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P450-dependent arachidonate metabolites

We investigated the effect of the cyclic AMP-protein kinase A (PKA) signalling path-
way on renal Na+,K+-ATPase and ouabain-sensitive H+,K+-ATPase. Male Wistar rats
were anaesthetized and catheter was inserted through the femoral artery into the ab-
dominal aorta proximally to the renal arteries for infusion of the investigated sub-
stances. Na+,K+-ATPase activity was measured in the presence of Sch 28080 to block
ouabain-sensitive H+,K+-ATPase and improve s;)ecificity of the assay. Dibutyryl-cyclic
AMP (db-cAMP) administered at a dose of 10” * mol/kg per min and 1078 mol/kg per
min increased Na+,K+-ATPase activity in the renal cortex by 34% and 42%, respec-
tively, and decreased it in the renal medulla by 30% and 44%, respectively. db-cAMP
infused at 107° mol/kg per min increased the activity of cortical ouabain-sensitive
H',K'-ATPase by 33%, and medullary ouabain-sensitive H',K'-ATPase by 30%. All
the effects of db-cAMP were abolished by a specific inhibitor of protein kinase A, KT
5720. The stimulatory effect on ouabain-sensitive H+,K+-ATPase and on cortical
Na',K'-ATPase was also abolished by brefeldin A which inhibits the insertion of pro-
teins into the plasma membranes, whereas the inhibitory effect on medullary
Na+,K+-ATPase was partially attenuated by 17-octadecynoic acid, an inhibitor of
cytochrome P450-dependent arachidonate metabolism. We conclude that the
cAMP-PKA pathway stimulates Na',K'-ATPase in the renal cortex as well as
ouabain-sensitive H+,K+-ATPase in the cortex and medulla by a mechanism requiring
insertion of proteins into the plasma membrane. In contrast, medullary
Na+,K+-ATPase is inhibited by cAMP through a mechanism involving cytochrome

P450-dependent arachidonate metabolites.
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Na',K"-ATPase, present in basolateral mem-
branes of renal tubular cells, drives active Na*
reabsorption throughout the nephron and is
involved in the regulation of extracellular
fluid volume and blood pressure. Na',K'-
ATPase is regulated by multiple mediators, in-
cluding dopamine, aldosterone, angiotensin
II, nitric oxide and atrial natriuretic peptide
(Feraille & Doucet, 2001). The hormones regu-
lating renal sodium pump trigger different
intracellular signalling mechanisms, among
which cyclic AMP-protein kinase A is one of
the most important. In renal tubular cells, the
cAMP-PKA pathway is activated by dopamine
through D1-like receptors, S-adrenergic
agonists, parathyroid hormone, vasopressin,
and by prostaglandins through EPy receptors.
In contrast, dopamine acting on D2-like recep-
tors, neuropeptide Y, angiotensin II, and
prostaglandins through EP receptors inhibit
adenylate cyclase (Feraille & Doucet, 2001).
The effect of the cAMP-PKA pathway on renal
Na',K"-ATPase is extremely controversial;
both stimulation (Charlton & Baylis 1990;
Breton et al., 1994; Beck et al., 1995; Carranza
et al., 1996) and inhibition (Fryckstedt &
Aperia, 1992; Aperia et al., 1994; Cheng et al.,
1997; Hussain et al., 1997; Anderson et al.,
1998) of renal sodium pump by cAMP have
been reported. These discrepancies may be
partially attributed to different nephron seg-
ments studied, experimental conditions, and
different methods of Na*,K-ATPase assay. In
particular, in vitro studies may not adequately
reproduce physiological conditions, because
the regulation of Na',K'-ATPase by protein
kinases is affected by multiple features of the
microenvironment such as oxygen tension,
pH, osmolality, calcium and sodium concen-
trations, all of them changing along the
nephron (Kiroytscheva et al., 1999; Cheng et
al., 1999). Recently, we have demonstrated
that activators of the cAMP-PKA pathway ad-
ministered in vivo by local infusion stimulate
Na', K"-ATPase in the renal cortex and inhibit
it in the renal medulla, suggesting that the
same signalling pathway may have opposite

effects in different nephron segments depend-
ing on local microenvironment (Bettowski et
al., 2002). Whereas this experimental appro-
ach bypasses many disadvantages of in vitro
studies, it shares with them another draw-
back, i.e. nonspecificity of Na',K'-ATPase as-
say. In most studies, including that performed
by us, Na',K'-ATPase was measured as
ouabain-sensitive activity. However, ouabain
is not a specific inhibitor of Na',K"-ATPase,
but inhibits also some H',K'-ATPases
(Younes-Ibrahin et al., 1995; Buffin-Meyer et
al., 1997). H" K"-ATPase, present in the api-
cal membrane of tubular cells, is involved in
potassium reabsorption and urine acidifica-
tion. The enzyme exists in at least three
isoforms: type I expressed in intercalated cells
of the collecting duct, type II contained in
proximal tubule and medullary thick ascend-
ing limb, and type III, which is not expressed
under physiological conditions but appears in
principal cells of the collecting duct in potas-
sium-depleted animals. Types II and III are in-
hibited by ouabain (Doucet, 1997). Thus,
“Na",K"-ATPase” assayed as ouabain-sensi-
tive activity consists in fact not only of true
Na", K"-ATPase but also of ouabain-sensitive
H',K"-ATPase. The a-subunit of H',K"-ATP-
ases contains putative PKA phosphorylation
site (Kone & Higham, 1998), which raises the
possibility that changes of ouabain-sensitive
H' K'-ATPase activity could contribute to the
effect of cAMP on “Na’,K"-ATPase” in some
experiments.

Recently, we have developed a method for
the measurement of renal ouabain-sensitive
H" K"-ATPase activity and improved the spec-
ificity of our Na", K'-ATPase assay by adding
an inhibitor of all H',K"-ATPases, Sch 28080,
to the incubation mixture (Beltowski &
Wojcicka, 2002). Therefore, in the present
study we reinvestigated the effect of cAMP on
renal Na' ,K'-ATPase using this modified
method. We also studied whether this signal-
ling pathway is involved in the regulation of
renal ouabain-sensitive H',K'-ATPase.
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MATERIALS AND METHODS

Reagents. The following reagents were ob-
tained from Sigma-Aldrich (St. Louis MO,
U.S.A): NG ,2'-O-dibutyryladenosine 3',5'-cy-
clic monophosphate (db-cAMP), forskolin,
3-isobutyl-1-methylxanthine (IBMX), 17-octa-
decynoic acid (17-ODYA), miconazole, 20-hy-
droxyeicosatetraenoic acid (20-HETE),
11,12-epoxyeicosatrienoic acid (11,12-EET),
adenosine triphosphate disodium salt
(NagATP), adenosine triphosphate Tris salt
(TrisATP), and ouabain. The specific inhibi-
tors of protein kinases A and G, KT 5720 and
KT 58238, respectively, were purchased from
Kamiya Biomedical Co. (Thousand Oaks, CA,
U.S.A.). The specific inhibitor of H',K"-ATP-
ases, 2-methyl-8-(phenylmethoxy)imidazol-
(1,2-¢) pyridine-3-acetonitrile (Sch 28080) was
kindly provided by the Schering-Plough Re-
search Institute (Kenilworth, NJ, U.S.A)).
Other reagents were of the highest research
grade available.

Experimental protocol. All studies were
performed on adult male Wistar rats weigh-
ing 250-300 g. They had free access to food
and water before the experiments. The ani-
mals were anaesthetized with pentobarbital
(50 mg/kg i.p.) and a thin catheter was in-
serted through the femoral artery into the ab-
dominal aorta proximally (< 0.5 cm) to the re-
nal arteries for infusion of the investigated
substances. The position of the catheter was
verified at the end of the experiment. The
study protocol was approved by the Bioethics
Committee of the Medical University of
Lublin.

After the surgery, infusion with physiologi-
cal saline was started at the rate of 66 ul/min
for 30 min (stabilization period). All the inves-
tigated substances were infused as saline so-
lution at the rate of 66 ul/min (4 ml/h). The
total time of infusion was 60 min. Animals
from the control group received 0.9% NaCl
during the whole experiment. Each investi-
gated compound was administered for 30
min, between 1 and 30 or between 31 and

60 min of infusion. In general, activators of
the cAMP-PKA pathway were administered
between 31 and 60 min of infusion, whereas
the compounds expected to block their effect
— between 1 and 30 min. After the infusion,
the abdominal cavity was opened and the
aorta was ligated proximally to the end of the
catheter. Then, 5 ml of 0.9% NaCl was infused
within 1-2 min through the catheter to re-
move erythrocytes from the kidneys. After
this procedure the kidneys became pale and
contained virtually no erythrocytes as con-
firmed by light microscopy. The kidneys were
excised and the animals sacrificed by a lethal
dose of pentobarbital. ATPase activities were
assayed in the microsomal fraction isolated
from the renal cortex and medulla. The proce-
dure of isolation was described in details pre-
viously (Bettowski & Wéjcicka, 2002).
Na+,K+-ATPase assay. ATPase activity
was assayed by measuring the amount of inor-
ganic phosphate (P;) liberated from ATP dur-
ing the incubation of the microsomal fraction
at 37°C. The assay medium (1 ml) contained:
100 mM NaCl, 20 mM KCI, 4 mM MgCl,, 1
mM EGTA, 40 mM Tris/HCI (pH 7.4), 0.2 mM
Sch 28080, and 50 ug of microsomal protein.
Preincubation was carried out for 10 min, and
then 3 mM NagATP was added. After 15 min
the enzymatic reaction was terminated by
adding 0.35 ml of ice-cold 1 N HC1Oy4. Then, P;
was assayed as previously described
(Bettowski & Wojcicka, 2002). To correct for
spontaneous breakdown of ATP, the absor-
bance of a blank sample prepared as described
above but without microsomal protein was
subtracted from the absorbance of the test
sample. The amount of phosphate was read
from a standard curve constructed using
known concentrations of KHyPO4. Na',K'-
ATPase activity (ouabain-sensitive fraction)
was calculated as the difference between total
ATPase (assayed in the absence of ouabain)
and ouabain-resistant fraction (Mg2+-
ATPase), assayed in the presence of 2 mM
ouabain, and was expressed in moles of P; lib-
erated by 1 mg of microsomal protein during
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1 h (mol/h per mg protein). Each sample was
assayed in triplicate and the difference be-
tween averaged total ATPase and averaged
ouabain-resistant ATPase was used in further
calculations. Protein concentration in the
microsomal fraction was assayed by the
method of Lowry et al. (1951) using bovine se-
rum albumin as a standard.

H+,K+-ATPase assay. For H' K'-ATPase
assay, 50 ug of microsomal protein was added
to the incubation mixture (1 ml) containing 5
mM KCl, 10 mM MgCly, 1 mM EGTA, and 25
mM Tris/HCI (pH 7.4). After 10 min, 5 mM
TrisATP was added and the sample was incu-
bated for 30 min at 37°C. Then, P; was assayed
as described above. The activity of
ouabain-sensitive H',K'-ATPase was calcu-
lated as the difference between the activities
assayed in the absence and in the presence of
1 mM ouabain (Beltowski & Wéjcicka, 2002).

Statistics. Data are presented as
mean + S.E.M. from 8 animals in each group.
Statistical analysis was performed by Stu-
dent’s ttest or analysis of variance (ANOVA)
followed by Duncan’s multiple range test, for
comparison of 2 or > 2 groups, respectively. A
P value < 0.05 was considered significant.

RESULTS

Infusion of a membrane-permeable, hydroly-
sis-resistant cAMP analogue, dibutyryl-cAMP,
had dose dependent, opposite effects on
Na',K"-ATPase activity in the renal cortex
and medulla (Fig. 1). db-cAMP administered
at a dose of 107" mol/kg per min and 1076
mol/kg per min increased cortical Na',K'-
ATPase activity by 34% and 42%, respectively.
A lower dose of db-cAMP (10_8 mol/kg per
min) tended to stimulate cortical Na',K'-
ATPase but the effect was not significant. In
contrast, db-cAMP at doses of 1077 mol/kg
per min and 1076 mol/kg per min decreased
Na’,K"-ATPase activity in the renal medulla
by 30% and 44%, respectively. The activity of
ouabain-resistant fraction (Mg2+-ATPase) did

not change following db-cAMP administration
either in the cortex or in the medulla.
Ouabain-sensitive H',K'-ATPase activity in-
creased in response to db-cAMP infusion in
both regions of the kidney (Fig. 1). In the re-
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Figure 1. The effect of dibutyryl-cAMP (db-cAMP)
on Na+,K+-ATPase (top panel) and ouabain-sen-
sitive H+,K+-ATPase (bottom panel) activities in
the renal cortex and medulla.

Control group received infusion of 0.9% NaCl for 60
min, other groups were treated with different doses of
db-cAMP between 31 and 60 min of infusion. Then,
ATPases were assayed in isolated microsomal fraction.
Enzyme activities are expressed in yumol of inorganic
phosphate liberated by 1 mg of microsomal protein dur-
ing 1 h (umol P;/h per mg protein); n = 8 in each group.
*P<0.05, **P < 0.01, ***P <0.001, compared to control
by ANOVA and Duncan’s test.

nal cortex, 107 mol/kg per min stimulated
ouabain-sensitive H',K'-ATPase activity by
33%, whereas in the renal medulla this dose of
the cAMP analogue caused 30% stimulation.
Lower doses of db-cAMP (10_8 and 10~ mol/
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kg per min) tended to stimulate cortical and
medullary ouabain-sensitive H',K'-ATPase,
but the effect was not significant. Thus,
db-cAMP has similar stimulatory effect on
both ouabain-sensitive ATPases in the renal
cortex but changes their activities in the oppo-
site directions in the renal medulla.

To test whether db-cAMP has a direct effect
on the renal ATPases, we examined the effect
of this compound on enzyme activities in vitro.
db-cAMP added to the incubation medium at a
concentration of 10> M had no effect on ei-
ther cortical or medullary Na',K"-ATPase and
on ouabain-sensitive H',K'-ATPase activity.
These data indicate that the action of
db-cAMP requires intact intracellular signal
transduction mechanisms.

Next, we investigated whether stimulation of
endogenous adenylate cyclase causes similar
changes in the activities of renal ATPases. In-
fusion of forskolin, an activator of adenylate
cyclase, mimicked the effect of db-cAMP in
the renal medulla. Forskolin at a dose of 107"
mol/kg per min decreased medullary Na®,K'-
ATPase activity by 47% and increased medu-
llary ouabain-sensitive H',K"-ATPase activity
by 27% (Fig. 2). Previously we have demon-
strated that forskolin alone has no effect on
cortical ATPases (Bettowski et al., 2002), most
likely due to low activity of adenylate cyclase
and/or high rate of cAMP inactivation by
phosphodiesterases. Therefore, we studied
cortical ATPases after infusion of forskolin
preceded by 30-min administration of a
phosphodiesterase inhibitor, IBMX, expected
to increase the effectiveness of forskolin by
blocking cAMP breakdown. Although IBMX is
a nonspecific inhibitor of cAMP-degrading
phosphodiesterases and inhibits also the me-
tabolism of ¢cGMP, we have observed that
¢GMP has no effect on cortical Na' K -
ATPase and ouabain-sensitive H",K"-ATPase
in the renal cortex (unpublished observation).
Both Na',K'-ATPase and ouabain-sensitive
H' K'-ATPase activity in the renal cortex in-
creased following IBMX+ forskolin adminis-
tration by 38% and 30%, respectively (Fig. 2).
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Figure 2. The effect of forskolin and IBMX on re-
nal Na+,K+-ATPase (top panel) and ouabain-sen-
sitive H+,K+-ATPase (bottom panel).

Control group received 0.9% NaCl for 60 min. In one ex-
perimental group (for studying cortical enzymes)
IBMX (10_6 mol/kg per min) was infused for 30 min,
followed by forskolin (10_7 mol/kg per min) for an-
other 30 min (IBMX+F). Another group (for studying
medullary enzymes) received 0.9% NaCl for 30 min and
forskolin (10_7 mol/kg per min) for another 30 min (F).
*P < 0.05, ***P < 0.001, compared to control by un-
paired Student’s #test.

Subsequently, we investigated whether the
effect of cAMP on renal ATPases was medi-
ated by protein kinase A. Infusion of specific
protein kinase A inhibitor, KT 5720 (10_8
mol/kg per min) before the administration of
db-cAMP (10‘6 mol/kg per min) abolished the
stimulatory effect of db-cAMP on cortical
Na",K"-ATPase, cortical and medullary
ouabain-sensitive H',K'-ATPase, as well as
the inhibitory effect on medullary Na' ,K'-
ATPase (Fig. 3). In contrast, a specific inhibi-
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Figure 3. The effect of specific inhibitors of pro-
tein kinase A (KT 5720) and protein kinase G (KT
5823) on the regulation of renal ATPases by
db-cAMP.

KT 5720 or KT 5823 (10_8 mol/kg per min) was admin-
istered between 1 and 30 min of infusion and db-cAMP
(10_6 mol/kg per min) between 31 and 60 min. *P <
0.05, **P < 0.01, ***P < 0.001, compared to control by
ANOVA and Duncan’s test.

tor of protein kinase G, KT 5823, had no effect
on the db-cAMP-induced changes in both
ATPases either in the cortex or in the me-
dulla. Thus, db-cAMP altered the activity of re-
nal Na',K"-ATPase and ouabain-sensitive
H' K'-ATPase by stimulating protein kinase
A. KT 5720 did not change the activity of renal
ouabain-sensitive ATPases if administered to
animals which were not treated with db-
cAMP.

Shortterm regulation of renal Na',K"-ATP-
ase is partially accounted for by the distribu-
tion of the enzyme between the plasma mem-

brane (active pool) and intracellular stores (in-
active pool) (Feraille & Doucet, 2001). To get
more insight into the mechanism of regula-
tion of renal ATPases by cAMP, we performed
additional experiments using brefeldin A,
which inhibits translocation of proteins from
Golgi apparatus to the plasma membrane and
has been demonstrated to attenuate incorpo-
ration of Na", K"-ATPase into the basolateral
membrane of tubular cells (Bertorello et al.,
1999; Gonin et al., 2001). Administration of
brefeldin A alone had no effect on Na" K -
ATPase and ouabain-sensitive H' ,K-ATPase
activities (Fig. 4). When brefeldin A was in-
fused before the administration of db-cAMP,
it abolished the stimulatory effect of this com-

[—1 cortical Na*,K*-ATPase

i

5404 « HEEEEE medullary Na*,K'-ATPase

a *

o

235 "

g

el

£

S 25 4

£

=

= 20 4 * *

2 *

215 4 &

2 : 2

& 10 A

=

<

o

20

control db-cAMP brefeldin A brefeldin A

+ db-cAMP

T 10 -

B 94 [ cortical H'K'-ATPase

; mmmm medullary H' K'-ATPase

£ 81

g 71 .

=

o 64 * T

g 5

=

Z 49

=

B

<

X 9

= control db-cAMP brefeldin A brefeldin A
+ db-cAMP

Figure 4. The effect of brefeldin A on the regula-
tion of renal ATPases by db-cAMP.

Brefeldin A (100 ug/kg per min) was infused between 1
and 30 min of the experiment and db-cAMP (1076
mol/kg per min) between 31 and 60 min. *P < 0.05, **P
<0.01, ***P < 0.001, compared to control by ANOVA
and Duncan’s test.
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pound on Na",K"-ATPase in the renal cortex
and the effect on ouabain-sensitive H' K'-
ATPase in both cortex and medulla. These
data suggest that cAMP stimulates cortical
Na' , K"-ATPase as well as cortical and medul-
lary ouabain-sensitive H',K"-ATPase by acti-
vating the recruitment of pumps (or other reg-
ulatory proteins) into the plasma membrane.
In contrast, brefeldin A had no effect on the
inhibition of medullary Na' ,K'-ATPase by
cAMP (Fig. 4).

Previous studies suggest that cytochrome
P450-dependent arachidonate metabolites de-
crease renal Na' , K'-ATPase activity and me-
diate the inhibitory effect of some mediators
such as dopamine and parathyroid hormone
(Schwartzman et al., 1985; Nowicki et al.,
1997). In the kidney arachidonic acid is me-
tabolized by cytochrome P450 through the
w/w-1 hydroxylation pathway to 19- and
20-hydroxyeicosatetraenoic acids (19- and
20-HETE) and by the epoxygenase pathway to
different isomers of epoxyeicosatrienoic acid
(EET). We observed that administration of
17-ODYA, which inhibits both pathways of
cytochrome P450-dependent arachidonate
metabolism, partially attenuated the inhibi-
tory effect of db-cAMP on Na',K"-ATPase in
the renal medulla. Medullary Na*,K*-ATPase
activity in animals treated with 17-ODYA
(10_8 mol/kg per min) before the administra-
tion of db-cAMP (10_6 mol/kg per min) was
34% higher than in rats treated with db-cAMP
alone, but still significantly lower (by 25%)
than in control animals, which did not receive
db-cAMP. In contrast to 17-ODYA, a specific
inhibitor of the epoxygenase pathway,
miconazole, has no effect on the inhibition of
medullary Na®,K*- ATPase by db-cAMP. Nei-
ther 17-ODYA nor miconazole had any effect
on the stimulation of cortical Na',K'-ATPase
or of cortical and medullary ouabain-sensitive
H' K'-ATPase by db-cAMP, suggesting that
the cytochrome P450-dependent arachidonate
metabolites are not involved in the
stimulatory effect of the cAMP-PKA pathway
on renal ouabain-sensitive ATPases. Also,

17-ODYA and miconazole had no effect on
Na',K'-ATPase and on ouabain-sensitive

H'" K" -ATPase in animals which were not
treated with db-cAMP.
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Figure 5. The effect of inhibitors of cytochrome
P450-dependent arachidonate  metabolism,
17-ODYA and miconazole, on the regulation of re-
nal ATPases by db-cAMP.

17-ODYA or miconazole (each at a dose of 10_8 mol/kg
per min) was infused between 1 and 30 min of the ex-
periment and db-cAMP (10_6 mol/kg per min) between
31 and 60 min. *P<0.05, **P<0.01, ***P<0.001, com-
pared to control by ANOVA and Duncan’s test; "p<
0.05, compared by Duncan’s test to medullary
Na',K"-ATPase in db-cAMP-treated rats which did not
receive 17-ODYA.

Finally, we tested the effect of exogenous
cytochrome P450-dependent arachidonate
metabolites on renal ATPases (Fig. 6).
20-HETE administered at doses of 107! and
10710 mol/kg per min decreased Na',K'-
ATPase activity in the renal cortex by 25% and
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Figure 6. The effect of cytochrome P450-depen-
dent arachidonate metabolites, 20-HETE and
11,12-EET, on renal Na+,K+-ATPase and ouabain-
sensitive H+,K+-ATPase activities.

20-HETE or 11,12-EET was administered between 31
and 60 min of infusion. *P<0.05, **P<0.01, compared
to control by ANOVA and Duncan’s test.

35%, respectively, and in the renal medulla by
19% and 32%, respectively. Lower dose of
20-HETE (10_12 mol/kg per min) did not alter
Na',K"-ATPase activity in either the cortex or
the medulla. 20-HETE infused at doses of
1072 and 107! mol/kg per min had no effect
on cortical and medullary ouabain-sensitive
H',K'-ATPase, but administered at a dose of
10719 mol/ kg per min decreased its activity in
the cortex and medulla by 18% and 19%, re-
spectively. Thus, although 20-HETE inhibits
both ouabain-sensitive ATPases, Na',K-ATP-
ase is more sensitive to this inhibition than
ouabain-sensitive H' ,K"-ATPase. A product of
the epoxygenase pathway, 11,12-EET, infused
at a dose of 10710 mol/kg per min decreased
the activity of cortical Na' K"-ATPase, medul-
lary Na',K"-ATPase, cortical ouabain-sensi-

tive H' , K'-ATPase and medullary ouabain-
sensitive H',K"-ATPase by 22%, 20%, 22%,
and 26%, respectively. These data indicate
that, in contrast to 20-HETE, 11,12-EET is an
equally potent inhibitor of both renal Na*,K'-
ATPase and ouabain-sensitive H',K-ATPase.

DISCUSSION

The results presented here confirm our re-
cent observation that stimulation of the
cAMP-PKA pathway increases Na' , K -ATP-
ase activity in the renal cortex and decreases
it in the renal medulla (Bettowski et al., 2002).
However, in the present study Na', K "-ATPase
activity was assayed in the presence of Sch
28080 to inhibit ouabain-sensitive H',K -ATP-
ase, so the observed effects are accounted for
specifically by Na*,K"-ATPase. In contrast to
Na',K'-ATPase, ouabain-sensitive H' ,K'-
ATPase is activated by cAMP through a
PKA-dependent mechanism in both regions of
the kidney.

We observed that the stimulation of Na", K-
ATPase by cAMP was abolished by brefeldin
A, which suggests that the cAMP-PKA path-
way induces recruitment of the enzyme from
an intracellular compartment to the plasma
membrane. This is consistent with in vitro
studies which demonstrated an increase in
cell surface expression of Na',K'-ATPase by
cAMP in proximal convoluted tubule (Car-
ranza et al., 1998), cortical collecting duct
(Gonmin et al., 2001), and in lung epithelial cells
(Bertorello et al., 1999). The method used by
us for isolation of microsomal fraction does
not separate plasma membranes from endo-
plasmatic reticulum, thus, both intracellular
and cell surface pools of Na", K'-ATPase are
present during enzyme assay. The effect of
brefeldin A suggests that the intracellular
pool of Na',K"-ATPase is inactive until trans-
ferred to the plasma membrane, even if its ac-
tivity is assayed in a broken-cell preparation.
However, an alternative explanation should
be considered, i.e. that cAMP does not induce
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the recruitment of Na*,K"-ATPase itself but
rather of some regulatory protein(s) which ac-
tivates a sodium pump preexisting in the
plasma membrane. Because brefeldin A also
inhibits secretion of proteins into the
extracellular space, it is possible that cAMP
induces the release of some mediator which
activates Na',K"-ATPase and ouabain-sensi-
tive H',K'-ATPase. Further studies are
needed to discriminate between these possi-
bilities.

Rat o1 subunit of Na*,K"-ATPase contains a
putative PKA phosphorylation site at Ser?43
(Fisone et al., 1994) and can be phospho-
rylated at this site in vitro (Feschenko &
Sweadner, 1994; Beguin et al., 1994; Kurihara
et al., 2000) and when transfected into cul-
tured cells (Beguin et al., 1994; Cornelius &
Logvinenko, 1996). Some studies have dem-
onstrated an increased level of phospho-
rylation of Na*,K"-ATPase following stimula-
tion of PKA in intact renal cells (Cheng et al.,
1997; Kiroytscheva et al., 1999). However, the
localization of the incorporated phosphate
was not defined. In addition, recently the pos-
sibility of Na',K'-ATPase phosphorylation by
PKA in intact cells has been questioned
(Feschenko et al., 2000; Sweadner & Fes-
chenko, 2001). Thus, it is still not clear
whether the regulation of Na“,K"-ATPase by
cAMP includes phosphorylation of the pump
by PKA itself. Alternatively, PKA may inhibit
dephosphorylation of Na‘,K"-ATPase (previ-
ously phosphorylated by other kinases) by
phosphorylating and activating endogenous
inhibitors of protein phosphatases, such as
the dopamine- and cyclic AMP-regulated phos-
phoprotein 32 kDa (DARPP-32) or inhibitor-1
(I-1) (Meister et al., 1989; Higuchi et al., 2000).
Finally, PKA can indirectly stimulate other
kinases to phosphorylate the sodium pump.

The results of this study suggest that the in-
hibitory effect of cAMP on Na',K"-ATPase ac-
tivity in the renal medulla is mediated, at least
in part, by cytochrome P450-dependent ara-
chidonate metabolites. It seems that products
of the w/w-1 hydroxylation pathway rather

than of the epoxygenation pathway are in-
volved, because the effect of cAMP was atten-
uated by a nonspecific inhibitor of the P450-
dependent arachidonate cascade, 17-ODYA,
but not by a specific inhibitor of epoxygenase,
miconazole. Moreover, 20-HETE decreased
Na',K"-ATPase activity more effectively than
the activity of ouabain-sensitive H' K'-
ATPase, whereas 11,12-EET inhibited both
enzymes to a similar degree. If cAMP stimu-
lated the epoxygenase pathway, it would in-
hibit both ouabain-sensitive ATPases rather
than only the Na", K"-ATPase.

In vitro studies demonstrated that cyto-
chrome P450-dependent arachidonate metab-
olites mediate the inhibitory effect of cAMP
on Na", K"-ATPase in medullary thick ascend-
ing limb (Satoh et al., 1993a) and cortical col-
lecting duct (Satoh et al., 1992, 1993b). More
recently, it has been suggested that this is an
artefact resulting from inadequate oxygen
supply because cAMP inhibited Na' K'-
ATPase only under hypoxic conditions
(Kiroytscheva et al., 1999). Our study indi-
cates that this mechanism may operate in vivo
in the renal medulla. The renal medulla is
characterized by low oxygen tension and the
difference in oxygen availability between the
medulla and cortex can account for the oppo-
site effects of cAMP on Na',K'-ATPase in
these regions. The observation that while
20-HETE and 11,12-EET decreased both corti-
cal and medullary Na*,K"-ATPase, the inhibi-
tory effect db-cAMP was restricted to the re-
nal medulla is consistent with the explanation
that cAMP triggers the cytochrome P450-de-
pendent arachidonate cascade specifically in
the latter region.

The mechanisms regulating renal H' K-
ATPases are poorly understood. Herein we
demonstrate that cAMP stimulates ouabain-
sensitive (type II) H',K"-ATPase in both re-
gions of the kidney through a PKA-dependent
mechanism. The effect is sensitive to bre-
feldin A suggesting that PKA stimulates the
incorporation of H',K'-ATPase or another
protein regulating its activity to the plasma
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membrane. Notably, although ouabain-sensi-
tive H, K-ATPase was inhibited by 20-HETE,
it was less sensitive to this inhibition than
Na',K"-ATPase. The lower sensitivity of
ouabain-sensitive H',K"-ATPase to 20-HETE-
induced inhibition can explain why this en-
zyme, in contrast to Na',K'-ATPase, is
unidirectionally regulated by cAMP in both
parts of the kidney.

While this study was in progress, two papers
concerning shortterm regulation of renal
H' K'-ATPases were published. In one of
them (Laroche-Joubert et al., 2000) the stimu-
lation of type I H',K'-ATPase in intercalated
cells of the collecting duct in normokalemic
rats and stimulation of type III H , K"-ATPase
in principal cells of this nephron segment of
potassium-depleted rats by cAMP were re-
ported. Interestingly, another study revealed
that whereas the effect of cAMP on type I
H',K"-ATPase in B-intercalated cells was me-
diated by PKA, the stimulation of this enzyme
in a-intercalated cells was PKA-independent
(Laroche-Joubert et al., 2002). The involve-
ment of PKA in the regulation of type III
H' K'-ATPase by cAMP was not studied. To-
gether with the present study, those data indi-
cate that all renal H" K"-ATPases are stimu-
lated by cAMP, although the signalling path-
way distally to cAMP may differ depending on
the cell type and H',K"-ATPase isoform.

In conclusion, this study demonstrates that
the cCAMP-PKA pathway stimulates Na*,K'-
ATPase in the renal cortex and inhibits it in
the renal medulla. The inhibitory effect is par-
tially mediated by cytochrome P450-de-
pendent arachidonate metabolites. In con-
trast, cAMP increases the activity of
ouabain-sensitive (type II) H+,K+-ATPase in
both regions of the kidney. These data indi-
cate that a single signalling mechanism can
regulate the two renal ouabain-sensitive
ATPases in opposite directions in a given
nephron segment, as well as can mediate ei-
ther stimulation or inhibition of Na',K'-
ATPase in different parts of the kidney.

The authors wish to thank the Schering
Plough Research Institute (Kenilworth, NdJ,
U.S.A)) for the free sample of Sch 28080, with-
out which this study would not have been pos-
sible.
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