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Abstract

Werecently reported a novel intracellular mechanism of renal
Na-K-ATPase regulation by agents that increase cell cAMP,
which involves protein kinase A-phospholipase A2 and is me-
diated by one or more arachidonic acid metabolites (Satoh, T.,
H. T. Cohen, and A. I. Katz. 1992. J. Clin. Invest. 89:1496).
The present studies were, therefore, designed to assess the role
of eicosanoids in the modulation of Na-K-ATPase activity in
the rat cortical collecting duct. The effect of various cAMP
agonists (dopamine, fenoldopam, vasopressin, forskolin, and
dibutyryl cAMP), which inhibited the pump to a similar extent
(- 50%), was independent of altered Na entry as it was elicited
in the presence of amiloride or nystatin, or when NaCl was
replaced with choline Cl. This effect was completely blocked by
SKF525A or ethoxyresorufin, two inhibitors of the cytochrome
P450-dependent monooxygenase pathway, or by pretreating
the animals with CoC12, which depletes cytochrome P450.
Equimolar concentrations (10-' M) of the cyclooxygenase in-
hibitors indomethacin or meclofenamate caused only a partial
inhibition of the cAMPagonists' effect on the pump, whereas
nordihydroguaiaretic acid or A 63162, two inhibitors of the
lipoxygenase pathway, were without effect. Furthermore, two
products of this pathway, leukotriene B4 and leukotriene D4,
had no effect on Na-K-ATPase activity, and ICI 198615, a leu-
kotriene receptor antagonist, did not alter pump inhibition by
cAMP agonists. Several P450 monooxygenase arachidonic
acid metabolites (5,6-epoxyeicosatrienoic acid; 11,12-epoxyei-
cosatrienoic acid; 11,12-dihydroxyeicosatrienoic acid; and
12(R)-hydroxyeicosatetraenoic acid) as well as PGE2inhibited
the Na:K pump in dose-dependent manner, but the effect of
PGE2was blocked when Na availability was altered, whereas
that of 12(R)-HETE remained unchanged. Weconclude that
the cytochrome P450-monooxygenase pathway of the arachi-
donic acid cascade plays a major role in the modulation of Na:K
pump activity by eicosanoids in the rat cortical collecting
duct, and that products of the cyclooxygenase pathway may
contribute to pump inhibition indirectly, by decreasing
intracellular Na. (J. Clin. Invest. 1993. 91:409415.) Key
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Introduction

Na-K-ATPase, the biochemical equivalent of the Na:K pump,
plays a central role in epithelial sodium transport. Dopamine
(DA),' a potent natriuretic hormone, decreases tubular sodium
reabsorption (1, 2), due in part to the inhibition of Na-K-
ATPase activity in the proximal convoluted tubule (3) and cor-
tical collecting duct (CCD) (4). Werecently reported that DA,
receptor activation increased cAMPaccumulation in the CCD,
and that dopamine and other agents that increase cell cAMPin
this segment, such as vasopressin, forskolin, or exogenous
cAMP, inhibited Na-K-ATPase activity in a quantitatively
comparable manner. This novel mechanism of Na:K pump
modulation involves activation of protein kinase A (PKA), and
subsequently of phospholipase A2 (PLA2) (5).

Arachidonic acid, which is released by PLA2 activation,
is metabolized to bioactive eicosanoids through either the
cyclooxygenase, cytochrome P450-dependent monooxygen-
ase, or the lipoxygenase pathways, one or more of which may
mediate cAMP-dependent pump inhibition in the kidney.
PGE2, a cyclooxygenase product, inhibits renal Na-K-ATPase
activity (6, 7) and mediates the decrease in CCDsodium reab-
sorption produced by cAMP (8). In addition, 11,12-dihy-
droxyeicosatrienoic acid (1 1, 12-DHT), generated via the cy-
tochrome P450-dependent monooxygenase pathway, also in-
hibits the renal Na:K pump, and its production is
cAMP-dependent (9). Other metabolites of this pathway, such
as 5,6-epoxyeicosatrienoic acid (5,6-EET) (10) and 12(R)-hy-
droxyeicosatetraenoic acid [12(R)-HETE] (11), inhibit renal
Na-K-ATPase activity as well. In contrast, little is known about
the effect of lipoxygenase products on the renal Na:K pump.

Besides the uncertainty regarding the pathway of arachi-
donic acid metabolism involved, it is also unclear whether the
action ofeicosanoids that mediate the cAMP-dependent inhibi-
tion is on the pump itself or indirect; e.g., by altering luminal
Na entry. The purpose of this study was, therefore, to identify
the arachidonic acid metabolic pathways involved in cAMP-
dependent pump regulation in rat CCDand to elucidate the
mechanism(s) underlying this phenomenon.

Methods
Microdissection. Kidneys were obtained from male Sprague-Dawley
rats weighing 200-300 g that had free access to regular laboratory chow

1. Abbreviations used in this paper: AA, arachidonic acid; AVP, argi-
nine vasopressin; CCD, cortical collecting duct; DA, dopamine; DHT,
dihydroxyeicosatrienoic acid; EET, epoxyeicosatrienoic acid; HETE,
hydroxyeicosatetraenoic acid; HPETE, hydroxyperoxyeicosatetraen-
oic acid; MTAL, medullary thick ascending limb; NDGA,nordihydro-
guaiaretic acid; PKA, protein kinase A; PLA2, phospholipase A2, SKF
525A, 2-diethylaminoethyl 2,2-diphenylvalerate hydrochloride.
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and tap water. The procedure for tubule microdissection has been re-
ported previously in detail ( 12). After anesthesia, the left kidney was
perfused in situ through a catheter placed in the left renal artery with
cold collagenase solution, a modified HBSScontaining (in mM) 137
NaCl, 5 KCl, 0.8 MgCl2, 0.33 Na2HP04, 0.44 KH2PO4, 1 MgCl2, 10
Tris-HCl, 1 CaCl2 at pH 7.4 with 400 U/ml collagenase (type I; Sigma
Chemical Co., St. Louis, MO) and 0.05% BSA. The kidney was re-
moved and cut along the corticopapillary axis into pyramids, which
were incubated in the same collagenase solution at 370C for 7 min.
After incubation, the pyramids were rinsed with cold modified HBSS
(0.25 mMCaCl2), and CCDsegments were dissected freehand in the
same solution at 4VC under stereomicroscopic observation. Isolated
CCDwere individually transferred to a concave bacteriological slide
and photographed to determine their length.

To obtain tubules with patent lumina (for experiments using amilo-
ride or choline chloride), animals received by jugular vein infusion an
agarose solution (1 ml/ 100 g body wt) containing (wt/vol) 0.45% NaCl,
10% mannitol, and 2% agarose (type IX; Sigma Chemical Co.) pre-
warmed to 370C (13). At the onset of osmotic diuresis, the left ureter
was ligated, and the left kidney was perfused with prewarmed collage-
nase solution containing 1% agarose (wt/vol). The renal pedicle was
then ligated and the left kidney was removed and immersed in a cold
HBSSsolution for several minutes, thus converting the intraluminal
agarose from liquid to gel phase, before processing the tubules as de-
scribed above.

Determination of Na-K-A TPase activity. Incubations with or with-
out agonists were carried out for 30 min (the time interval required for
maximal Na-K-ATPase inhibition by dopamine) at 37°C in 1 ul of
HBSS (0.25 mMCaCl2), supplemented with 5 mMglucose, 5 mM
lactate, and 2 mMacetate. In separate experiments, all sodium salts
were eliminated and replaced with choline chloride and equimolar
concentration of their respective acids. The procedures followed, with
minor modifications, the protocols described previously in detail (12).
Tubules were permeabilized in a hypotonic medium (10 mMTris, pH
7.4) with or without agonists, and then subjected to rapid freezing on
dry ice. Total ATPase activity was determined after a 15-min incuba-
tion at 37°C in a l-,ul droplet containing (in mM) 50 NaCl, 5 KCl, 10
MgCl2, 1 EGTA, 100 Tris-HCl, 10 Na2ATP (grade II, vanadate-free;
Sigma Chemical Co.) and [,y-32P]ATP (Amersham Corp., Arlington
Heights, IL) in tracer amounts (- 5 nCi/jl). Magnesium-dependent
ATPase activity was determined in the same solution containing 4mM
ouabain. Phosphate liberated by the hydrolysis of [_y-32P]ATP was sepa-
rated by filtration after adsorption of the unhydrolyzed nucleotide on
activated charcoal (Sigma Chemical Co.), and the radioactivity was
counted in a liquid scintillation spectrometer (Packard Instruments,
United Technologies, Downers Grove, IL).

Total and Mg-dependent ATPase activity were each determined on
four replicate samples from individual animals and calculated per mil-
limeter tubule length. Na- and K-dependent, ouabain-inhibitable ATP-
ase was taken as the difference between the means of each group of
measurements, and thus represents a single datum point in each ani-
mal. To minimize variability between experiments, Na-K-ATPase was
always measured in experimental and control tubules simultaneously.

Materials. Fenoldopam was provided by Dr. Michael Murphy, De-
partment of Pharmacological and Physiological Sciences, University of
Chicago. 2-diethylaminoethyl 2,2-diphenylvalerate hydrochloride
(SKF 525A), N-hydroxy-N-[ 1-(4-phenylmethoxyphenyl) ethyl]acet-
amide (A 63162), and [1-[[2-methoxy-4-[[(phenylsulfonyl)amino]car-
bonyl]phenyl]methyl]-lH-indazol-6-yl]-carbonic acid cyclopentyl es-
ter (ICI 198615) were gifts from, respectively, SmithKline Beecham
Pharmaceuticals (King of Prussia, PA); Abbott Laboratories (North
Chicago, IL); and ICI Pharma (Wilmington, DE). Nordihydroguaia-
retic acid (NDGA) was purchased from Aldrich Chemical Co. (Mil-
waukee, WI), meclofenamate from Calbiochem-Behring Corp., (San
Diego, CA), and 5,6-EET, 11,12-EET, 11,12-DHT, 12(S)-HETE,
20(OH)-arachidonic acid, and leukotriene B4 and D4 from Cayman
Chemical Co. Inc., (Ann Arbor, MI). All other chemicals were pur-
chased from Sigma Chemical Co.

Dimethylsulfoxide was used as a solvent for forskolin, nystatin, ICI
198615, and A63 162, whereas indomethacin, ethoxyresorufin,
NDGA, the leukotrienes, and the P450 monooxygenase products were
dissolved in ethanol. Final concentrations of DMSOand ethanol dur-
ing incubations were < 0.1% and < 0.5%, respectively, and were shown
not to influence Na-K-ATPase activity in preliminary experiments us-
ing these solvents alone.

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

Effect of cAMPagonists on Na-K-A TPase activity
Several experimental maneuvers that increase cAMPaccumu-
lation by different mechanisms caused inhibition of Na-K-AT-
Pase activity: receptor-mediated activation of adenylate cyclase
by DA (l0-' M), a DA1 agonist, fenoldopam (I0O- M), or argi-
nine vasopressin (AVP) (1O-8 M); direct activation of adenylate
cyclase by forskolin (10-5 M); and addition of exogenous
cAMPusing the membrane permeant analog dibutyryl cAMP
(l0-3 M) (Fig. 1, A-C, left panel; Table 1).

To determine whether the effect of these cAMP agonists
occurs through a direct interaction with the pump, or indirectly
(e.g., by decreasing luminal Na entry) we evaluated their effects
on Na-K-ATPase activity in several experimental conditions in
which Na entry is altered. First, we used the Na channel
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Figure 1. Effect of cAMPagonists on Na-K-ATPase activity in CCD
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replaced with choline Cl. Each bar represents the mean value from
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Table L Effect of Various Modifiers on cAMPAgonists' Inhibition of Na-K-A TPase Activity in Rat CCD

Additions

Agonists None Ethoxyresorufin None Meclofenamate None A63162 None ICI 198615

1J7 M JO5M 106 M 1O6M

None 965±60 1,053±130 977±63 897±86 1,082±33 964±104 1,130±50 1,030±67
Dopamine 476±67* 1,079±114 494±56* 710±59 505±48* 440±54* 529±102t 419±114*
Fenoldopam 521±37* 1,109±99 508±48* 694±74 501±50* 530±64§ 469±70t 536±860
AVP 479±65* 1,051±169 525±28* 683±48 565±36* 448±78* 403±108* 473±97t
Forskolin 427±99* 987±83 516±39* 701±44 517±66* 526±79§ 507±111* 482±89t
dBcAMP 505±69$ 988±83 483±54* 703±32 562±54* 519±83§ 463±96* 408±46t

* P < 0.001; tP < 0.01; § P < 0.05. Na-K-ATPase activity is in pmol P *mm-' h-'. There were five to seven animals in each group.

blocker amiloride at a concentration that inhibits Na entry but
does not affect the pump itself (14). As shown in Fig. 1 A,
amiloride (10-4 M) alone inhibited pump activity slightly but
not significantly, and all cAMPagonists inhibited the pump
even in its presence. Similarly, replacement of NaCl in the
preincubation solution with choline Cl did not alter the effect
of any cAMPagonist on Na-K-ATPase activity (Fig. 1 B). Last
in this group of experiments, we determined the effect of nysta-
tin, an ionophore that renders tubules permeable to Na so that
it is no longer rate limiting for the pump. As expected, nystatin
(50 /ig/ml) alone significantly stimulated Na-K-ATPase. In the
presence of nystatin, each cAMPagonist still inhibited pump
activity to the same extent as in its absence (Fig. 1 C). These
results indicate that the cAMP-dependent pump inhibition is
not secondary to altered Na entry, and suggest that it is due
mainly to interaction with the pump.

Role of eicosanoids in cAMP-dependent Na-K-ATPase
inhibition
Wereported elsewhere (5) that in the CCD, the effect of cAMP
agonists on the Na:K pump involves activation of PKA and
PLA2 and could be reproduced with exogenous arachidonic
acid. To assess the role of eicosanoid products in this phenome-
non, we determined the effect of inhibiting each of the three
major pathways of arachidonic acid metabolism on the cAMP-
induced pump inhibition, as well as the effect of representative
metabolites of each pathway on the CCDpump.

Role of the cytochrome P450-dependent monooxygenase
pathway. Wefirst determined the concentration dependence of
various inhibitors of either the P450-dependent monooxygen-
ase or cyclooxygenase pathway on the pump inhibition by the
DA, agonist fenoldopam (10-5 M). Two inhibitors of cy-
tochrome P450-dependent monooxygenase, SKF 525A (15)
and ethoxyresorufin (16), completely blocked the effect of fen-
oldopam at concentrations . I0-' M(Fig. 2). In contrast, I0-'
Mindomethacin, a cyclooxygenase inhibitor (17), caused only
partial blockade, and near-complete elimination of the effect of
fenoldopam required indomethacin concentrations of 10-6 M
or greater (Fig. 2). Similarly, meclofenamate, another inhibitor
of cyclooxygenase (17), did not block completely the fenoldo-
pam effect, even at 10-5 M. (Fig. 2).

To determine whether cytochrome P450-dependent mono-
oxygenase blockade affects the action of agents other than fen-
oldopam, we next determined the effect of low concentrations
of SKF 525A or ethoxyresorufin on the inhibition of Na-K-
ATPase by other cAMPagonists. SKF525A (Fig. 3) or ethoxy-

resorufin (Table I), both l0-I M, completely blocked the
cAMP-mediated pump inhibition, strongly suggesting that
cAMP-dependent pump regulation in CCDis mediated by me-
tabolites of the cytochrome P450-dependent monooxygenase
pathway. This postulate was confirmed in experiments with
rats pretreated with CoC12 (50 mg/kg per d for 2 d), which
depletes cytochrome P450 (18). None of the cAMPagonists
inhibited pump activity significantly in CCDsegments from
these animals (Fig. 4).

Several metabolites of the cytochrome P450-dependent
monooxygenase pathway [5,6-EET, 11,12-EET, 11,12-DHT,
and 12(R)-HETE] inhibited the pump activity in dose-depen-
dent fashion (I0-12-lIO7 M), whereas the inhibition by l0-I M
20(OH)-AA was not statistically significant; the inactive enan-
tiomer 12(S)-HETE was without effect (Fig. 5). Furthermore,
12(R)-HETE (l0-7 M) inhibited Na-K-ATPase activity in the
presence of amiloride (l0-4 M) or nystatin (50 Ag/ml), or in the
absence of Na (Fig. 6), indicating that metabolites of the mono-
oxygenase pathway mediate cAMP-dependent pump inhibi-
tion independently of Na entry, as did the cAMPagonists (Fig.
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Figure 2. Inhibition of Na-K-ATPase activity in CCDby the DA, ag-
onist fenoldopam (F), and reversal by inhibitors of cytochrome
P450-dependent monooxygenase (SKF 525A, ethoxyresorufin) and
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donic acid metabolism. Each point except fenoldopam alone (n = 67)
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1). Taken together, these results provide compelling evidence
that the cytochrome P450-dependent monooxygenase path-
way plays an important role in Na:K pump inhibition by
cAMPagonists, and that this effect probably occurs via a direct
interaction with the pump.

Role ofthe cyclooxygenase pathway. Because cyclooxygen-
ase inhibitors also altered the effect of cAMPagonists on the
pump, we next evaluated the role of this pathway in cAMP-de-

pendent pump regulation. PGE2inhibited Na-K-ATPase activ-
ity in dose-dependent manner (Fig. 5). Indomethacin at con-
centrations 2 1O-6 Mblocked the pump inhibition by fenoldo-
pam (Fig. 2), as well as by the other cAMPagonists (data not
shown). However, indomethacin blocked only partially the
pump inhibition by all five cAMPagonists at 10-7 M(Fig. 7), a
concentration at which the two inhibitors of cytochrome P450-
dependent monooxygenase pathway were completely effective
(Fig. 3 and Table I). In addition, the effect of meclofenamate
on cAMP-dependent pump inhibition, although statistically
significant, was also partial even at l0-5 M(Table I), the maxi-
mal concentration chosen on the basis of the dose-response
curve in Fig. 2. Furthermore, PGE2 (10-8 M) did not inhibit
Na-K-ATPase activity in the presence of amiloride or nystatin,
or in the absence of Na (Fig. 6). These results suggest that the
cyclooxygenase pathway probably also plays a role in pump
regulation, but that its action is on luminal Na entry rather
than on the pump. That different mechanisms are involved in
pump regulation by the cytochrome P450-dependent monoox-

ygenase and cyclooxygenase pathways is further supported by
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Figure 5. Effect of products of the three major pathways of arachi-
donic acid metabolism on Na-K-ATPase activity in CCD. Each point
represents the mean value from four to eight animals.

the additive inhibitory effects of 12(R)-HETE and PGE2on the
pump (Table II).

Role of the lipoxygenase pathway. Finally, we determined
the role of the lipoxygenase pathway in cAMP-dependent
pump inhibition. All five cAMPagonists inhibited pump activ-
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ity even in the presence of two potent lipoxygenase inhibitors:
NDGA, 10-6 M(19) (Fig. 8), or A 63162, 10-6 M(20) (Table I),
suggesting that the lipoxygenase pathway is not involved in
cAMP-dependent pump regulation. Furthermore, two prod-
ucts of this pathway, leukotriene B4 (LTB4) and leukotriene D4
(LTD4), had no effect on Na-K-ATPase activity at concentra-
tions up to I0-' M(Fig. 5), and ICI 198615 (10-6 M), a potent
and specific leukotriene receptor antagonist (21), did not block
pump inhibition by cAMP agonists (Table I). These results
argue against a role for the lipoxygenase pathway in the modula-
tion of Na-K-ATPase in the CCD.

Discussion

Werecently reported a novel intracellular mechanism of renal
Na-K-ATPase regulation by agents that increase cell cAMP,
which involves stimulation of protein kinase A and subse-
quently PLA2, and is mediated by one or more arachidonic
acid (AA) metabolites (5). The present study further delineates
this mode of signal transduction in microdissected rat CCD.
Weassessed the role ofthe three major pathways of AAmetabo-
lism in cAMP-dependent pump regulation by using respective
inhibitors and products of each. Because the specificity of such
inhibitors is not entirely clear and is likely affected by the con-
centrations used, we chose two inhibitors of each pathway and
determined the dose dependence of their effect, as well as that
of representative products of arachidonate metabolism. Our
observations indicate that both the cytochrome P450-depen-
dent monooxygenase and cyclooxygenase (but not the lipoxy-
genase) pathways participate in cAMP-dependent Na-K-ATP-
ase regulation. The mode of action of metabolites of these two
pathways in the CCDdiffers, however. Products of cytochrome

Table I. Inhibition of Na-K-A TPase Activity in Rat CCD
by PGE2and 12(R)-HETE

n Na-K-ATPase P (vs. control) P (vs. both)

pmol- mm-'* h-'

Control 7 1,019±74 - <0.001
PGE2 (10-8 M) 7 596±44 <0.01 <0.02
12(R)-HETE (10-7 M) 7 560±26 <0.001 =0.03
PGE2 + 12(R)-HETE 7 347±80 <0.001
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Figure 8. Effect of NDGAon the inhibition of Na-K-ATPase activity
in CCDby cAMPagonists.

P450-dependent monooxygenase appear to interact with the
Na:K pump, whereas cyclooxygenase products probably regu-
late the pump indirectly by altering luminal permeability
for Na. Fig. 9 represents our proposed scheme for intra-
cellular signaling in cAMP-dependent Na-K-ATPase regula-
tion in CCD.

AA can be metabolized by the cytochrome P450-depen-
dent system to oxygenated products, such as HETE isomers,
EETs, or their hydrolysis products, DHTs in the renal cortex
(22), the CCD(23), and the outer medulla (24). In addition, PG
synthesis by the cyclooxygenase pathway, a major product of
which is PGE2, has been demonstrated in the collecting duct
(25). Products of either the cyclooxygenase or cytochrome
P450 pathway have been reported to inhibit, directly or indi-
rectly, renal Na-K-ATPase: PGE2 inhibits the Na:K pump in
the medullary thick ascending limb (MTAL) (7, 26), CCD(27,
28), and inner medullary collecting duct (6, 29, 30). Similarly,
5,6-EET inhibits the pump in proximal tubules (10); 11,12-
DHT(9), 20-HETE, and 20-carboxy AA (31) do so in MTAL;
and 12(R)-HETE inhibits purified renal cortical Na-K-ATPase
(11). 12(R)-HETE, a product of the cytochrome P450-depen-
dent monooxygenase pathway (32), is probably generated
through 11,12-EET and/or 11,12-DHT (33). Although 12(R)-
HETE has not been identified in the kidney, these putative
precursors have been found there (9, 18, 22). Finally, both the
cyclooxygenase- and cytochrome P450-dependent monooxy-
genase pathways mediate cAMP-induced effects on renal trans-
port: In rabbit CCD, cAMPinhibits Na reabsorption by acting
through the cyclooxygenase pathway (8), and 11, 12-DHT gen-
erated by a cAMP-dependent mechanism inhibits Na-K-ATP-
ase activity in MTAL (9). Our results are in agreement with
these observations. The mechanism by which the cAMP-de-
pendent pathway links to eicosanoid generation, however, is
still not fully understood. We recently reported that in the
CCD, lipomodulin might act as an intermediate regulator be-
tween PKAand PLA2 (5). Another possible mechanism is non-
specific activation of PLA2 (34) by cAMP-dependent intracel-
lular Ca`+ increase: Breyer has shown that in the rabbit CCD,
cAMPraises intracellular Ca"+ concentration, which contrib-
utes to the inhibition of sodium absorption by stimulating the
basolateral Na+/Ca++ exchanger (35).

In the present study, several P450-monooxygenase metabo-
lites, as well as PGE2, inhibited Na-K-ATPase activity in CCD
in dose-dependent fashion (Fig. 5), and their maximally inhibi-
tory concentrations (10-8 M- 1 0` M), were considerably lower
than those in previous reports (6, 32). SKF525A (10-' M), an
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Figure 9. Schematic representation of the proposed
cellular mechanisms of Na-K-ATPase regulation in
the cortical collecting duct. Abbreviations are defined
in the legend to Fig. 1 and in the text.

inhibitor of the cytochrome P450-dependent monooxygenase
pathway, completely abolished the pump inhibition by fenol-
dopam, whereas the same concentration of indomethacin, an
inhibitor of the cyclooxygenase pathway, was only partially
effective; near complete inhibition was observed at > 10-6 M
(Fig. 5). SKF 525A at l0-7 Mcompletely blocked the pump
inhibition of each cAMPagonist tested (Fig. 3). In contrast, the
effect of l0-7 Mindomethacin on pump inhibition was only
partial, and the agonists still inhibited Na-K-ATPase activity
significantly (Fig. 7). These results indicate that both the cy-
clooxygenase- and cytochrome P450-dependent monooxygen-
ase pathways participate in cAMP-dependent pump regulation
in CCD, and suggest that the latter may play a more prominent
role in this process. The monooxygenase pathway has also been
implicated in the inhibition of MTALNa-K-ATPase by AVP
or AA (36).

The importance of cytochrome P450-dependent monooxy-
genase metabolites in cAMP-dependent Na-K-ATPase regula-
tion, strongly suggested in this study by the dose-dependent
inhibition of the pump elicited with several renal endogenous
products of this pathway (Fig. 5), is further underscored by the
following observations: First, depletion of cytochrome P450 by
pretreating rats with CoCl2 (18, 31) completely blocked the
effect of the cAMPagonists (Fig. 4). In addition, ethoxyresoru-
fin, a specific inhibitor of cytochrome P450-dependent mono-
oxygenase that does not affect cyclooxygenase or lipoxygenase
(16), at I07 Mcompletely abolished the pump inhibition by all
cAMPagonists tested (Table I), and also exerted the same dose-
dependent blockade of the fenoldopam effect as SKF 525A
(Fig. 2). In contrast, the cyclooxygenase inhibitor meclofena-
mate prevented only partially the cAMP-dependent pumpinhi-
bition, even at I0- M(Fig. 2, Table I), suggesting a lesser role
of the cyclooxygenase pathway in this mechanism. Wenote
that indomethacin has been reported to inhibit cytochrome
P450-dependent arachidonic acid metabolism too, although at
a concentration higher than that required for cyclooxygenase
inhibition (37). Furthermore, the renovascular actions of some
cytochrome P450-derived arachidonate metabolites can be
blocked by indomethacin (38, 39). Our observations might,

therefore, be explained by a greater specificity of meclofena-
mate compared with indomethacin for the cyclooxygenase
pathway, but such a conclusion remains speculative.

In this study, we showed that each cAMPagonist inhibited
Na-K-ATPase activity even in the presence of amiloride (l0-'
M) or nystatin (50 ,gg/ml), or in the absence of Na (Fig. 1),
suggesting that cAMP-dependent pump inhibition is indepen-
dent of Na entry, and therefore, that it might involve a direct
interaction with Na-K-ATPase. 12(R)-HETE, a representative
product of the cytochrome P450-dependent monooxygenase
pathway, also inhibited pump activity under these conditions
of altered luminal Na entry, whereas the cyclooxygenase prod-
uct PGE2did not (Fig. 6). These observations lend additional
support to the notion that the cytochrome P450-dependent
monooxygenase pathway mediates Na-K-ATPase inhibition as
the cAMP agonists did (i.e., mainly by interacting with the
pump), whereas the cyclooxygenase pathway seems to modu-
late the pump indirectly by reducing luminal Na entry. Marver
(28) reported that PGE2did not inhibit CCDNa-K-ATPase in
the presence of monensin, a Na ionophore, and Cordova et al.
(27) found no direct effect on Na-K-ATPase when PGE2was
added to CCDbroken cell assays. Our results are consistent
with these observations, although other investigators have sug-
gested that the PGE2effect on Na-K-ATPase is independent of
Na entry (7). The present study demonstrates that the com-
bined effects of 12(R)-HETE and PGE2on the pump are addi-
tive (Table II), again suggesting different mechanisms of renal
Na-K-ATPase regulation by these eicosanoids.

Last, lipoxygenase converts AA to the hydroxyperoxyeico-
satetraenoic acids (HPETEs), which can then be converted to
their corresponding (S)hydroxyeicosatetraenoic acids (HETEs)
(17). The 5-lipoxygenase pathway generates through 5-HPETE
the important leukotrienes, LTA4 through LTE4 (17), although
little evidence support their synthesis in the kidney. Whether
produced in renal or nonrenal cells, such lipoxygenase prod-
ucts could affect tubular sodium transport, as LTD4 increases
sodium channel activity in A6 cells (40) and various HPETEs
inhibit purified Na-K-ATPase activity from the renal medulla
(41). In the present study, however, all cAMPagonists inhib-
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ited the pump activity even in the presence of 10-6 NDGAor
10-6 MA63 162, both lipoxygenase inhibitors (Fig. 8 and Table

I), suggesting that the lipoxygenase pathway is not involved in
cAMP-dependent pump regulation in CCD. Moreover, two
biologically active leukotrienes, LTB4 and LTD4, did not alter
pump activity (Fig. 5), and ICI 198615 (10-6 M), a leukotriene
receptor antagonist, did not block cAMP-dependent pump in-
hibition (Table I), providing further evidence that the lipoxy-
genase pathway does not participate in cAMP-dependent
pump inhibition in CCD.

In summary, we propose that arachidonic acid metabolites
of the cytochrome P450-dependent monooxygenase pathway
play a central role in cAMP-dependent pump regulation in the
CCDby direct interaction with the pump, and that the cy-
clooxygenase pathway contributes to cAMP-dependent Na-K-
ATPase inhibition by limiting luminal Na permeability. The
molecular mechanisms involved in the pump effect of the
former remain to be elucidated.

Acknowledgments

Wethank Bradley Hack for technical assistance.
This study was supported by grant 881092 from the American

Heart Association-National Center and by a National Kidney Founda-
tion fellowship and National Kidney Foundation of Illinois grant-in-
aid to H. T. Cohen.

References

1. Bello-Reuss, E., Y. Higashi, and Y. Kaneda. 1982. Dopamine decreases
fluid reabsorption in straight portions of rabbit proximal tubule. Am. J. Physiol.
242:F634-F640.

2. Siragy, H. M., R. A. Felder, N. L. Howell, R. L. Chevalier, M. J. Peach, and
R. M. Carey. 1989. Evidence that intrarenal dopamine acts as a paracrine sub-
stance at the renal tubule. Am. J. Physiol. 257:F469-F477.

3. Aperia, A., A. Bertorello, and I. Seri. 1987. Dopamine causes inhibition of
Na+-K+-ATPase activity in rat proximal convoluted tubule segments. Am. J.
Physiol. 252:F39-F45.

4. Takemoto, F., T. Satoh, H. T. Cohen, and A. I. Katz. 1991. Localization of
dopamine-l receptors along the microdissected rat nephron. PfluegersArch. Eur.
J. Physiol. 419:243-248.

5. Satoh, T., H. T. Cohen, and A. I. Katz. 1992. Intracellular signaling in the
regulation of renal Na-K-ATPase. 1. Role of cyclic AMPand phospholipase A2. J.
Clin. Invest. 89:1496-1500.

6. Jabs, K., M. L. Zeidel, and P. Silva. 1989. Prostaglandin E2 inhibits Na+-
K+-ATPase activity in the inner medullary collecting duct. Am. J. Physiol.
257:F424-F430.

7. Lear, S., P. Silva, V.-E. Kelley, and F. H. Epstein. 1990. Prostaglandin E2
inhibits oxygen consumption in rabbit medullary thick ascending limb. Am. J.
Physiol. 258:F1372-F1378.

8. Hebert, R. L., H. R. Jacobson, and M. D. Breyer. 1991. Prostaglandin E2
inhibits sodium transport in rabbit cortical collecting duct by increasing intracel-
lular calcium. J. Clin. Invest. 87:1992-1998.

9. Schwartzman, M., N. R. Ferreri, M. A. Carroll, E. Songu-Mize, and J. C.
McGiff. 1985. Renal cytochrome P450-related arachidonate metabolite inhibits
(Na+ + K+)ATPase. Nature (Lond.). 314:620-622.

10. Romero, M. F., U. Hopfer, Z. T. Madhun, W. Zhou, and J. G. Douglas.
1991. Angiotensin II actions in the rabbit proximal tubule. Renal Physiol. Bio-
chem. 14:199-207.

11. Escalante, B., J. R. Falck, P. Yadagiri, L. Sun, and M. Laniado-Schwartz-
man. 1988. 19(S)-Hydroxyeicosatetraenoic acid is a potent stimulator of renal
Na+-K+-ATPase. Biochem. Biophys. Res. Commun. 152:1269-1274.

12. Katz, A. I., A. Doucet, and F. Morel. 1979. Na-K-ATPase activity along
the rabbit, rat, and mouse nephron. Am. J. Physiol. 237:F1 14-F120.

13. Cheval, L., and A. Doucet. 1990. Measurement of Na-K-ATPase-me-
diated rubidium influx in single segments of rat nephron. Am. J. Physiol.
259:FI I l-F121.

14. Soltoff, S. P., and L. J. Mandel. 1983. Amiloride directly inhibits the
Na,K-ATPase activity of rabbit kidney proximal tubules. Science (Wash. DC).
220:957-959.

15. Parnham, M. J., P. C. Bragt, A. Bast, and F. J. Zijlstra. 1981. Comparison
of the effects of inhibitors of cytochrome PA45-mediated reactions on human

platelet aggregation and arachidonic acid metabolism. Biochim. Biophys. Acta.
677: 165-173.

16. Omata, K., N. G. Abraham, B. Escalante, and M. Laniado Schwartzman.
1992. Age-related changes in renal cytochrome P450 arachidonic acid metabo-
lism in spontaneously hypertensive rats. Am. J. Physiol. 262:F8-F16.

17. Norris, S. H. 1990. Renal eicosanoids. Semin. Nephrol. 10:64-88.
18. Schwartzman, M. L., N. G. Abraham, M. A. Carroll, R. D. Levere, and

J. C. McGiff. 1986. Regulation of arachidonic acid metabolism by cytochrome
P450 in rabbit kidney. Biochem. J. 238:283-290.

19. Ford-Hutchinson, A. W., M. A. Bray, and M. J. H. Smith. 1979. The
aggregation of rat neutrophils by arachidonic acid: a possible bioassay for lipoxy-
genase activity. J. Pharm. Pharmacol. 31:868-869.

20. Carter, G. W., P. R. Young, R. Dyer, D. H. Albert, J. Bouska, J. Barlow, E.
Roberts, J. Sonsalla, J. Summers, and D. Brooks. 1988. A-63 162, a potent orally
active inhibitor of 5-lipoxygenase (5-LO). Fed. Proc. 2:1263a. (Abstr.)

21. Krell, R. D., E. J. Kusner, D. Aharony, and R. E. Giles. 1989. Biochemical
and pharmacological characterization of ICI 198,615: a peptide leukotriene re-

ceptor antagonist. Eur. J. Pharmacol. 159:73-81.
22. Oliw, E. H., J. A. Lawson, A. R. Brash, and J. A. Oates. 1981. Arachidonic

acid metabolism in rabbit renal cortex. J. Biol. Chem. 256:9924-9931.
23. Hirt, D. L., J. Capdevila, J. R. Falck, M. D. Breyer, and H. R. Jacobson.

1989. Cytochrome P450 metabolites of arachidonic acid are potent inhibitors of
vasopressin action on rabbit cortical collecting duct. J. Clin. Invest. 84:1805-
1812.

24. Ferreri, N. R., M. Schwartzman, N. G. Ibraham, P. N. Chander, and J. C.
McGiff. 1984. Arachidonic acid metabolism in a cell suspension isolated from
rabbit renal outer medulla. J. Pharmacol. Exp. Ther. 231:441-448.

25. Bonvalet, J.-P., P. Pradelles, and N. Farman. 1987. Segmental synthesis
and actions of prostaglandins along the nephron. Am. J. Physiol. 253:F377-F387.

26. Wald, H., P. Scherzer, D. Rubinger, and M. M. Popovtzer. 1990. Effect of
indomethacin in vivo and PGE2 in vitro on MTALNa-K-ATPase of the rat
kidney. Pfluegers Arch. Eur. J. Physiol. 415:648-650.

27. Cordova, H. R., J. P. Kokko, and D. Marver. 1989. Chronic indomethacin
increases rabbit cortical collecting tubule Na+-K+-ATPase activity. Am. J. Phys-
iol. 256:F570-F576.

28. Marver, D. 1990. PGE2and PMAinhibit rabbit CCTNaKATPase activ-
ity by a primary effect on luminal membrane Na permeability. Kidney Int.
37:349. (Abstr.)

29. Zeidel, M. L., H. R. Brady, B. C. Kone, S. R. Gullans, and B. M. Brenner.
1989. Endothelin, a peptide inhibitor of Na+-K+-ATPase in intact renal tubular
epithelial cells. Am. J. Physiol. 257:C1 101-C1 107.

30. Zeidel, M. L., H. R. Brady, and D. E. Kohan. 1991. Interleukin-l inhibi-
tion of Na+-K+-ATPase in inner medullary collecting duct cells: role of PGE2.
Am. J. Physiol. 261:F1013-F1016.

31. Escalante, B., D. Erlij, J. R. Falck, and J. C. McGiff. 1991. Effect of
cytochrome P450 arachidonate metabolites on ion transport in rabbit kidney
loop of Henle. Science (Wash. DC). 251:799-802.

32. Schwartzman, M. L., M. Balazy, J. Masferrer, N. G. Abraham, J. C.
McGiff, and R. C. Murphy. 1987. 12(R)-Hydroxyicosatetraenoic acid: a cy-
tochrome P450-dependent arachidonate metabolite that inhibits Na+,K+-ATP-
ase in the cornea. Proc. Nati. Acad. Sci. USA. 84:8125-8129.

33. Schwartzman, M. L., K. L. Davis, M. Nishimura, N. G. Abraham, and
R. C. Murphy. 1990. The cytochrome P450 metabolic pathway of arachidonic
acid in the cornea. In Advances in Prostaglandin, Thromboxane, and Leuko-
triene Research. B. Samuelsson et al., editors. Raven Press, Ltd., New York,
185-192.

34. Rittenhouse, S. E. 1984. Activation of human platelet phospholipase Cby
ionophore A23187 is totally dependent upon cyclo-oxygenase products and
ADP. Biochem. J. 222:103-1 10.

35. Breyer, M. D. 1991. Feedback inhibition of cyclic adenosine monophos-
phate-stimulated Na+ transport in the rabbit cortical collecting duct via Na+-de-
pendent basolateral Ca++ entry. J. Clin. Invest. 88:1502-1510.

36. Doucet, A. 1988. Multiple hormonal control of the Na/K-ATPase activity
in the thick ascending limb. Proc. Int. Congr. Nephrol. 10:247-254.

37. Capdevila, J., L. Gil, M. Orellana, L. J. Marnett, J. I. Mason, P. Yadagiri,
and J. R. Falck. 1988. Inhibitors of cytochrome P450-dependent arachidonic
acid metabolism. Arch. Biochem. Biophys. 261:257-263.

38. Carroll, M. A., M. P. Garcia, J. R. Falck, and J. C. McGiff. 1992. Cycloox-
ygenase dependency of the renovascular actions of cytochrome P450-derived
arachidonate metabolites. J. Pharmacol. Exp. Ther. 260:104-109.

39. Katoh, T., K. Takahashi, J. Capdevila, A. Karara, J. R. Falck, H. R.
Jacobson, and K. F. Badr. 1991. Glomerular stereospecific synthesis and hemody-
namic actions of 8,9-epoxyeicosatrienoic acid in rat kidney. Am. J. Physiol.
26 1:F578-F586.

40. Cantiello, H. F., C. R. Patenaude, J. Codina, L. Birnbaumer, and D. A.
Ausiello. 1990. G,.i3 regulates epithelial Na+ channels by activation of phospholi-
pase A2 and lipoxygenase pathways. J. Biol. Chem. 265:21624-21628.

41. Marver, D., and J. M. Schmitz. 1987. The influence of various lipoxygen-
ase pathway metabolites of arachidonic acid (HPETEs/HETEs) on NaK ATPase
activity. Kidney Int. 31:278. (Abstr.)

Na:K PumpModulation by Eicosanoids in Rat Cortical Collecting Duct 415


