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Intracellular Signaling in the Regulation of Renal Na-K-ATPase
1. Role of Cyclic AMPand Phospholipase A2

Takeo Satoh, Herbert T. Cohen, and Adrian 1. Katz
Department of Medicine, University of Chicago Pritzker School of Medicine, Chicago, Illinois 60637

Abstract

Wehave reported that dopamine (DA) inhibits Na-K-ATPase
activity in the cortical collecting duct (CCD) by stimulating the
DA, receptor, and the present study was designed to evaluate
the mechanism of this effect. Short-term exposure (15-30 min)
of microdissected rat CCDto DA, a DA, agonist (fenoldopam),
vasopressin (AVP), forskolin, or dibutyryl cAMP(dBcANIP),
which increase cAMP content by different mechanisms,
strongly (- 60%) inhibited Na-K-ATPase activity. 2',5'-di-
deoxyadenosine, an inhibitor of adenylate cyclase, completely
blocked Na-K-ATPase inhibition by DA or fenoldopam, and
IP20, an inhibitor peptide of cAMP-dependent protein kinase A
(PKA), abolished the Na:K pump effect of all the cAMPago-
nists listed above. To verify whether the mechanism of pump
inhibition by agents that increase cell cAMPinvolves phospho-
lipase A2 (PLA2), we used mepacrine, a PLA2 inhibitor, which
also abolished Na-K-ATPase inhibition by DAor fenoldopam,
as well as by AVP, forskolin, or dBcAMP. Arachidonic acid
(10-7-_0-4 M) inhibited Na-K-ATPase activity in dose-depen-
dent fashion. Corticosterone, which induces lipomodulin, a
PLA2 inhibitor protein inactivated by PKA, equally abolished
the pump effects of DA, fenoldopam, forskolin, and dBcAMP,
suggesting that lipomodulin might act between PKAand PLA2
in cAMP-dependent pump regulation. Weconclude that dopa-
mine inhibits Na-K-ATPase activity in the CCDthrough a DA,
receptor-mediated cAMP-PKApathway that involves the stim-
ulation of PLA2 and arachidonic acid release, possibly me-
diated by inactivation of lipomodulin. This pathway is shared
by other agonists that increase cell cAMPand thus stimulate
PKA activity. (J. Clin. Invest. 1992. 89:1496-1500.) Key
words: Na:K pump * dopamine - protein kinase A * arachidonic
acid * cortical collecting duct

Introduction

Dopamine decreases tubular sodium reabsorption (1, 2), an
effect attributed in part to inhibition of Na-K-ATPase activity
in the proximal convoluted tubule (PCT)' (3, 4). The renal
actions of dopamine are mediated by specific receptors (5, 6)
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classified into the fenoldopam (DA,) and DA2 subtypes (re-
viewed in reference 7). DA, receptors, the predominant sub-
type in renal tubules (7), are located primarily in the PCT (8-
10). However, we have recently described specific DAI binding
also in distal nephron segments, and inhibition of Na-K-AT-
Pase activity in the cortical collecting duct (CCD), where the
final regulation of sodium excretion is carried out (1 1).

Dopamine stimulates adenylate cyclase (8, 10) or cAMP
accumulation (4) via its DA1 receptor. cAMPhas been shown
to inhibit Na-K-ATPase activity in-the liver (12), brain (13),
and pancreatic islets (14), but the role of DA, receptor activa-
tion or of cAMPin the regulation of renal Na-K-ATPase is not
clear. In PCT, simultaneous activation of the DA1 and DA2
receptor is required, and dibutyryl cAMP (dBcAMP) alone
does not inhibit the pump activity (4). In contrast, the DA,
receptor and cAMP-dependent protein kinase (PKA) have
been implicated in pump inhibition in medullary thick ascend-
ing limbs (MTAL) (15), where dBcAMPinhibited Na-K-AT-
Pase activity (16), although there are no reports concerning the
effect of DAon cAMPaccumulation in this nephron segment.
Wehave recently demonstrated parallel actions of DA (me-
diated via its DA, receptor) on cAMPaccumulation and on the
Na:K pump in CCD(Takemoto, F., H. T. Cohen, T. Satoh,
and A. I. Katz, manuscript submitted for publication), raising
the possibility that the pump inhibition may be mediated by
the cAMP-dependent pathway. That such a mechanism of Na-
K-ATPase regulation might involve activation of phospholi-
pase A2 (PLA2) and the consequent increase in arachidonic
acid release is suggested by observations that cytochrome
P450-related arachidonate metabolites generated by a cAMP-
dependent mechanism inhibit Na-K-ATPase (17), and that
cAMPinhibits sodium transport in CCDthrough a cyclooxy-
genase-dependent mechanism (18). The present study was
therefore designed to evaluate the mechanism of Na-K-ATPase
inhibition by DAand other agonists that increase cell cAMPin
microdissected rat CCDby assessing the role of the cAMP-
PKApathway and of PLA2 in this process.

Methods
Microdissection. Kidneys were obtained from male Sprague-Dawley
rats weighing 200-300 g that had free access to regular laboratory chow
and tap water. The procedure for tubule microdissection has been re-
ported previously in detail (19). After anesthesia, the left kidney was
perfused in situ through a catheter placed in the left renal artery with
cold collagenase solution, a modified HBSS containing (mM) 137
NaCl, 5 KCl, 0.8 MgCl2, 0.33 Na2HPO4, 0.44 KH2PO4, 1 MgCl2, 10

1. Abbreviations used in this paper: AVP, 8-arginine vasopressin; CCD,
cortical collecting duct; DA, dopamine; DA,, fenoldopam; DARPP-
32, dopamine- and cAMP-regulated phosphoprotein, 32,000 Mr;
dBcAMP, dibutyryl cAMP; DDA, 2'5'-dideoxyadenosine; FSK, forsko-
lin; IP20, protein kinase A inhibitory peptide; MTAL, medullary thick
ascending limbs; PKA, protein kinase A; PKC, protein kinase C; PLA2,
phospholipase A2-
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Tris-HCl, 1 CaCl2 at pH 7.4 with 0.05% collagenase (Type I; Sigma
Chem. Co., St. Louis, MO), and 0.1% BSA. The kidney was removed
and cut along the corticopapillary axis into pyramids, which were incu-
bated in the same collagenase solution at 370C for 7 min. After incuba-
tion, the pyramids were rinsed with cold modified HBSS(0.25 mM
CaCI2), and CCDsegments were dissected freehand in the same solu-
tion at 4VC under stereomicroscopic observation. Isolated CCDseg-
ments were individually transferred to a concave bacteriological slide
and photographed to determine their length.

Determination ofNa-K-A TPase activity. Tubules were incubated in
1 AL HBSS(0.25 mMCaCl2) supplemented with 5 mMglucose, 2 mM
Na acetate, and 5 mMNa lactate, with or without agonists at 370C for
15-30 min. Tubules were then permeabilized in a hypotonic medium
(10 mMTris, pH 7.4), followed by rapid freezing on dry ice. Total
ATPase activity was determined after 15 min incubation at 370C in a
I-MI droplet containing (mM) 50 NaCl, 5 KCl, 10 MgCl2, 1 EGTA, 100
Tris-HCl, 10 Na2ATP (grade II, vanadate-free; Sigma Chemical Co.)
and [_y-32PJATP (Amersham, Arlington Heights, IL) in tracer amounts
(- 5 nCi/gl). Magnesium-dependent ATPase activity was determined
in the same solution containing 4 mMouabain. Phosphate liberated by
the hydrolysis of [y-32P]ATP was separated by filtration through a Mil-
lipore filter (0.45 gm pore size) after adsorption of the unhydrolyzed
nucleotide on activated charcoal (Sigma Chem. Co.), and the radioac-
tivity was counted in a liquid scintillation spectrometer (Packard Instr.
Co., Inc., United Technologies, Downers Grove, IL). Total and Mg-de-
pendent ATPase activity were each determined on four or five replicate
samples from individual animals, and calculated per millimeter tubule
length. Na- and K-dependent, ouabain-inhibitable ATPase was taken
as the difference between the means of each group of measurements,
and thus represents a single datum point in each animal. To minimize
variability between experiments, Na-K-ATPase activity was always
measured in experimental and control tubules simultaneously.

Determination of cAMPcontent. cAMPcontent in isolated CCD
was measured by the method of Torikai and Kurokawa (20), with
minor modifications. In brief, tubules were preincubated for 5 min at
37°C in 20 Al supplemented HBSSin the presence of 3-isobutyl-l-
methylxanthine (IBMX, 1.2 mM). 20 Ml of the same solution with or
without agonists was then added, and tubules were incubated at 37°C
for 7 min, the time period found in preliminary experiments to yield
maximumcAMPaccumulation. The reaction was terminated by addi-
tion of 50 ,ul 10% trichloroacetic acid and rapid cooling on ice. The
mixture was extracted three times with 0.8 ml of water-saturated ether,
followed by evaporation under nitrogen. The extracts were stored at
-20°C until assay. cAMPcontent was determined with a highly sensi-
tive radioimmunoassay (Biomed. Technols., Inc., Stoughton, MA)
after acetylation.

Materials. Fenoldopam was kindly provided by Dr. Michael
Murphy, Department of Pharmacological and Physiological Sciences,
University of Chicago. 2'5'-dideoxyadenosine (DDA) was purchased
from Pharmacia LKB Biotechnology (Piscataway, NJ), and Sch 23390
from Res. Biochems. Inc. (Natick, MA). DAand all other chemicals
were obtained from Sigma Chem. Co. Solutions of DAand fenoldo-
pamwere prepared each day in concentrated form (1 mg/ml) in slightly
acidified double distilled water (one drop 1 N HCl/ml) and brought to
pH 7.4 by dilution in the buffered media used for incubation. Forskolin
was stored as a 5-mg/ml solution in dimethylsulfoxide. Stock solutions
of 8-arginine vasopressin (AVP), arachidonic acid, DDA, and protein
kinase A inhibitory peptide (IP20) were stored at -20°C until use.
dBcAMPand mepacrine were prepared fresh each day.

Statistics. Statistical analysis was done with one-way analysis of
variance, followed by the Bonferroni correction for multiple compari-
sons. Results in text and figures are means±SE.

Results
Role of cAMP. DAand the DA, agonist fenoldopam (both l0-'
M) increased cAMPaccumulation in CCDfrom 3.1±0.3 to
5.5±0.4 and 5.6±0.6 fmol - mm' - 7 min-, respectively (both,

P < 0.01; Fig. 1). This moderate increase in cAMPis in accord
with that found in renal tissue by others (7) and contrasts with
the large (> 20-fold) increment measured by us in CCDin
response to AVPand forskolin (not shown). The effect of either
agonist was completely blocked by l0-' MDDA, a potent in-
hibitor of adenylate cyclase (21, 22). As expected, Sch 23390
(10-' M), a selective DA, antagonist, also inhibited completely
the effect of DA on cAMPaccumulation (Fig. 1), indicating
that it is mediated via the DA1 receptor.

To evaluate the role of cAMP-protein kinase A pathway in
DA-mediated pump inhibition, we designed the following pro-
tocols. First, we determined whether the effect of DAon Na-K-
ATPase activity in the CCDcan be reproduced by other ago-
nists that increase cell cAMP, and we chose several which do so
by various mechanisms: receptor-mediated activation of ade-
nylate cyclase by AVP, direct activation of adenylate cyclase by
forskolin (23), and addition of exogenous cAMP using the
membrane permeant analogue dBcAMP. As shown in Fig. 2,
AVP( o-8 M), forskolin (I O` M), and dBcAMP(l0-3 M) each
produced pump inhibition comparable to that of DAor fenol-
dopam (all, P < 0.001). Wenext examined the effects of inhibi-
tors of the cAMP-PKA pathway on the pump inhibition by
these agents. DDAcompletely blocked the pump inhibition by
DAor fenoldopam (Fig. 3). IP20 (1o-8 M), a selective inhibitor
of PKA (24), also completely abolished the effect of DA or
fenoldopam, as well as that of AVP, forskolin, and dBcAMP
(Fig. 4). These results strongly suggest that DA, acting via its
DA, receptor, inhibits Na-K-ATPase activity in the CCD
through a cAMP- and PKA-dependent mechanism.

Role ofPLA2. In a separate group of experiments, we exam-
ined the effect of mepacrine, an inhibitor of PLA2, on the
cAMP-PKA pathway-mediated pump inhibition. Mepacrine
(l0-5 M) also completely blocked the pump inhibition by DA
or fenoldopam, as well as that produced by AVP, forskolin, or
dBcAMP(Fig. 5). These observations suggest that the cAMP-
PKA pathway may be involved in PLA2 activation in CCD,
and that the latter could play a role in the DA, receptor-me-
diated pump inhibition in this segment, probably by increasing
arachidonic acid release. As shown in Fig. 6, exogenous arachi-
donic acid inhibited Na-K-ATPase activity in dose-dependent
manner (maximum at 10-5 M), further supporting the hypoth-
esis that PLA2 activation participates in pump regulation.

7 * *
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5
+ Sch + DDA
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D A DA1N 9 9 9 6 7 7

Figure 1. Effect of dopamine (DA) or fenoldopam (DA,) on cAMP
accumulation in CCD. Tubules were exposed to DA or fenoldopam
(both 10-5 M) in the presence or absence of 2',5'-dideoxyadenosine
(DDA, lo- M) or Sch 23390 (Sch, l0-3 M). *p < 0.01 vs. control (C).
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Figure 2. Modulation of Na-K-ATPase activity in CCDby agents that
increase cell cAMP. Tubules were exposed to DAor fenoldopam
(DA,) (both 10-5 M), or to AVP(10-8 M) for 30 min, and to forskolin
(FSK, O'- M) or dBcAMP(I 0- M) for 15 min. *P < 0.001 vs. control.

To evaluate how the cAMP-PKA pathway interacts with
PLA2, we used corticosterone as a representative glucocorti-
coid because it occurs naturally in the rat. Glucocorticoids in-
duce the synthesis of a protein that inhibits PLA2 (25, 26) and is
inactivated by PKA(27), termed lipomodulin (27). Corticoste-
rone alone (75 nM) produced a slight, but not statistically signif-
icant, stimulation of pump activity after 90 min incubation.
When combined with DA, fenoldopam, forskolin, or

dBcAMP, however, corticosterone completely prevented their
inhibition of the pump (Fig. 7). Although indirect, these obser-
vations suggest that in CCD, cAMP-dependent PKAactivation
of PLA2 might be due to inactivation of lipomodulin, presum-
ably by its phosphorylation.

Discussion

The present study demonstrates that Na-K-ATPase inhibition
by DAor the DA, agonist fenoldopam in the CCDwas repro-
duced by agents that increase cAMPcontent by various mecha-
nisms, and was abolished by inhibitors of adenylate cyclase or
PKA, suggesting that the cAMP-PKA pathway mediates the
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Figure 4. Effect of protein kinase A inhibitory peptide (IP20) on Na-
K-ATPase inhibition by cAMPagonists in CCD. Tubules were incu-
bated with DA, fenoldopam (both 10-5 M), AVP( 108 M), forskolin
(FSK, I0- M), or dBcAMP(cAMP, I0- M) in the presence or ab-
sence of 1O8 MWP20. *P < 0.001 vs. control.

action of DA on the pump in this segment. Mepacrine, an
inhibitor of PLA2, completely blocked the effect of DAor fen-
oldopam, as well as that of AVP, forskolin, or dBcAMPon
Na-K-ATPase activity, and arachidonic acid produced a dose-
dependent inhibition of the pump. These results suggest, in
addition, that activation of PLA2 participates in the cAMP-de-
pendent pump regulation in CCD.

DA, acting via its DA1 receptor, increases cAMPaccumula-
tion and inhibits Na-K-ATPase activity in PCT (3, 4). Were-
cently observed similar actions of dopamine in the CCDas well
(Takemoto, F., H. T. Cohen, T. Satoh, and A. I. Katz, manu-
script submitted for publication), where we also demonstrated
specific DA, binding sites (1 1). However, the role of cAMPin
the mechanism of pump modulation in PCTand CCDmight
differ. Whereas interaction with both DA1 and DA2 receptors is
required for pumpinhibition in PCT(4), DA, receptor stimula-
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Figure 3. Effect of DDAon Na-K-ATPase inhibition by DAor fen-
oldopam (DA,) in CCD. Tubules were incubated 30 min with DA
or fenoldopam (I -' M) in the presence or absence of DDA(l0-' M);
n = 6 in each group. *P < 0.001 vs. control.
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Figure 5. Effect of mepacrine on the pump inhibition by agonists that
increase cAMPcontent in CCD. Tubules were incubated with DA,
fenoldopam (DA,), or AVP for 30 min, or with forskolin (FSK) or
dBcAMPfor 15 min (concentrations as in Fig. 2) in the presence or
absence of mepacrine (10-5 M). *P < 0.001; **P < 0.01 vs. control.

1498 T. Satoh, H. T. Cohen, and A. L Katz

00

00

e

00

00

g
g



800-

a)I

600-a'5
CL 600

E
yse .-

a- 400-
ao
z E

20200

C -7 -6 -5 -4

Arachidonic Acid log (M)

Figure 6. Dose-depen-
dent inhibition of Na-
K-ATPase activity in
CCDby arachidonic
acid. Tubules were in-
cubated for 15 min.
Each point represents
the mean of measure-
ments from 3 to 6 ani-
mals. P < 0.001 by
analysis of variance
(ANOVA).

tion alone can generate this effect in CCD(1 1). In addition,
although neither dBcAMP nor forskolin alone inhibits the
pump in PCT (4), the current study demonstrates that both
these agents inhibited Na-K-ATPase activity in CCD(Fig. 2).
Furthermore DDA, an agent that inhibits adenylate cyclase
activity by acting at the internal inhibitory P site linked to the
catalytic unit of the enzyme (21, 22), abolished cAMPaccumu-
lation and the pump inhibition by DAor fenoldopam (Figs. 1

and 3). IP20, a potent 20-residue PKA inhibitory peptide (24),
also prevented the effect of DA or fenoldopam (as well as of
other cAMPagonists) on the CCDpump (Fig. 4). Taken to-
gether, these observations indicate that DA, acting on the DA,
receptor, inhibits Na-K-ATPase activity in CCDthrough the
cAMP-PKA pathway. The PKA inhibitory peptide also
blocked the DA,-mediated inhibition of Na-K-ATPase in
MTAL(15) although, unlike in CCDin the present study, or in
brain synaptosomes (13), the PKAinhibitor alone surprisingly
reduced pump activity in this nephron segment.

The reason why cAMPalone can mediate the pump inhibi-
tion in CCDbut not in PCT is unclear. In renal cortical mem-

branes, derived chiefly from PCT, DA, receptors link not only
to adenylate cyclase but also to phospholipase C (28, 29), which
can subsequently stimulate protein kinase C (30). Bertorello
and Aperia reported that activators of protein kinase C (PKC)
inhibited Na-K-ATPase activity in PCT, and sphingosine, a

PKC inhibitor, prevented the pump inhibition by DA (31).
These observations suggest that the cellular mechanism of Na-
K-ATPase inhibition in PCT is mediated by PKC(31), or in-
volves both the cAMP-PKA and phospholipase C-PKC path-
ways. In CCD, in contrast, only the cAMP-PKA pathway ap-
pears to be involved in pump regulation. Besides the results
reported in this paper, we have observed in preliminary experi-
ments that several PKCactivators (phorbol myristate acetate,
phorbol dibutyrate, or dioctanoylglycerol) did not inhibit Na-
K-ATPase activity, and that staurosporine, a relatively specific
inhibitor of PKC, failed to block the pump inhibition by DAor

fenoldopam in CCD(Satoh, T., H. T. Cohen, and A. I. Katz,
unpublished observations).

The mechanism(s) whereby activation of PKAmight regu-

late renal Na-K-ATPase is not clear. In the brain, cAMP in-
hibits Na-K-ATPase activity, but neither cAMPnor PKA in-
teracts directly with this enzyme system (13), suggesting that
other compounds generated through a cAMP-dependent mech-
anism mediate the inhibition. In MTAL, the phosphorylated
form of DARPP-32 (dopamine- and cAMP-regulated phos-
phoprotein, 32,000 Mr), a potent inhibitor of protein phospha-
tase- 1, has been reported to mediate the pump inhibition by
DA. Because this agent did not inhibit the activity of a purified
Na-K-ATPase preparation, it was suggested that it acts as an

intracellular third messenger (15, 32). However, DARPP-32 is
unlikely to play a role in CCDbecause DARPP-32 is concen-
trated in the MTAL, and its mRNAis not found in the renal
cortex (15).

Our observations that mepacrine, an inhibitor of PLA2,
completely blocked the effect of DAor fenoldopam, as well as
that of other cAMPagonists (Fig. 5), suggest that in CCDthe
cAMP-PKApathway may mediate pump inhibition by stimu-
lating PLA2. Moreover, exogenous arachidonic acid inhibited
pump activity in dose-dependent manner (Fig. 6), further sup-
porting a role of PLA2 in this phenomenon and raising the
possibility that arachidonic acid products might be involved in
cAMP-dependent pump regulation in CCD. A relationship be-
tween the cAMP-dependent pathway and arachidonate metab-
olism in Na-K-ATPase regulation has been proposed by
Schwartzman et al. in a study of MTALcells in which cAMP-
dependent products of cytochrome P450-related arachidonate
metabolites inhibited Na-K-ATPase activity (17). Hebert et al.
recently reported that cAMP inhibited sodium transport in
CCDthrough a cyclooxygenase-dependent mechanism, which
also suggests activation of PLA2 via the cAMP-dependent path-
way (18).

Howis activation of PKAlinked to that of PLA2? Based on
studies in nonrenal tissue, Hirata (27) proposed that PLA2 activ-
ity is regulated by lipomodulin, an - 40-kD phospholipase in-
hibitory protein that is phosphorylated by PKA, with loss of its
ability to inhibit PLA2 activity. Lipomodulin synthesis is en-
hanced by glucocorticoids (25-27), and Doucet (16) proposed
that it may be responsible for the preservation of MTALNa-K-
ATPase activity during prolonged incubation. To evaluate a
possible role of lipomodulin in our experiments, we used corti-
costerone, the natural glucocorticoid in the rat whose specific
binding sites are concentrated in the CCD(33). Corticosterone
prevented the pump inhibition by DAand fenoldopam, as well
as by other cAMPagonists (Fig. 7), suggesting that lipomodulin
might act as an intermediate regulator between PKAand PLA2
in the cAMP-dependent pump inhibition observed in CCD. It
is emphasized that the mode of pump regulation outlined
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Figure 7. Effect of corticosterone on pump inhibition by DA, fenol-
dopam (DA,), forskolin (FSK), or dibutyryl cAMP(cAMP) in CCD.
Tubules were exposed to corticosterone (7.5 x 10-8 M) for 60 min,
followed by incubation with the various agonists in the concentrations
listed in Fig. 2 for 30 min in the presence or absence of the steroid.
*P < 0.001 vs. control.
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Figure 8. Schematic representation of the proposed cellular mecha-
nisms of Na-K-ATPase regulation in the cortical collecting duct. GC,
glucocorticoids; AA, arachidonic acid; other abbreviations are de-
scribed in Figs. 1-4.

above applies only to the CCD, and does not exclude other
mechanisms, e.g., a possible direct phosphorylation of Na-K-
ATPase (or PLA2) by PKA, which was not examined in this
study.

The postulated mechanisms of Na-K-ATPase regulation in
the CCDare summarized in Fig. 8. Wepropose that DAand
other agonists that increase cell cAMP inhibit Na-K-ATPase
activity in this nephron segment through the cAMP-PKApath-
way and consequent stimulation of PLA2 and arachidonic acid
release, and that lipomodulin might provide the link between
PKA and PLA2. Cellular mechanisms after the activation of
PLA2, including the role of various arachidonate metabolites,
and whether Na-K-ATPase regulation occurs by direct interac-
tion with the pump or indirectly, e.g., through sodium entry,
are currently being studied in our laboratory.
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