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AT 1  receptors by ANG II signals through the PLC pathway to 
inhibit extraneuronal DA uptake. DA and ANG II act through 
a common pathway involving reversible renal tubular Na + ,K + -
ATPase deactivation and activation, respectively. In addi-
tion, ANG II by itself is able to stimulate renal Na + , K+ -ATPase 
activity.  Copyright © 2009 S. Karger AG, Basel 

 Introduction 

 Blood pressure and sodium handling are regulated by 
several endocrine, paracrine, autocrine, intracrine and 
neural factors. Tubular sodium reabsorption in all renal 
tubular segments is one of the main long-term mecha-
nisms to regulate blood pressure. Natriuretic as well as 
antinatriuretic agents may achieve their effects through 
common pathways that involve reversible activation or 
deactivation of renal tubular Na + ,K + -ATPase  [1] .

  Angiotensin II (ANG II) is the main active peptide of 
the renin-angiotensin system and plays a prominent role 
in maintaining blood pressure and body fluid and elec-
trolyte balance homeostasis  [2] . Dopamine (DA) and 
ANG II exhibit opposed physiological effects. While 
ANG II, acting through AT 1  receptors, increases blood 
pressure, elicits renal arterial vasoconstriction, decreases 
medullary blood flow and renal interstitial pressure, 
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 Abstract 

  Background/Aims:  Angiotensin II (ANG II) decreases dopa-
mine (DA) uptake in renal cortex activating AT 1  receptors. We 
investigated the signaling pathways that mediate this action 
and the incidence of DA-ANG II interaction on renal Na + ,K + -
ATPase activity.  Methods:  ANG II effects on [ 3 H]-DA uptake 
and Na + ,K + -ATPase were measured in samples from the out-
er renal cortex of Sprague-Dawley rats.  Results:  Inhibition of 
the phospholipase C (PLC) pathway blunted ANG II inhibi-
tory effects on [ 3 H]-DA uptake, since U-73122, 2-APB, TMB-8, 
chelerythrine and KN-93 (PLC, IP 3 -dependent Ca 2+  release 
channels, IP 3  receptors, protein kinase C and CaM kinase II 
inhibitors, respectively) each one blocked ANG II effects. In-
hibition of adenylate cyclase pathway did not modify ANG II 
inhibitory effects on DA uptake. ANG II effects on [ 3 H]-DA 
uptake were able to modify Na + ,K + -ATPase activity in carbi-
dopa-treated rats. Exogenous DA decreased while ANG II in-
creased the enzyme activity. Neither the addition of DA to-
gether with ANG II, nor the extraneuronal DA uptake blocker 
hydrocortisone altered ANG II stimulatory effects on Na + ,K + -
ATPase activity, but hydrocortisone blocked the inhibitory 
effects of exogenous DA.  Conclusion:  Stimulation of renal 
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stimulates aldosterone release and sodium and water re-
absorption and diminishes diuresis and natriuresis  [3–5] , 
DA exerts just the opposite effects on these mechanisms 
 [6, 7] . 

  Renal DA is synthesized from neuronal and extraneu-
ronal sources. The neuronal sources are noradrenergic 
and dopaminergic. Extraneuronal sources involve both 
L-DOPA decarboxylation after the amino acid has been 
taken up from tubular fluid or after that DA uptake by 
tubular cells from the blood occurs. Endogenously pro-
duced DA plays an important role in renal function con-
trol. DA effects on renal sodium handling are mediated 
through both D1-like and D2-like receptors and activa-
tion of these receptors induces a large increase in urinary 
sodium excretion that is dependent on inhibition of 
Na + ,K + -ATPase activity as well as from diverse sodium 
influx pathways in both proximal and distal tubular cells 
 [8–12] .

  We have previously reported that atrial natriuretic fac-
tor, a physiological antagonist of ANG II, increases renal 
DA uptake through natriuretic peptide type A receptors 
in fragments of renal outer cortex  [13] , involving cGMP 
and PKG in the cascade of intracellular events  [14] . More-
over, atrial natriuretic factor potentiates the inhibitory 
effects of DA on renal Na + ,K + -ATPase activity  [14] . On 
the other hand, we have demonstrated that ANG II also 
acts as a modulator of DA effects at the renal level, de-
creasing its uptake through AT 1  receptors in outer and 
juxtamedullar cortex  [15] . Taking into account these 
findings, we have hypothesized that ANG II modifies re-
nal DA uptake, affecting renal Na + ,K + -ATPase activity 
and increasing sodium reabsorption. The aim of this 
study was to elucidate the intracellular pathways involved 
in ANG II effects on extraneuronal DA uptake in the kid-
ney and to determine the incidence of DA-ANG II inter-
action on renal Na + ,K + -ATPase activity. 

  Methods 

 Male Sprague-Dawley rats weighing between 250 and 350 g 
(from the Department of Pathophysiology, Faculty of Pharmacy 
and Biochemistry) were used. The animals were housed in cages, 
with a 12-hour light/dark cycle, controlled temperature and hu-
midity. All animals were given water and food ad libitum (com-
mercial rodents Purina chow, Cooperacion SRL, Argentina). Ex-
periments were conducted in accordance with institutional guide-
lines for the care and use of research animals.

  The following drugs were used in the experiments: [ 3 H]-DA, 
28.0 Ci/mmol specific activity (from New England Nuclear, Bos-
ton, Mass., USA); ANG II (from American Peptide Company, Cal-
if., USA); nomifensine (inhibitor of neuronal DA uptake), DA, hy-

drocortisone (HC, inhibitor of extraneuronal DA uptake), SQ 
22536 [adenylate cyclase (AC) specific inhibitor], H89 [protein 
kinase A (PKA) specific inhibitor], 2-APB [1,4,5-inositol triphos-
phate (IP 3 )-dependent Ca 2+  release channel selective inhibitor], 
TMB-8 (IP 3  receptor antagonist), KN-93 [calcium/calmodulin-
dependent protein kinase II (CaM kinase II) specific inhibitor], 
KN-92 (inactive analogue of KN-93), imidazole, adenosine 5 � -tri-
phosphate and bovine seroalbumin fraction V of Cohn (all from 
Sigma Chemical Co., St. Louis, Mo., USA); Folin reactive (from 
Merck Co., USA); carbidopa (DA synthesis inhibitor, gently pro-
vided by Dr. Victor Nahmod, Buenos Aires, Argentina); 8-Br-
cAMP [adenosine 3 � ,5 � -cyclic monophosphate (cAMP) analogue] 
and U-73122 (phospholipase C specific inhibitor; both from MP 
Biomedicals, LLC, Ohio, USA); chelerythrine [protein kinase C 
(PKC) specific inhibitor, from Alomone Labs Ltd., Jerusalem, Is-
rael]; EcoLite, a liquid scintillation solution (from ICN Pharma-
ceutical Inc., Calif., USA).

  Standard Krebs bicarbonate solution (SKBS) of the following 
composition (m M ) was used as incubation medium: 118 NaCl; 4.7 
KCl; 1.2 MgSO 4  � 7H 2 O; 1.0 NaH 2 PO 4 ; 2.4 CaCl 2 ; 0.004 EDTA; 11.1 
glucose; 0.11 ascorbic acid; 26.0 NaHCO 3 . 

  Experimental Protocols 
 Rats were anesthetized with 10% w/v ethyl urethane (1.3 mg/

kg body weight, i.p.). Both kidneys were removed and slices of the 
outer cortex were cut and weighed. [ 3 H]-DA uptake was measured 
according to previously described techniques  [13] . Briefly, tissues 
were minced, placed in 2.0 ml SKBS incubation medium in a Dub-
noff incubator and preincubated at 37   °   C, pH 7.40, bubbled with 
carbogen (95% O 2  and 5% CO 2 ) for 15 min. Nomifensine (50  �  M ) 
was added in the medium to avoid neuronal DA uptake. After 
preincubation, the tissues were transferred to a fresh SKBS me-
dium and incubated for 30 min, in similar conditions, with 22.5 
n M  (0.625  � Ci/ml) of [ 3 H]-DA, 17  �  M  nomifensine and the differ-
ent tested drugs.

  The following experimental groups were studied:
  – Effect of ANG II on [ 3 H]-DA uptake in the presence of

U-73122: (a) control group; (b) 100 n M  ANG II; (c) 25  �  M 
U-73122; (d) 25  �  M  U-73122 plus 100 n M  ANG II. 

 – Effect of ANG II on [ 3 H]-DA uptake in the presence of 2-APB: 
(a) control group; (b) 100 n M  ANG II; (c) 100  �  M  2-APB;
(d) 100  �  M  2-APB plus 100 n M  ANG II. 

 – Effect of ANG II on [ 3 H]-DA uptake in the presence of TMB-8: 
(a) control group; (b) 100 n M  ANG II; (c) 10  �  M  TMB-8; (d) 10 
 �  M  TMB-8 plus 100 n M  ANG II. 

 – Effect of ANG II on [ 3 H]-DA uptake in the presence of chel-
erythrine: (a) control group; (b) 100 n M  ANG II; (c) 10  �  M  
chelerythrine; (d) 10  �  M  chelerythrine plus 100 n M  ANG II. 

 – Effect of ANG II on [ 3 H]-DA uptake in the presence of KN-93: 
(a) control group; (b) 100 n M  ANG II; (c) 25  �  M  KN-92; (d) 25 
 �  M  KN-93 plus 100 n M  ANG II. 

 – Effect of ANG II on [ 3 H]-DA uptake in the presence of 8-Br-
cAMP: (a) control group; (b) 100 n M  ANG II; (c) 125  �  M  8-Br-
cAMP; (d) 125  �  M  8-Br-cAMP plus 100 n M  ANG II. 

 – Effect of ANG II on [ 3 H]-DA uptake in the presence of SQ 
22536: (a) control group; (b) 100 n M  ANG II; (c) 100  �  M  SQ 
22536; (d) 100  �  M  SQ 22536 plus 100 n M  ANG II. 

 – Effect of ANG II on [ 3 H]-DA uptake in the presence of H89:
(a) control group; (b) 100 n M  ANG II; (c) 2  �  M  H89; (d) 2  �  M  
H89 plus 100 n M  ANG II. 
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 After incubation, three washing periods of 5 min, each one 
with cold SKBS, were carried out, and then the samples were ho-
mogenized with 2.0 ml of 10% trichloroacetic acid. The homog-
enates were centrifuged at 1,700  g  at 4   °   C for 30 min and tritium 
activity in the supernatants was determined by scintillation 
counting method. [ 3 H]-DA uptake was expressed as picomoles 
per gram of fresh tissue.

  Effects of ANG II and DA on Na + ,K + -ATPase Activity 
 To test whether the decrease in renal DA related to the ANG 

II-inhibited DA uptake is associated with changes in Na + ,K + -
ATPase activity, the following experiments were performed in the 
presence of 17  �  M  nomifensine (to avoid neuronal DA uptake) 
and carbidopa (to avoid the incidence of synthesized endogenous 
DA). Then, the effects of ANG II and DA, added separately or to-
gether, on renal Na + ,K + -ATPase activity were studied in rats treat-
ed with carbidopa in vivo (200  � g/kg, i.p., 24 and 2 h before the 
sacrifice) and in vitro (100  �  M  of carbidopa) during the preincu-
bation and incubation periods. 

  The following groups were studied: (a) control group; (b) 100 
 �  M  carbidopa; (c) 1  �  M  DA plus 100  �  M  carbidopa; (d) 100 n M  
ANG II plus 100  �  M  carbidopa; (e) 100  �  M  HC plus 100  �  M  car-
bidopa; (f) 100 n M  ANG II plus 1  �  M  DA plus 100  �  M  carbidopa; 
(g) 100  �  M  HC plus 100 n M  ANG II plus 1  �  M  DA plus 100  �  M  
carbidopa.

  Tissues were incubated for 30 min as described above and then 
homogenized (1:   10 weight/volume) in 25 m M  imidazole (pH 7.40), 
1 m M  EDTA, 0.25  M  sucrose solution and centrifuged at 3,000 
rpm at 4   °   C for 15 min. Supernatant was used to assay Na + ,K + -
ATPase activity as previously described  [16, 17] .

  Results are expressed as percentage of Na + ,K + -ATPase activity 
taken as 100% values obtained in control conditions.

  Statistical Analysis 
 All values are expressed as mean  8  SEM. Student’s t test or 

one-way analysis of variance followed by Tukey test were used for 
statistical analysis; p values of 0.05 or less were considered statis-
tically significant.

  Results 

  Figure 1  shows the effect of ANG II on renal [ 3 H]-DA 
uptake. ANG II (100 n M ) caused a 28  8  2% decrease in 
DA uptake in rat renal cortex and this inhibitory effect 
was blocked by either the specific inhibitor of phospholi-
pase C U-73122 (25  �  M ), the selective blocker of IP 3 -de-
pendent Ca 2+  release channels 2-APB (100  �  M ) or the IP 3  
receptor antagonist TMB-8 (10  �  M ), suggesting that the 
ANG II-induced decrease in DA uptake was mediated by 
phospholipase C activation. Neither U-73122 nor 2-APB 
or TMB-8 altered [ 3 H]-DA uptake by themselves.

  In addition, the specific PKC inhibitor chelerythrine 
(10  �  M ) or the CaM kinase II inhibitor KN-93 (25  �  M ) 
reversed ANG II inhibitory action on [ 3 H]-DA uptake. 
Chelerythrine and the KN-92 (inactive analogue of KN-
93) did not affect renal [ 3 H]-DA uptake by themselves 
( fig. 2 ). 

  In order to investigate whether the AC pathway is in-
volved in the ANG II-induced decrease of [ 3 H]-DA up-
take, we tested the effect of the peptide in the presence of 
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  Fig. 1.  Effects of U-73122 (25  �  M ), 2-APB (100  �  M ) and TMB-8 
(10  �  M ) on 100 n M  ANG II-inhibited [ 3 H]-DA uptake (pmol/g of 
fresh tissue  8  SEM) in the outer renal cortex;  *  p  !  0.01 compared 
with control,  *  *  p  !  0.05 compared with ANG II. Number of cas-
es: n = 6–10. 

  Fig. 2.  Effects of chelerythrine (10  �  M ) and KN-93 (25  �  M ) on 100 
n M  ANG II-inhibited [ 3 H]-DA uptake (pmol/g of fresh tissue  8  
SEM) in the outer renal cortex;  *  p  !  0.01 compared with control, 
 *  *  p  !  0.05 compared with ANG II. Number of cases: n = 6–8. 
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AC and PKA inhibitors.  Figure 3  shows that the cAMP 
analogue 8-Br-cAMP (125  �  M ) potentiated the inhibi-
tory effect of ANG II on renal [ 3 H]-DA uptake and de-
creased it by itself. On the other hand, ANG II inhibitory 
action on [ 3 H]-DA uptake was not modified by the addi-
tion of either the AC inhibitor SQ 22536 (100  �  M ) or the 
PKA-specific inhibitor H89 (2  �  M ), demonstrating that 
ANG II acts through an AC- or PKA-independent path-
way. The inhibitors alone did not modify [ 3 H]-DA up-
take. 

  To test if the inhibition of renal DA uptake caused by 
ANG II may affect Na + ,K + -ATPase activity, we assayed 
the effect of ANG II and DA, alone or together, on the 
enzyme activity. As shown in  figure 4 , Na + ,K + -ATPase 
activity increased when renal DA synthesis was inhibited 
by carbidopa, but it was reversed to control values when 
exogenous DA was added. Under DA synthesis blockade, 
we observed that exogenous DA caused a 41 8 11% de-
crease in enzyme activity while ANG II increased it (35 
8 3%). When ANG II was added simultaneously with 
DA, there was no change in the enzyme activity com-
pared with ANG II alone. HC did not modify Na + ,K + -
ATPase activity when DA synthesis was blocked with 

carbidopa, but inhibited exogenous DA effects on the en-
zyme. In addition, HC did not affect the stimulatory ac-
tion of ANG II on the Na + ,K + -ATPase activity in the pres-
ence of exogenous DA. Taken together, these results sug-
gest that ANG II diminishes renal DA uptake and affects 
Na + ,K + -ATPase activity. In addition, ANG II stimulates 
the enzyme activity by itself. 

  Discussion  

 We have previously reported that ANG II decreases 
DA uptake in a concentration-dependent fashion in the 
outer renal cortex, this effect being coupled to AT 1  recep-
tor, but not to AT 2  receptor stimulation  [15] . Renal DA 
uptake was characterized as an extraneuronal hydrocor-
tisone-sensitive and temperature-dependent process  [13, 
15] . 

  In order to determine the signaling mechanisms in-
volved in ANG II-DA uptake process after AT 1  receptor 
stimulation, we analyzed the involvement of different 
ANG II signal transduction pathways. Our results dem-
onstrated that phospholipase C activation is necessary to 
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  Fig. 4.  Effects of DA (1  �  M ), ANG II (100 n M ) and HC (100  �  M ) 
on Na       + ,K + -ATPase activity calculated as a percentage of Na + ,K + -
ATPase activity of control in the outer renal cortex. The experi-
ments were carried out in the absence (control) or in the presence 
of carbidopa;    *  p  !  0.05 compared with control;  *  *  p  !  0.001 com-
pared with carbidopa, HC or HC plus DA;  *  *  *  p  !  0.05 compared 
with carbidopa;  #  p  !  0.05 compared with DA. Number of cases: 
n = 6–11. 

  Fig. 3.  Effects of 8-Br-cAMP (125  �  M ), SQ 22536 (100  �  M ) and 
H89 (2  �  M ) on 100 n M  ANG II-inhibited [ 3 H]-DA uptake (pmol/g 
of fresh tissue  8  SEM) in the outer renal cortex;  *  p  !  0.01 com-
pared with control,  *  *  p  !  0.001 compared with 8-Br-cAMP,
 *  *  *  p  !  0.01 compared with ANG II. Number of cases: n = 6–12. 
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mediate ANG II effects on renal DA uptake. Moreover, 
ANG II stimulation on renal DA uptake implied IP 3 -de-
pendent Ca 2+  release and activation of PKC and CaM ki-
nase II.

  On the other hand, our study shows that the decreased 
DA uptake induced by ANG II is independent of AC, 
cAMP and PKA cascade. The fact that 8-Br-cAMP, a 
nonhydrolizable cAMP analogue, reduced renal DA up-
take, suggests that this pathway is involved in renal DA 
uptake regulation and it could be activated by other 
mechanisms that are independent of ANG II participa-
tion.

  Little is known about the mechanisms by which the 
proximal tubular cells incorporate DA. Extraneuronal 
uptake of catecholamines is mediated by organic cation 
transporters (OCTs) which are regulated by PKG, PKC 
and PKA  [18, 19] . Moreover, OCT1 and OCT2 mediate 
translocation of DA in rat proximal convoluted and 
straight tubules  [20, 21] . Since our study shows that PKC 
is involved in the ANG II inhibitory effect on DA uptake, 
it could be suggested that OCTs may be involved in renal 
ANG-DA interaction. Further experiments have to be 
done to test this hypothesis.

  Renal DA, through its second messengers and associ-
ated protein kinases or protein phosphatases, initiates a 
cascade of events ultimately resulting in the phosphory-
lation and inhibition of Na + ,K + -ATPase enzymatic activ-
ity  [1, 22] . This enzyme is present at high concentrations 
in the basolateral membrane of all tubular cells and is a 
key enzyme for sodium reabsorption  [23] . A balance be-
tween natriuretic (as DA, parathyroid hormone, endo-
thelin, prostaglandin E) and antinatriuretic (as noradren-
aline, neuropeptide Y, insulin and ANG II) factors that 
inhibit or stimulate Na + ,K + -ATPase, respectively, may 
modulate its activity  [22, 24, 25] . To examine whether 
ANG II inhibiting effect on DA uptake is associated with 
changes in Na + ,K + -ATPase activity, the effects of endog-
enous renal DA and neuronal DA were ruled out by block-
ade of renal DA synthesis by carbidopa and neuronal DA 
uptake by nomifensine. Our results show that renal 
Na + ,K + -ATPase activity increased when DA synthesis 
was inhibited by carbidopa, according to the reduction of 
DA content. In contrast, when exogenous DA was added, 
the activity of the enzyme decreased, in agreement with 
the restored DA availability. The addition of ANG II 
stimulated the sodium pump activity, reaching higher 
levels than those observed in the group treated with car-
bidopa alone. This suggests that ANG II is able to en-
hance Na + ,K + -ATPase activity, even in the absence of en-
dogenous DA. When exogenous DA and ANG II were 

added together, Na + ,K + -ATPase activity increased as 
much as in the ANG II group, showing that ANG II-in-
duced inhibition of DA uptake did not allow exogenous 
DA to inhibit Na + ,K + -ATPase activity. To assess whether 
the ANG II-induced stimulation of Na + ,K + -ATPase activ-
ity is related to ANG II-inhibited non-neuronal DA up-
take, additional experiments were performed in the pres-
ence of HC, a known inhibitor of non-neuronal uptake, 
plus the DA synthesis inhibitor carbidopa in order to 
avoid any influence from endogenous DA. HC did not 
modify Na + ,K + -ATPase activity by itself, but reversed DA 
inhibition of the enzyme, confirming that this latter ef-
fect is closely related to the inhibition of renal DA uptake. 
However, HC did not affect the ANG II-stimulatory ef-
fect on the enzyme in the presence of exogenous DA, sug-
gesting a direct action of the peptide on Na + ,K + -ATPase 
activity. The fact that ANG II, even when renal DA syn-
thesis and renal uptake were inhibited, was able to stimu-
late Na + ,K + -ATPase activity could explain the controver-
sial reports about the capacity of the peptide to alter pump 
activity and it also suggests that DA activity must be 
masked to observe ANG II effects. ANG II regulates 
sodium reabsorption through modulation of Na + ,K + -
ATPase activity in a biphasic manner  [26] . At low concen-
trations, ANG II stimulates the Na + ,K + -ATPase pump 
 [23, 27] , whereas at high concentrations, ANG II (micro-
molar) inhibits sodium and water transport  [28, 29] , but 
the latter effect was never observed under physiological 
conditions  [30] . 

  In conclusion, our results demonstrated that ANG II 
inhibits renal DA uptake and stimulates renal Na + ,K + -
ATPase activity, while DA inhibits this enzyme. DA up-
take inhibition in renal tubular cells elicited by ANG II is 
mediated by AT 1  receptors and signal through the phos-
pholipase C pathway, including the generation of second 
messengers, IP 3  and DAG, intracellular calcium release 
and activation of PKC and CaM kinase II. By this way, 
ANG II diminishes intracellular accumulation of renal 
DA, which in turn might favor sodium reabsorption and 
reduce natriuresis linked to Na + ,K + -ATPase activity in re-
nal tubules. 

  Acknowledgments 

 This work was supported by grants from the Consejo Nacional 
de Investigaciones Científicas y Técnicas de la Republica Argen-
tina (CONICET PIP 6161), PICT 05–13775 ANPCYT and Univer-
sidad de Buenos Aires (UBACYT B014 and B018). We would like 
to thank Dr. Gabriela Acosta and Dr. Ana Maria Puyó for their 
excellent technical support and assistance.



 Choi   /Medici   /Gironacci   /Correa   /
Fernández   

Nephron Physiol 2009;111:p53–p58 p58

 References 

  1 Aperia A: Intrarenal dopamine: a key signal 
in the interactive regulation of sodium me-
tabolism. Annu Rev Physiol 2000;   62:   621–
647. 

  2 Crowley SD, Gurley SB, Oliverio MI, Pazmi-
no AK, Griffiths R, Flannery PJ, Spurney RF, 
Kim HS, Smithies O, Le TH, Coffman TM: 
Distinct roles for the kidney and systemic 
tissues in blood pressure regulation by the 
renin-angiotensin system. J Clin Invest 2005;  
 115:   1092–1099. 

  3 Crowley SD, Tharaux PL, Audoly LP, Coff-
man TM: Exploring type I angiotensin (AT1) 
receptor functions through gene targeting. 
Acta Physiol Scand 2004;   181:   561–570. 

  4 Ball SG, Lee MR: Increased urinary dopa-
mine in salt loaded rats. Clin Sci Mol Med 
1977;   52:   20–21. 

  5 Pendleton RG, Sherman SS: Studies con-
cerning dopamine diuresis in the rat. Arch 
Int Pharmacodyn Ther 1976;   222:   94–102. 

  6 Chen CJ, Apparsundaram S, Lokhandwala 
MF: Intrarenally produced angiotensin II 
opposes the natriuretic action of the dopa-
mine-1 receptor agonist fenoldopam in rats. 
J Pharmacol Exp Ther 1991;   256:   486–491. 

  7 Hughes JM, Beck TR, Rose CE Jr, Carey RM: 
The effect of selective dopamine-1 receptor 
stimulation on renal and adrenal function in 
man. J Clin Endocrinol Metab 1988;   66:   518–
525. 

  8 Carey RM: Renal dopamine system: para-
crine regulator of sodium homeostasis and 
blood pressure. Hypertension 2001;   38:   297–
302. 

  9 Hussain T, Lokhandwala MF: Renal dopa-
mine receptor function in hypertension. Hy-
pertension 1998;   32:   187–197. 

 10 Eklöf AC: The natriuretic response to a do-
pamine DA1 agonist requires endogenous 
activation of dopamine DA2 receptors. Acta 
Physiol Scand 1997;   160:   311–314. 

 11 José PA, Asico LD, Eisner GM, Pocchiari F, 
Semeraro C, Felder RA: Effects of costimula-
tion of dopamine D1- and D2-like receptors 
on renal function. Am J Physiol 1998;   275:  
 986–994. 

 12 Bertorello A, Aperia A: Inhibition of proxi-
mal tubule Na + -K + -ATPase activity requires 
simultaneous activation of DA1 and DA2 re-
ceptors. Am J Physiol 1990;   259:F924–F928. 

 13 Fernández BE, Correa AH, Choi MR: Atrial 
natriuretic factor stimulates renal dopamine 
uptake mediated by natriuretic peptide-type 
A receptor. Regul Pept 2005;   124:   137–144. 

 14 Correa AH, Choi MR, Gironacci M, Valera 
MS, Fernández BE: Signaling pathways in-
volved in atrial natriuretic factor and dopa-
mine regulation of renal Na + ,K + -ATPase ac-
tivity. Regul Pept 2007;   138:   26–31. 

 15 Choi MR, Correa AH, Turco V, García FA, 
Fernández BE: Angiotensin II regulates ex-
traneuronal dopamine uptake in the kidney. 
Nephron Physiol 2006;   104:   136–143. 

 16 Albers RW, Rodríguez de Lores Arnaiz G, De 
Robertis E: Sodium-potassium-activated 
ATPase and potassium-activated  p -nitro-
phenyl-phosphatase: a comparison of their 
subcellular localization in rat brain. Proc 
Natl Acad Sci USA 1965;   53:   557–564. 

 17 Lopez Ordieres MG, Gironacci MM, Rodri-
guez de Lopez Arnaiz G, Peña C: Effect of 
angiotensin-(1–7) on ATPase activities in 
several tissues. Regul Pept 1998;   77:   135–139. 

 18 Pietig G, Mehrens T, Hirsch JR, Cetinkaya I, 
Piechota H, Schlatter E: Properties and regu-
lation of organic cation transport in freshly 
isolated human proximal tubules. J Biol 
Chem 2001;   276:   33741–33746. 

 19 Ciarimboli G, Schlatter E: Regulation of or-
ganic cation transport. Pflugers Arch 2005;  
 449:   423–441. 

 20 Urakami Y, Okuda M, Masuda S, Akazawa 
M, Saito H, Inui K: Distinct characteristics 
of organic cations transporters, OCT1 and 
OCT2, in the basolateral membrane of renal 
tubules. Pharm Res 2001;   18:   1528–1534. 

 21 Eisenhofer G: The role of neuronal and ex-
traneuronal plasma membrane transporters 
in the inactivation of peripheral catechol-
amines. Pharmacol Ther 2001;   91:   35–62. 

 22 Aperia A, Fryckstedt J, Holtbäck U, Belusa R, 
Cheng XJ, Eklof AC, Li D, Wang ZM, Ohto-
mo Y: Cellular mechanisms for bi-direction-
al regulation of tubular sodium reabsorp-
tion. Kidney Int 1996;   49:   1743–1747. 

 23 Aperia A, Holtbäck U, Syrén ML, Svensson 
LB, Fryckstedt J, Greengard P: Activation/
deactivation of renal Na + ,K + -ATPase: a final 
common pathway for regulation of natriure-
sis. FASEB J 1994;   8:   436–439. 

 24 Ribeiro CP, Mandel LJ: Parathyroid hor-
mone inhibits proximal tubule Na(+)-K(+)-
ATPase activity. Am J Physiol 1992;   262:  
 F209–F216. 

 25 Ibarra F, Aperia A, Svensson L-B, Eklöf A-C, 
Greengard P: Bidirectional regulation of 
Na + ,K + -ATPase activity by dopamine and an 
alphaadrenergic agonist. Proc Natl Acad Sci 
USA 1993;   90:   21–24. 

 26 Bharatula M, Hussain T, Lokhandwala MF: 
Angiotensin II AT1 receptor/signaling 
mechanisms in the biphasic effect of the pep-
tide on proximal tubular Na + ,K + -ATPase. 
Clin Exp Hypertens 1998;   20:   465–480. 

 27 Garvin JL: Angiotensin stimulates bicarbon-
ate transport and Na + /K +  ATPase in rat prox-
imal straight tubule. J Am Soc Nephrol 1991;  
 1:   1146–1152. 

 28 Harris PJ: Stimulation of proximal tubular 
sodium reabsorption by ile5 angiotensin II 
in the rat kidney. Pflugers Arch 1979;   381:  
 83–85. 

 29 Harris PJ, Young JA: Dose-dependent stimu-
lation and inhibition of proximal tubular so-
dium reabsorption by angiotensin II in the 
rat kidney. Pflugers Arch 1977;   367:   295–297. 

 30 Féraille E, Doucet A: Sodium-potassium-
adenosinetriphosphatase-dependent sodi-
um transport in the kidney: hormonal con-
trol. Physiol Rev 2001;   81:   345–418. 

  




