analyzer (Biocom, France). Tubular surface area and tubular
length were determined and tubular volume was calculated assuming a
cylindrical shape since it has been shown that the lumen of nonperfused
tubules represents < 5% of tubular volume [29]. Results were ex-
pressed per nanoliter tubular volume.

OUABAIN BINDING

The number of pumps present in the basolateral membrane of the
tubular cells was determined using3H-ouabain binding technique [7,
17]. Briefly, CCD were microdissected at 4°C, then incubated for 10
min at 37°C in the Na+K solution, and the tubular volume of each CCD
was determined (see above). After a preincubation step in the Na+K
solution in the presence or absence of protein phosphatase inhibitor for
5 min, CCD were transferred into the cavity of a microscope slide
containing 15ml of a Na solution (identical to the Na+K solution but
without KCl) and 5 × 10−5 M 3H-ouabain (15-30 Ci/mmol; Du Pont-
New England Nuclear), with or without AVP and in the presence or

absence of protein phosphatase inhibitor (okadaic acid or calyculin A).
This was performed both in the absence and in the presence of a
100-fold excess of unlabeled ouabain (to determine total and non spe-
cific 3H-ouabain binding). Slides were covered with a microscope
slide to prevent evaporation and placed on a thermoregulated plate at
37°C. Incubation was performed for 5 min, an elapse of time sufficient
to reach equilibrium of the specific 3H-ouabain binding [16]. At the
end of the incubation time, tubules were rinsed at 4°C in a choline
solution for 10–15 min to reduce non specific3H-ouabain binding [7,
16]. This rinsing solution contained (in mM): 149 chloride choline,
0.80 MgSO4, 5 glucose, 1 MgCl2, 1 CaCl2, 1 alanine, 20 HEPES/TRIS
and 10 mg/ml BSA, pH 7.4. The radioactivity of each CCD was
counted with a liquid scintillation beta counter (model 1217; LKB).
Using3H counts and tubular volume of each CCD, specific3H-ouabain
binding was calculated and expressed as femtomoles per nanoliter tu-
bular volume.

RUBIDIUM UPTAKE

The functional activity of pumps present in the membrane was exam-
ined using86Rb uptake technique [8, 16, 17]. Briefly, after CCD mi-
crodissection and tubular volume determination, CCD were preincu-
bated for 5 min in the cavity of a microscope slide containing 15ml of
the Na+K solution to which protein phosphatase inhibitor was added or
not. Then, CCD were incubated for 4 min in 15ml of the Na+K
solution or 15ml of the Na solution plus 10−4 M ouabain (to measure
total and ouabain-insensitive86Rb uptake) in the presence or absence of
protein phosphatase inhibitor. This was performed in the presence and
absence of AVP. Slides were covered and placed at 37°C. After these
preincubations, CCD were rapidly transferred into another slide for 1
min at 37°C containing 15ml of the Na solution with 5 mM RbCl and
a tracer amount of86RbCl (1–35 Ci/g; Du Pont-New England Nuclear),
with or without protein phosphatase inhibitor in the presence or ab-
sence of AVP. Incubation was stopped by the addition of 100ml of
ice-cold rinsing solution (see above) with 3 mM BaCl2, and slides were
transferred onto ice. CCD were briefly rinsed (<4 min) at 4°C in the
rinsing solution to eliminate extracellular86Rb contamination (intra-
cellular 86Rb loss was <5% after a 4-min rinse). The radioactivity of
each CCD was counted using a liquid scintillation beta counter. Using
86Rb counts and tubular volume of each CCD, ouabain-sensitive86Rb
uptake was calculated and expressed as picomoles per nanoliter tubular
volume per minute.

DETERMINATION OF PROTEIN PHOSPHATASE(PP)
ACTIVITY

PP activity was measured using a kit (GIBCO-BRL, France) [13, 28].
Briefly, this kit uses as the substrate 32p-labeled glycogen phosphor-
ylase a, which is a common substrate for PP1 and PP2A. To determine
the type of phosphatase implied, we took advantage of the differential
sensitivity of PP1 and PP2A to okadaic acid (OK) and tautomycin
(TAUT). OK 1nM preferentially inhibits PP2A, whereas 3nM TAUT
inhibits mainly PP1 [14, 24]. After CCD microdissection and tubular
volume determination, CCD were preincubated for 5 min with or with-
out protein phosphatase inhibitor in the presence or absence of AVP.
Afterwards, CCD were pelleted and cell extract was prepared as fol-
lows. The pellet was homogenized in hypotonic buffer containing (in
mM): 50 Tris.HCl, pH 7.5, 0.1 EDTA, 0.1 ethylene glycol-bis(b-amino-
ethyl ether)-N, N, N8, N8-tetraacetic acid, 0.1% (vol/vol)b-mercapto-
ethanol, 25mg/ml leupeptin, 25mg/ml aprotinin, and 0.1% (vol/vol)
Triton X-100, and incubated for 30 min at 4°C. PP inhibitor and AVP
were still present in this solution when required. The homogenate was
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centrifuged at 12,000×g for 25 min. Preliminary studies were per-
formed so that PP activity was not > 0.02 nmol/min in the assay and
activity was linear with time and protein concentration. The reaction
was started by adding the (32P) phosphorylase a to the supernatant and
incubating in a water bath at 30°C for 10 min. The reaction was
stopped by the addition of 20% trichloroacetic acid and refrigeration on
ice for 20 min. The tubes were centrifuged at 12,000×g for 5 min at
4°C, and the clear supernatant was used to determine the amount of
radioactivity released in the assay as32Pi. The results were expressed
as nanomoles32Pi released per nanoliter tubular volume per minute.

DRUGS

AVP was from Sigma. Okadaic acid and calyculin A were from ICN.
Tautomycin was from Calbiochem.

STATISTICAL ANALYSIS

Data were expressed as means ±SE (n, number of CCD). Statistical
analyses were performed using a two tailed student’st test for inde-
pendent means.

Results

EFFECT OFOKADAIC ACID AND CALYCULIN ON SPECIFIC
3H-OUABAIN BINDING AND ON OUABAIN -SENSITIVE 86Rb
UPTAKE IN THE PRESENCE ORABSENCE OFAVP

Specific 3H-ouabain binding was determined in CCD
incubated in the presence or absence of AVP with or
without addition of okadaic acid 1mM or calyculin A 50
nM which inhibits both PP1 and PP2A. Incubation time
was 5 min with or without the inhibitor followed by 5
min incubation in the presence or absence of AVP. Fig-
ure 1 illustrates the results. Okadaic acid (A) as well as
calyculin A (B) prevented the AVP-induced increase in
specific3H-ouabain binding.

Ouabain-sensitive86Rb uptake was also determined
in the same conditions. Figure 2 shows that whereas
AVP induced a significant increase in ouabain-sensitive
86Rb uptake in the absence of inhibitor, no effect of AVP
could be observed when CCD were incubated with 1mM

okadaic acid or 50 nM calyculin A.

INFLUENCE OFNYSTATIN ON THE EFFECT OFCALYCULIN
A ON SPECIFIC 3H-OUABAIN BINDING IN THE PRESENCE
OF AVP

To determine whether PP inhibitors act directly on Na+-
K+-ATPase or exert their effects by affecting primarily
the apical Na+ channel, the effect of calyculin A on the
AVP-induced increase in specific3H-ouabain binding
was determined in the presence or absence of the sodium
ionophore nystatin 120mg/ml. In a previous study, we
have shown that nystatin rapidly equilibrated intra- and

extracellular Na+ concentrations, leading to an increase
in the specific3H-ouabain binding in the absence of api-
cal sodium entry through the Na+ channel [16]. Results
are shown in Fig. 3. Calyculin A was able to prevent the
AVP-induced increase in specific3H-ouabain binding
with or without nystatin treatment, suggesting a direct
action of the inhibitor on Na+-K+-ATPase.

CONCENTRATION DEPENDENCE OF THEEFFECT OF

OKADAIC ACID AND CALYCULIN A ON SPECIFIC
3H-OUABAIN BINDING IN THE PRESENCE OFAVP

The effect of increasing doses of okadaic acid or calycu-
lin A was determined on the specific3H-ouabain binding
of CCD incubated in the presence of AVP. Results are
shown in Fig. 4. Okadaic acid produced a dose-
dependent decrease in the AVP-induced specific3H-
ouabain binding (Fig. 4A). The apparent K1/2 of inhibi-
tion (as determined by the reverse plot analysis,n 4 5,
r 4 0.98) was about 2nM. Calyculin A also produced a
dose-dependent decrease in the AVP-induced specific
3H-ouabain binding (Fig. 4B) with a K1/2 of inhibition
<6 nM.

Fig. 1. Effect of 1 mM okadaic acid (OK) and 50 nM calyculin A
(CALY) on specific3H-ouabain binding in the presence or absence of
10−8 M AVP. Experiments have been performed on CCD preincubated
for 5 min in the presence or absence of 1mM OK (panelA) or 50 nM
CALY (panelB). Specific3H-ouabain binding was measured by incu-
bation of CCD for 5 min with 5 × 10−5 M 3H-ouabain binding ±
100-fold excess of unlabeled ouabain, in the presence (AVP) or ab-
sence (C) of 10−8 M AVP with or without drug. The increase in specific
3H-ouabain binding induced by AVP was prevented in the presence of
each inhibitor. Numbers in bars are the number of CCD tested. Bars are
mean values ±SE. *P < 0.05, **P < 0.01, ***P < 0.001.
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EFFECT OFAVP ON PPACTIVITY

In a first series of experiments, the effects of 1nM OK
and 3nM TAUT (which mainly inhibit PP2A and PP1
activity respectively [14, 24]) were tested on PP activity.
Results are given in Fig. 5A. The total PP activity in
isolated CCD was about 1.4 × 10−3 nmole32P released
per nanoliter tubular volume and per minute. One nM

OK decreased this activity by about 40% and 3nM TAUT
by about 60%. When both inhibitors were added, the
whole PP activity was blocked suggesting that 1nM OK

and 3nM TAUT were able to inhibit specifically PP1 and
PP2A. The effect of 10−8 M AVP was examined on PP
activity in control condition and in the presence of each
inhibitor, 1nM OK or 3nM TAUT. Results (Fig. 5B)
show that, in control condition, AVP significantly in-
creased the total PP activity by about 15–20%. This ef-
fect was due to an increase of PP2A activity since the
effect of AVP was unaltered in the presence of 3nM

TAUT whereas the increase was prevented in the pres-
ence of 1 nM OK.

Discussion

Na+-K+-ATPase is a major enzyme implied in the regu-
lation of intracellular Na+ and K+. In epithelia, this en-
zyme is located at the basolateral membrane and partici-
pates in sodium reabsorption and potassium secretion.
In the kidney, the cortical collecting duct is an important
site of control of sodium reabsorption. We and others [1,
7] have shown that, in this epithelium, aldosterone is
responsible for the constitution of a latent pool of Na+-
K+-ATPase. In a recent study, we have demonstrated
that arginin vasopressin (AVP) could induce the recruit-
ment or the activation of this latent pool of Na+-K+-
ATPases and that the phenomenon was mediated by an

Fig. 2. Effect of 1 mM okadaic acid (OK) and 50 nM calyculin A
(CALY) on the ouabain-sensitive86Rb uptake in the presence or ab-
sence of 10−8 M AVP. Experiments have been performed on CCD
preincubated for 5 min in the presence or absence of 1mM OK or 50
nM CALY. 86Rb uptake was measured after 4-min incubation with 5
mM Rb by addition of a tracer amount of86Rb during 1 min, in the
presence or absence of 10−4 M ouabain. AVP 10−8 M was added (AVP)
or not (C) to the medium for the last 5 min in the presence or absence
of each inhibitor. The increase in ouabain-sensitive86Rb uptake in-
duced by AVP was prevented in the presence of each inhibitor. Num-
bers in bars are the number of CCD tested. Bars are mean values ±SE.
*P < 0.05.

Fig. 3. Effect of nystatin (NYST) on the AVP-induced increase in
specific 3H-ouabain binding in the absence or presence of 50 nM ca-
lyculin A (CALY). CCD were preincubated for 5 min in the absence or
presence of CALY. Afterwards, specific3H-ouabain binding was mea-
sured by incubation for 5 min with 5 × 10−5 M 3H-ouabain ± 100-fold
excess of unlabeled ouabain in the absence (C) or presence of 120
mg/ml NYST and 10−8 M AVP (NYST+AVP). In the presence of
nystatin, the effect of AVP on the specific3H-ouabain binding was also
abolished. Numbers in bars are the number of CCD tested. Bars are
mean values +SE: *P < 0.05, ***P < 0.001.

Fig. 4. Concentration-dependence of okadaic acid (OK) and calyculin
A (CALY) effects on specific3H-ouabain binding. Specific3H-ouabain
binding was determined in CCD incubated for 5 min with 10−8 M AVP
in the presence of various concentrations of OK (panelA) or CALY
(panelB). In each condition, CCD were first preincubated for 5 min
with the drug.3H-oubain concentration was 5- × 10−5 M ± 100-fold
excess of unlabeled ouabain. Bars are mean values ±SE of 4–11 mea-
surements.
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apical Na+ entry via the amiloride-sensitive sodium
channel [17]. However, the precise mechanism leading
to the functional activation or insertion of Na+-K+-
ATPase is still unknown. Recently, a new regulation
pathway of Na+-K+-ATPase has been described. This
pathway implies phosphorylation and dephosphorylation
steps, leading to inactivated or activated form of the en-
zyme [9, 18]. In vitro, it has been documented that both
PKA and PKC can phosphorylate thea subunit of Na+-
K+-ATPase with different phosphorylation sites on ser-
ine or threonine residues [4]. In another study [5], it was
shown that this phosphorylation step was accompanied
with an inhibition of Na+-K+-ATPase activity as mea-
sured by the rate of32P-ATP hydrolysis. In the kidney,
several studies have attempted to evaluate the role of this
phenomenon in the regulation of Na+-K+-ATPase. In the
proximal tubule, dopamine inhibits Na+-K+-ATPase ac-
tivity via the PKA pathway with a regulation pathway
implying the DARPP system [28]. Phosphorylation/

dephosphorylation processes are not only involved in the
regulation of Na+-K+-ATPase but have also been de-
scribed for the regulation of different transport systems.
In particular, Na+/K+/2Cl− cotransport and K+ channels
have been shown to be regulated by a pathway implying
phosphatases [21, 22].

The goal of our study was to examine whether an
AVP-induced dephosphorylation of latent Na+-K+-
ATPase could be responsible for the AVP-induced in-
crease in the number of active Na+-K+-ATPases present
in the basolateral membrane. To this purpose, common
inhibitors of serine-threonine phosphatase (PP) 1 and 2A
like okadaic acid, calyculin A and tautomycin have been
used. We have first demonstrated that, when CCD are
first preincubated with PP inhibitors at a concentration
where both PP1 and PP2A activity was blocked, the
AVP-induced increase in specific 3H-ouabain binding
and the AVP-induced increase in ouabain-sensitive86Rb
uptake are prevented. These experiments suggest that
serine-threonine PP might be involved in the phenom-
enon.

Since PP effect could primarily act on the sodium
channel (which controls cell sodium entry) rather than on
the Na+-K+-ATPase, we checked whether the same effect
could be observed in the presence of the sodium iono-
phore nystatin. In a previous study, we had shown that
this ionophore could induce the recruitment or activation
of latent Na+-K+-ATPases [16]. Results (Fig. 3) indicate
that, in the presence of nystatin, the PP inhibitor calycu-
lin A still prevented the AVP-induced recruitment of the
latent pool of pumps. This suggests that the PP-induced
increase in the number of basolateral Na+-K+-ATPases
was not due to an effect on the Na+ channel. Such hy-
pothesis was indeed unlikely since an increase in the
activity of the Na+ channel has been shown to depend on
channel phosphorylation, not dephosphorylation [26].

To determine whether PP1 or PP2A was implied in
the phenomenon, we analyzed the dose dependency of
the effect of calyculin A and okadaic acid and we directly
measured the activity of both PP. Although specificity
of inhibitors is always a concern, okadaic acid and ca-
lyculin A have been found to be without effect on other
signaling processes [19, 21, 30, 31]. Okadaic acid is a
potent inhibitor of PP2A with a weaker activity against
PP1 (IC50 about 1nM and 60–500 nM respectively) [6,
20, 21]. Calyculin A is equipotent to okadaic acid in
inhibiting PP2A but is a more potent inhibitor of PP1
(IC50 about 0.3–2.0 nM) [20, 21]. The fact that the K1/2
of the effect of okadaic acid on the AVP-induced in-
crease in 3H-ouabain binding was about 2 nM indirectly
suggested that PP2A rather than PP1 could be implied in
the Na+-K+-ATPase activation process. This was con-
firmed by experiments designed to determine directly PP
activity. In these experiments, we took advantage of the
fact that tautomycin 3 nM inhibits mainly PP1 activity

Fig. 5. Effect of 10−8 M AVP on the serine/threonine protein phospha-
tase (PP) activity in the absence or presence of 1 nM okadaic acid (OK)
or 3 nM tautomycin (TAUT). The effects of OK, TAUT or OK+TAUT
were examined on PP activity as described in Material and Methods
(panelA). OK decreased PP activity by about 40% whereas TAUT
decreased it by about 60%. When both OK and TAUT were added, PP
activity was about zero. Bars are mean values ±SE. Numbers in bars
give the number of CCD tested. ***P < 0.001. The effect of AVP 10−8

M was examined on PP activity (panelB) in the presence of OK or
TAUT, or in the absence of drug (C). PP activity was increased by AVP
either in the absence of drug or in the presence of TAUT but was not
modified in the presence of OK. Bars are mean values ±SE. Figures in
bars give the number of CCD tested. *P< 0.05, AVP-treatedvs.control
CCD.
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[14, 24, 28]. Results showed that in mouse CCD, both
PP1 and PP2A are present, representing respectively
about 60% and 40% of the total activity. However,
whereas PP1 activity is not modulated by AVP (experi-
ments performed in the presence of a low dose of okadaic
acid to block selectively PP2A activity), PP2A activity is
significantly increased by 5 min treatment with the hor-
mone (experiments performed in the presence of 3 nM

tautomycin to block selectively PP1 activity). Taken to-
gether, these results suggest that the activation of PP2A
is important in the regulation of Na+-K+-ATPase number
and activity by AVP. Interestingly, it is to be noticed
that in principal cells of rat CCD, Kubokawa et al. [22]
have described a PP2A-dependent regulation of the
ATP-sensitive K+ channel, whose activity is closely
linked to Na+-K+-ATPase activity.

In summary, we have shown that, in the mouse
CCD, AVP increases the number of functional Na+-K+-
ATPase present in the basolateral membrane by enhanc-
ing the activity of PP2A. This effect is rapid and has to
be integrated in the recently described pathways of Na+-
K+-ATPase regulation by phosphorylation/dephos-
phorylation processes. Whether Na+-K+-ATPase activa-
tion by this PP2A-dependent dephosphorylation process
directly affects the enzyme or implies an intermediate
regulatory protein rather than Na+-K+-ATPase itself will
have to be determined.
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