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Regulation of Na,K-ATPase by dopamine

The role of dopamine in regulating renal function was recognized in
the early 1970s when it was shown that dopamine increases sodium
excretion and glomerular filtration rate [3,4]. Further studies
demonstrated that dopamine was produced in the kidney proximal
tubule, acting in a paracrine and autocrine fashion to increase
urinary sodium excretion [7±9] due to its ability to inhibit the Na,KATPase [10].
The Na,K-ATPase is a transmembrane protein composed of two
subunits, a and b. The a-subunit contains binding sites for ATP
hydrolysis, Na+, K+ and cardiac glycosides such as ouabain [10].
There are at least three isoforms of a (a1, a2 and a3), each differing
in its affinity to sodium, ouabain and tissue distribution. The bsubunit is thought to be responsible for incorporating the a-subunit
into the plasma membrane. There are at least three isoforms of bsubunit [10±12].
The hemodynamic effects of dopamine are mediated via a and b
adrenergic receptors and dopaminergic receptors, whereas the
natriuretic effects including the inhibition of the Na,K-ATPase are
mediated by the dopaminergic receptors, i.e., G protein-coupled
receptors [13]. There are at least five receptor subtypes, which are
divided into two main dopamine receptor subclasses: D1-like (D1
and D5) and D2-like receptors (D2, D3 and D4) [13,14]. In the distal
segments of the kidney tubule, D1 stimulation leads to activation of
adenylate cyclase, increased levels of cAMP and protein kinase A,
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leading to Na,K-ATPase inhibition either directly or by phosphorylation of the a1-Na,K-ATPase and cAMP-regulated phosphoprotein
(DARPP-32), a potent inhibitor of protein phosphatase 1A [9,15,16].
Dopamine effect on lung sodium transport

The lung alveolar epithelium actively reabsorbs fluid from the
alveolar space [17,18] via sodium transport by generating a gradient
of Na+, which enters the alveolar epithelial cells through apical
amiloride-sensitive Na+ channels and is pumped out of the cell by
the Na,K-ATPase located in the cell basolateral membrane. This is
an active metabolic process that consumes ATP [19,20]. Dopamine
has been shown to increase, in a dose-dependent manner, lung
edema clearance in rats by 40±70% above the control clearance
levels [Figure 1] via activation of dopaminergic D1 receptors
expressed in the basolateral membrane of alveolar type II cells
[5,21].
Clearance of edema during lung injury

Several studies in models of lung injury have demonstrated that
alveolar fluid clearance is impaired in parallel with decreased Na,KATPase function. It is known that adult rats exposed to 100% oxygen
for 72 hours die from pulmonary edema. After 64 hours of exposure
to 100% O2 there is an increase in permeability to solutes and a
significant decrease in the lung's ability to clear edema [22,23]. The
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The outcome of patients with acute hypoxemic respiratory failure
improves when lung epithelial function is restored and pulmonary
edema resolves [1,2]. Pulmonary edema is cleared from the alveoli
by active Na+ transport, with Na+ moving vectorially across the
alveolar epithelium, entering the cell via apical amiloride-sensitive
Na+ channels and extruding from the cell via the basolaterally
located Na,K-ATPase. Water follows the Na+ gradients isosmotically, resulting in alveolar fluid reabsorption [3]. In the kidney,
dopamine inhibits Na,K-ATPase, which decreases Na+ reabsorption
and causes natriuresis [4,5]. It was recently demonstrated that
dopamine increases alveolar fluid reabsorption by increasing Na,KATPase activity in the lung [6]. In this review we discuss the
mechanisms of dopamine regulation of Na,K-ATPase and lung
edema clearance.
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Dose response of increased lung liquid clearance in response to
increasing concentrations of dopamine in the isolated perfused lung. Dopamine
at the indicated concentrations was added to the instillate. *P < 0.05 as
compared with controls. With permission from Barnard et al. [6].
Figure 1.
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reabsorption by upregulating the Na,K-ATPase function [Figure 2]
[28,29].
Regulation of Na,K-ATPase by dopamine in
alveolar epithelial cells.

Na,K-ATPase function in the lung can be regulated by short-term or
long-term mechanisms. Several studies have suggested that
dopamine increases alveolar fluid reabsorption (short-term) in
0.25
normal lungs and animal models of lung injury by regulating the
alveolar epithelial Na,K-ATPase function [5,28±31]. Apparently, the
0.00
dopamine short-term effects in alveolar epithelial-type II cells cause
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translocation of preformed Na,K-ATPase pumps from intracellular
100% O
pools (i.e., late endosomal compartment) to the cell plasma
Exposure to hyperoxia decreased lung liquid clearance in adult rats. membrane [1,32,33]. This rapid recruitment is regulated by the cell
Dopamine increased lung edema clearance in room air breathing rats and after actin cytoskeleton and the microtubuli. Disruption of the cell
64 h of exposure to 100% oxygen. *P < 0.05 and ***P < 0.001 compared with
transport system by colchicine blocks the stimulatory
room air breathing control rats. &P < 0.0015 compared with hyperoxia-injured microtubular
effects
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With permission from Saldias et al {28].
The isomer b lumicolchicine, which shares many of the colchicine
properties with the exception of disruption of the microtubular
decrease in clearance occurs in association with decreased Na,K- transport, does not inhibit the dopaminergic stimulation of lung
edema clearance [5,28,29].
ATPase activity in alveolar epithelial cells [22,23].
Further studies have shown that Na,K-ATPase activity inMechanical ventilation with high tidal volume and high peak
creased
twofold in alveolar type II cells following 15 minutes of
airway pressures induces production of chemokines and metalloincubation
with dopamine or fenoldopam ± a specific dopamiproteinases and causes ventilator-induced lung injury [24±26].
nergic
D1
agonist ± but was not changed with the specific
Interestingly, it has been reported that during ventilator-induced
dopaminergic
D2 agonist quinipirole. Down-regulation of diacyllung injury there is not only injury but also a decrease in alveolar
epithelial fluid reabsorption and decreased alveolar epithelial Na,K- glycerol-sensitive (conventional and novel) protein kinase C by
ATPase activity [27]. In both models of lung injury, hyperoxia and pretreatment with phorbol 12-myristate 13-acetate or by preventilator-induced lung injury, dopamine increased alveolar fluid incubation with bisindolylmaleimide prevented the DA-mediated
increase in Na,K-ATPase activity and
translocation of Na,K-pumps to the
basolateral membranes [32]. Accordingly, dopamine increased Na,K-ATPase activity in alveolar epithelial
type II cells by recruiting sodium
pumps into the plasma membrane
from an intracellular compartment
via a novel protein kinase C-dependent pathway [32] [Figure 3].
Recent studies suggest that different
types of protein phosphatases play a
role in Na,K-ATPase regulation in the
kidney and brain, demonstrating the
complexity of the signaling pathways
that probably are receptor and cell-type
specific [34,35]. In the lungs, short-term
incubation (1 minute) of alveolar
epithelial cells with a D1 agonist
increased Na,K-ATPase activity by
translocation of the Na,K-ATPase from
pools to the basolateral
Short-term regulation of Na,K-ATPase by dopamine in alveolar epithelial cells. Activation of the D1 intracellular
membranes
without
changing the total
dopamine receptor causes translocation of preformed Na,K-ATPase pumps from intracellular pools to the cell
Na,K-ATPase
protein
abundance in cell
plasma membrane. This process is regulated by type 2 serine/threonine protein phosphatases and protein
lysates [33]. The D1-mediated Na,Kkinase C-dependent pathway.
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Figure 2.

Figure 3.

48

Y. Adir and J.I. Sznajder

IMAJ

.

Vol 5

.

January 2003

Reviews

ATPase translocation to the basolateral
membranes was regulated by type 2
serine/threonine protein phosphatases
[33] [Figure 3].
Long-term regulation of
Na,K-ATPase by dopamine
in alveolar cells

The mitogen-activated protein kinase/
extracellular-regulated kinase cascade is
a major signaling system whereby cells
transduce extracellular signals into intracellular responses. ERK proteins
(ERK1/2) have many substrates including
the ternary complex factor Elk-1, a
member of the Ets family of transcription
factors that is recruited by serum response factor to bind serum response
elements located in the promoters of
many genes and also in the 5` flanking
region of the Na,K-ATPase gene [36].
Dopamine has an inhibitory role on the
ERK pathway in most cell types although
recent reports suggest that dopamine
activates ERK proteins in Chinese hamLong-term regulation of Na,K-ATPase by dopamine in alveolar epithelial cells. Activation of the D2
dopamine receptor regulates b1-subunit mRNA and protein abundance via an ERK-dependent mechanism,
ster ovary cells [37] and neurons [38].
Huff et al. [39] and Guerrero et al. [40] leading to an increase in Na,K-ATPase pumps in the basolateral membrane of alveolar epithelial type II
demonstrated that dopamine, through cells.
activation of D2 but not D1 receptors,
which results in
synthesis of Na,K-ATPase proteins.
regulates b1-subunit mRNA and protein abundance via an ERK- Conceivably, by increasing Na,K-ATPase activity and promoting
dependent mechanism, leading to an increase in Na,K-ATPase alveolar fluid reabsorption, dopamine can be of clinical relevance
pumps in the basolateral membrane of alveolar epithelial type II for the treatment of patients with acute hypoxemic respiratory
cells, causing an increase in the Na,K-ATPase activity. These data failure due to pulmonary edema.
suggest that the MAPK/ERK pathway is an important mechanism in
the long-term regulation of Na,K-ATPase by dopamine in alveolar
References
epithelium [Figure 4].
Figure 4.
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Summary

In the kidney, dopamine inhibits Na,K-ATPase, which results in
natriuresis because less Na+ is reabsorbed by the proximal and
distal tubules. In contrast, dopamine stimulates Na,K-ATPase
activity in the alveolar epithelium, leading to increased alveolar
fluid reabsorption. Importantly, dopamine increases alveolar fluid
reabsorption not only in normal alveolar epithelium but also in
models of lung injury. Dopamine short-term regulation of alveolar
epithelial Na,K-ATPase occurs via D1 receptor activation, protein
kinase C and protein phosphatase 2A pathways, leading to
increased Na,K-ATPase activity by recruiting sodium pumps from
the intracellular compartment to the basolateral membranes.
Conversely, D2 receptor activation by long-term dopamine regulates
(~ 24 hours) alveolar epithelial Na,K-ATPase via the MAPK pathway,

novo

1. Ware LB, Mattay MA. Alveolar fluid clearance is impaired in the majority
of patients with acute lung injury and the acute respiratory distress
2001;163:1376±83.
syndrome.
2. Sznajder JI. Strategies to increase alveolar epithelial fluid removal in the
1999;160:1441±2.
injured lung.
3. Dematte JE, Sznajder JI. Mechanisms of pulmonary edema clearance:
from basic research to clinical implication.
2000;26(4):477±80.
4. Goldberg LI. Cardiovascular and renal actions of dopamine: potential
1972;24:1±29.
clinical applications.
5. McGrath BP, Bode K, Luxford A, Howden B, Jablonski P. Effects of
dopamine on renal function in the rat isolated perfused kidney.
1985;12:343±52.
6. Barnard ML, Olivera WG, Rutschman DM, Bertorello AM, Katz AI,
Sznajder JI. Dopamine stimulates sodium transport and liquid clearance
1997;156:709±14.
in rat lung epithelium.
7. Baines AD, Drangova R. Dopamine production by the isolated perfused
1984;62(3):272±6.
rat kidney.
8. Baines AD, Drangova R, Hatcher C. Dopamine production by isolated
glomeruli and tubules from rat kidneys.
1985;63(2):155±8.
9. Aperia A. Dopamine action and metabolism in the kidney
1994;3:39±45.
Am J Respir Crit Care Med

Am J Respir Crit Care Med

In te nsi ve

IMAJ

.

Vol 5

.

January 2003

M ed

Pharmacol Rev

Clin Exp

Pharmacol Physiol

Am J Respir Crit Care Med

Can J Physiol Pharmacol

Can

ERK = extracellular-regulated kinase
MAPK/ERK = mitogen-activated protein kinase/extracellular-regulated kinase

C are

J

Physiol

Pharmacol

. Curr Opin

Nephrol Hypertens

Dopamine and Lung Edema

49

Reviews
10. Ridge KM, Rutschman DH, Factor P, Katz AI, Bertorello AM, Sznajder JL.
Differential expression of Na-K-ATPase isoforms in rat alveolar epithelial
1997;273:246±55.
cells.
11. McDonough AA, Azuma KK, Lescale-Matys L, et al. Physiologic rationale
for multiple sodium pump isoforms. Differential regulation of alpha 1 vs
1992;671:156±68.
alpha 2 by ionic stimuli.
12. Factor P, Senne C, Dumasius V, et al. Overexpression of the Na+,K+ATPase alpha1 subunit increases Na+,K+-ATPase function in A549 cells.
1998;18:741±9.
13. Jos PA, Eisner GM, Felder RA. Renal dopamine receptors in health and
1998;80(2):149±82.
hypertension.
14. Missale C, Nash SR, Robinson SW, Jaber M, Caron MG. Dopamine
1998;78(1):189±225.
receptors: from structure to function.
15. Therien AG, Blostein R. Mechanism of sodium pump regulation.
2000;279:541±66.
16. Aperia AC. Intrarenal dopamine: a key signal in the interactive regulation
2000;62:621±47.
of sodium metabolism.
17. Matthay MA, Landolt CC, Staub NC. Differential liquid and protein
clearance from the alveoli of anesthetized sheep.
1982;53(1):96±104.
18. Matthay MA, Folkesson HG, Verkman AS. Salt and water transport across
alveolar and distal airway epithelia in the adult lung.
1996;270:487±503.
19. Rutschman DH, Olivera W, Sznajder JI. Active transport and passive
liquid movement in isolated perfused rat lungs.
1993;75:1574±80.
1992;7:95±100.
20. Skou JC. The Na-K pump.
21. Barnard ML, Ridge KM, Saldias F, et al. Stimulation of the dopamine 1
receptor increases lung edema clearance.
1999;160:982±6.
22. Olivera WG, Ridge KM, Sznajder JI. Lung liquid clearance and Na,KATPase during acute hyperoxia and recovery in rats.
1995;152:1229±34.
23. Royston BD, Webster NR, Nunn JF. Time course of changes in lung
permeability and edema in the rat exposed to 100% oxygen.
1990;69:1532±7.
24. Tremblay L, Valenza F, Ribeiro SP, Li J, Slutsky AS. Injurious ventilatory
strategies increase cytokines and c-fos mRNA expression on isolated rat
1997;99:944±52.
lung model
25. Dreyfuss D, Soler P, Basset G, Sauman G. Intermittent positive-pressure
hyperventilation with high inflation pressures produces pulmonary
1985;132:880±4.
microvascular injury in rats.
26. Sznajder JI, Ridge KM, Saumon G, Dreyfuss D. Lung injury induced by
mechanical ventilation. In: Matthay MA, Ingbar DH, eds. Lung Biology in
Health and Disease, Pulmonary Edema. Vol 116. New York: Marcel
Dekker, 1998:413±31.
27. Lecuona E, Saldias F, Comellas A, Ridge K, Guerrero C, Sznajder JI.
Ventilator-associated lung injury decreases lung ability to clear edema
1999;159:603±9.
in rats.
Am J Physiol

Ann N Y Acad Sci

Am J Respir Cell Mol Biol

Pharmacol Ther

Physiol Rev

Am J

Physiol

Annu Rev Physiol

J

J

Appl

Physiol

Am J

Physiol

Appl

Physiol

NIPS

Am J Respir Crit Care Med

Am J Respir Crit Care

Med

J Appl

Physiol

. J Clin Invest

28. Saldias FJ, Lecuona E, Comellas AP, Ridge KM, Sznajder JI. Dopamine
restores lung ability to clear edema in rats exposed to hyperoxia.
1999;159:626±33.
29. Saldias F, Comellas A, Pesce L, Sznajder JI. Dopamine increases lung
edema clearance in a rodent model of ventilator induced lung injury.
2002:83:L136±43
30. Bertorello AM, Ridge KM, Chibalin AV, Katz AI, Sznajder JI. Isoproterenol
increases Na+-K+-ATPase activity by membrane insertion of alphasubunits in lung alveolar cells.
1999;276:L20±7.
31. Saldias FJ, Lecuona E, Comellas AP, Ridge KM, Rutschman DH, Sznajder
JI. Beta-adrenergic stimulation restores rat lung ability to clear edema in
2000;162:
ventilator-associated lung injury
282±7.
32. Ridge KM, Dada L, Leucona E, et al. Exocytosis of Na,K-ATPase is
dependent on the activation of protein kinase epsilon and delta.
2002;3:1381±9.
33. Lecuona E, Garcia A, Sznajder JI. A novel role for protein phosphatase 2A
in the dopaminergic regulation of Na,K-ATPase.
2000;481:
217±20.
34. Blot-Chabaud M, Coutry N, Laplace M, Bonvalet J, Farman N. Role of
protein phosphatase in the regulation of Na+-K+-ATPase by vasopressin
1996;153:233±9.
in the cortical collecting duct.
35. Deachapunya C, Palmer-Densmore M, O'Grady SM. Insulin stimulates
transepithelial sodium transport by activation of a protein phosphatase
that increases Na-K ATPase activity in endometrial epithelial cells.
1999;114:561±74.
36. Ragolia L, Cherpalis B, Srinivasan M, Begum N. Role of serine/threonine
protein phosphatases in insulin regulation of Na+/K+-ATPase activity in
1997;272:653±8.
cultured rat skeletal muscle cells
37. Liu B, Gick G. Characterization of the 5' flanking region of the rat Na,KATPase beta 1 subunit gene.
1992;1130:336±8.
38. Welsh GI, Hall DA, Warnes A, Strange PG, Proud CG. Activation of
microtubule-associated protein kinase (Erk) and p70 S6 kinase by D2
dopamine receptors.
1998;70(5):2139±46.
39. Huff RM. Signal transduction pathways modulated by the D2 subfamily
of dopamine receptors.
1996;8:453±9.
40. Guerrero C, Pesce L., Lecuona E, Ridge KM, and Sznajder JI.
Dopamine activates ERK's in alveolar epithelial cells via RAS-PKC
dependent and GRB2/SOS independent mechanisms
2002;282: L1099±107.
Am J

Respir Crit Care Med

Am J Physiol

Am J Physiol

. Am J Respir Crit Care Med

Mol Biol

Cell

FEBS Lett

J Membr Biol

J Gen

Physiol

. J Biol Chem

Biochim Biophys Acta

J Neurochem

Cell Signal

.

Am

J

Physiol

Am Rev Respir Dis

Am J Respir Crit Care Med

Capsule
The brain electric input

Biella et al. analyzed the propagation of electrical activity from
the temporal neocortex to the perirhinal and entorhinal cortices.
Information flow from perirhinal areas 35 and 36 to the superficial
layers of the entorhinal cortex is not extensive and is spatially
scattered. The propagation of this activity is also under strong
50

Y. Adir and J.I. Sznajder

Dr. J.I. Sznajder, Pulmonary & Critical Care Medicine,
Northwestern University, 303 East Chicago Ave, Tarry 14-707, Chicago, IL
60611-3010, USA.
Phone: (1-312) 908-7737
Fax: (1-312) 908-4650
email: j-sznajder@northwestern.edu
Correspondence:

inhibitory control within the perirhinal cortex. This organizational
pattern may facilitate the selection and integration of simultaneously presented inputs from the neocortex.
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