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The Dopamine Paradox in Lung and Kidney Epithelia
Sharing the Same Target but Operating Different Signaling Networks
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Stimulation of dopamine receptors in the lung or kidney epithelia
has distinct and opposite effects on the function of Na,K-ATPase,
which results in increased Na* absorption across the alveolar epithe-
lium and increased sodium excretion via the kidney epithelium.
In the lung, dopamine increases Na,K-ATPase by increasing cell
basolateral surface expression of Na*,K*-ATPase molecules, whereas
in the kidney epithelia it decreases Na*,K*-ATPase activity by remov-
ing active units from the plasma membrane by endocytosis. The
opposite effects of dopamine over the same target (the Na* K*-
ATPase) involve the activation of a distinct signaling network that
it is target specific, and has a different spatial resolution. Under-
standing the specific signaling pathways involved in these actions
of dopamine and their hierarchical organization may facilitate the
drug discovery process that could lead to the design of new thera-
peutic approaches to clear lung edema in patients with acute lung
injury and to decrease fluid overload during congestive heart failure
and hypertension.
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The kidney tubule cells and the lung alveolar epithelial cells
share a common task that for simplicity can be summarized as
an epithelial barrier that determines the amount of fluid and
solutes that moves across two distinct compartments. As a result
of this function, the renal tubule epithelium is critical for main-
taining the extracellular volume and composition, whereas the
lung alveolar epithelial Type I and Type II pneumocytes main-
tain the alveolar space free of fluid, which permits a normal O,
and CO, gas exchange.

Movement of fluid and electrolytes across the epithelium of
both lung and kidney is mediated by cell-specific transporters
located in distinct areas of the cell membrane (Figure 1A). Al-
though not completely understood, it is believed that such distri-
bution of membrane transporters is organized and/or maintained
largely by the presence of tight junctions. The polarized distribu-
tion of proteins regulating sodium transport is essential for vecto-
rial transport in kidney and lung epithelia (1). The Na* K*-
ATPase is located at the basolateral domain of both epithelial
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cells and provides the driving force for active sodium transport
across the cell, while the presence of different sodium transport-
ers at the apical domain ensures its entry into the cells. During
transit across the cell, the intracellular concentration remains
tightly regulated to maintain cell volume homeostasis and other
vital cell functions. These specific transporters are targeted by
a wide variety of agents such as peptide hormones, catechol-
amines, and growth factors leading to short- and/or long-term
adjustments in both lung and kidney epithelial cells responses
to physiologic demands.

SALT AND WATER TRANSPORT: PATHOPHYSIOLOGIC
IMPACT WITHIN THE TARGET ORGANS

During cardiogenic pulmonary edema alveolar flooding occurs only
after protective compensatory mechanisms are overwhelmed. Al-
though many patients with pulmonary edema from “heart fail-
ure” have elevated intravascular volume, a significant number
are not fluid overloaded before the development of alveolar
flooding. These patients have elevations in pulmonary vascular
pressures on the basis of alterations in left ventricular compliance
most frequently caused by myocardial ischemia. In fact, up to
50% of patients with heart failure have left-ventricular diastolic
dysfunction (2). Diuretics are presently the cornerstone of ther-
apy for patients with pulmonary edema from heart failure (3, 4).
In the injured lung, because of increased permeability of the
alveolar—capillary membrane, pulmonary edema occurs even at
relatively low microvascular hydrostatic pressure. When ventric-
ular pre-load is reduced in canine models of acute lung injury,
alveolar edema formation is decreased (5). In humans with the
acute respiratory distress syndrome (ARDS), weight gain and
positive fluid balance are associated with poor outcome, and it
has been proposed that a cause and effect relationship exists
between survival and negative fluid balance (6-9).

The outcome of patients with acute hypoxemic respiratory
failure improves when lung epithelial function is restored and
pulmonary edema resolves (10, 11). Pulmonary edema is cleared
out of the alveoli by active Na™ transport (12-14). Na* is trans-
ported across the alveolar epithelium predominantly by apical
amiloride-sensitive sodium channels and Na* K*-ATPase, and
water follows isosmotically via aquaporins (12, 13, 15, 16). There
is experimental evidence from alveolar epithelial cell monolayers
and animal models that increasing alveolar epithelial Na* channels
and Na* ,K*-ATPase increases active Na* transport across the
alveolar surface and thus the ability of the lungs to clear edema
(13,16-18). For example, recent studies have shown that dopamine
and B-adrenergic agonists isoproterenol increase lung edema clear-
ance by stimulating apical Na* channels and Na* K *-ATPase activ-
ity in the alveolar epithelium of rats (18-20).

The kidneys maintain sodium and water homeostasis and
thus play a critical role in the regulation of extracellular fluid
composition and volume. Sodium reabsorption across the renal
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Figure 1. Dopamine effects on
alveolar epithelial cells and re-
nal PCT cells. (A) Once dopa-
mine is produced from its pre-
cursor L-dopa, it leaves to the
luminal membrane (where it
affects the sodium-dependent
entry mechanisms located at
the apical domain of the cells)
and to the interstitium (where
it regulates active sodium trans-

port at the basolateral domain the cells). (B) Dopamine has two distinct effects: in the renal epithelium it inhibits Na*,K*-ATPase activity, whereas
in the lung alveolar epithelium it stimulates its activity. Inhibition is brought about by a reduction in the amount of active units present at the
plasma membrane, whereas stimulation is accomplished by recruiting new molecules to the plasma membrane from endosomal compartments.

tubules also represents a driving force for the transport of potas-
sium, hydrogen ions, phosphate, and calcium, among many other
solutes, by the polar cells lining the nephron. Mechanisms gov-
erning these transport processes are targeted, by numerous regu-
latory hormones, and impaired function of such mechanisms
often results in disorders that are complex, difficult to manage,
and can lead to severe morbidity. For example, the development
of hypertension, regardless of its mechanism, is often the result
of an altered renal set point for sodium. In this respect, mutations
in sodium channels (21) and/or defective hormonal responses
(22), as well as abnormal function and regulation of Na* K*-
ATPase by dopamine, have been described (23, 24).

ORGAN-SPECIFIC PRODUCTION AND EFFECTS
OF DOPAMINE OUTSIDE THE CENTRAL
NERVOUS SYSTEM

Since the 1970s attention has been growing on the peripheral
actions of dopamine, not only for its ability to interact with its
own receptor, but also focused on the complex responses elicited
by its interaction with other catecholamine receptors. Because
dopamine can also be produced outside the central nervous
system, it raised the possibility of physiologic functions in other
target organs.

Lung alveolar epithelial cells and cells from kidney proximal
convoluted tubules represent an important source of extraneu-
ronal dopamine, which has a significant role in local organ physi-
ology. Circulating L-dopa (the dopamine precursor) enters the
epithelial cell primarily through a sodium-independent, pH-sen-
sitive transporter recently identified in the kidney as type 2
L-amino acid transporter (25) and to a smaller extent (25%) via
asodium-dependent transporter, and is converted into dopamine
by L-amino acid dopa decarboxylase (26) (Figure 1A). It is
believed that the uptake of L-dopa rather than the converting
enzyme is the rate-limiting step in the production of dopamine.
Despite the heterogeneity of the kidney nephron segments, do-
pamine produced within the proximal tubule cell can be secreted
into the lumen (using the same transporter) and act as a paracrine
agent along the nephron segments (27). At present it is not
known whether in alveolar cells the locally formed dopamine
follows the same route to the alveolar space or is secreted into the
interstitium. However, both perfusion through the pulmonary
circulation and instillation of dopamine into the alveolar space
significantly increase alveolar fluid absorption, suggesting similar
physiologic distribution (20).

During development, when the renal function has not yet
matured, renal dopamine production and its physiologic actions
are absent. Instead, dopamine is produced within the small intes-
tine where it exerts its role as an important modulator of sodium
and water homeostasis (28-30). This scavenger function of intes-

tinal dopamine for the control of sodium and water balance is
apparently limited to the immediate postnatal period.

In the mature organs, production of dopamine by renal proxi-
mal tubule cells could be triggered by a high salt intake (31),
a phenomenon critical for maintaining sodium homeostasis by
modulating urinary sodium excretion. Likewise, it was recently
demonstrated that alveolar epithelial cells produce dopamine in
vitro. Moreover, when rats were given a tyrosine-rich diet, there
was an increase in dopamine production as well as an increase
in alveolar fluid reabsorption (32). These observations suggest
that dopamine may affect sodium and water transport across
the alveolar cells and thereby constitute a first-level barrier that
maintains the alveolar space free of edema fluid. These data
complement previous reports showing that exogenous dopamine
(given via the pulmonary circulation or in the airspace instillate)
increases alveolar fluid reabsorption by more than 50% in normal
lungs (17). In addition, dopamine increased alveolar fluid reab-
sorption to a similar degree in several models of lung injury,
including acute hyperoxia and ventilation-induced lung injury,
and in a model of acute congestive heart failure (19, 20, 33, 34).

DOPAMINE-NA*,K*-ATPASE AXIS IN RENAL
AND ALVEOLAR LUNG EPITHELIA: DISTINCT
CELLULAR NETWORKS

Dopamine produced in the kidney (which does not affect renal
blood flow or glomerular filtration rate), as well as exogenously
administrated dopamine (in so called “renal doses”), increases
urinary sodium excretion by reducing tubular sodium reabsorp-
tion due to the inhibition of Na*,K*-ATPase activity (35, 36)
and Na*/H"-exchanger activity (37). Dopamine, also at rela-
tively low doses, increases active Na™ transport and thus alveolar
fluid reabsorption (20).

A distinct intracellular signaling network is assembled at the
cell basolateral membrane interface, by which dopamine specifi-
cally regulates the Na*,K*-ATPase. There are significant and
almost opposite effects of dopamine on the renal and alveolar
epithelium (Figure 1B). In kidney cells initiation of the response
to dopamine is confined to the plasma membrane, whereas in
the lung alveolar epithelium it is initiated at the endosomal
compartments. The primary effect in renal cells is to remove
active Na®™,K*-ATPase units from the plasma membrane (38)
thereby reducing the capacity of these cells to promote vectorial
sodium transport. In the lung, by contrast, dopamine increases
Na* ,K*-ATPase activity by increasing the cell surface expression
of active pumps that are recruited from intracellular compart-
ments (39), thereby increasing sodium and water (that follows
isosmotically) transport out of the alveolar spaces.
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Dopamine-Mediated Na*,K*-ATPase Endocytosis in Renal
Tubule Cells

The signaling networks responsible for dopamine-mediated
Na*t K*-ATPase endocytosis connect the mediator (DA recep-
tor) and the effector (Na* ,K*-ATPase), which begins with phos-
phorylation of the Na* K*-ATPase a-subunit at the plasma
membrane (Figure 2A). Activation of protein kinase C (PKC)
in response to dopamine is limited to the PKC-{ isoform, which is
activated by the arachidonic acid metabolite, 20-hydroxyeicosa-
tetraenoic acid (40, 41). Phosphorylation of the Ser-18 residue
constitutes the triggering mechanism leading to Na* ,K*-ATPase
endocytosis of both the a- and B-subunits (42, 43). Although
Ser-18 is present only in the rodent Na*,K*-ATPase a-isoform,
the presence of a phosphorylated Ser-11 residue within the hu-
man a-isoform is sufficient to cause its endocytosis. Critical to
this process is the activation of a phosphatidylinositol 3-kinase
(44), for which phosphorylation of the Na* K*-ATPase N-termi-
nus is essential (45). The mechanism of activation does not follow
a conventional pathway for this type of kinases. Instead, the PI
3-kinase type A that is activated by dopamine binds to a proline-
rich domain within the Na* ,K*-ATPase N-terminus that is adja-
cent to the plasma membrane, and this interaction requires an
SH3 domain present in the kinase p85a regulatory subunit. It
was originally thought that phosphorylation was necessary for
inducing a conformational change within the N-terminus struc-
ture that will make the proline-rich domain available for binding
of the PI 3-kinase p85« subunit. However, after structural com-
parisons to the SERCA it became apparent that the proline
residues are not particularly hidden, but are rather exposed for
potential protein—protein interactions. How is phosphorylation
at the N-terminus serine residue translated into binding and
activation of PI 3-kinase? The answer to this puzzle lies with
the 14-3-3 proteins, whose functions as scaffolding proteins are
mediated by their binding to phosphorylated Ser/Thr residues.
In this case, the 14-3-3€ isoform binds, in response to dopamine,
simultaneously to the phosphorylated Ser-18 residue within the
Nat K*-ATPase a-subunit (46) and to the PI 3-kinase p85«
subunit, thereby serving as an anchor between the phosphoryla-
tion site (Ser-18) and the proline-rich domain where the PI
3-kinase has its binding.

The location, assembly, and activation of the above-men-
tioned signaling molecules constitute the endocytic pathways
network that precedes the formation and exit from the plasma
membrane of clathrin-coated vesicles containing Na*,K*-ATP-
ase molecules. The association of clathrin with the Na* K-
ATPase a-subunit indicates its position at the right site where
endocytosis occurs, whereas the presence of PI 3-kinase near the

Figure 2. Signaling networks
operating in the renal (A) and
lung alveolar epithelia (B) re-
sponsible for the dopamine ef-
fects on Na*,K*-ATPase activ-
ity. For a detailed explanation
see description within the text.

plasma membrane facilitates the generation of catalytic products
(e.g., phosphatidyl inositol 3-phosphate) required for the binding
of adaptor protein-2 (AP-2) to the tyrosine-537 located in the
main cytoplasmic loop of the Na*™ K*-ATPase a-subunit (47, 48).
Binding of AP-2 not only selects the cargo to be internalized,
but also recruits clathrin to the plasma membrane and initiates
its polymerization and the formation of the clathrin-coated pit.

The central role of the PI 3-kinase appears not only to be
limited to the hydrolysis of plasma membrane inositols, which
facilitates AP-2 binding, but also for recruiting dynamin to the
coated pit (47). The precise molecular nature of such interaction
itis not known, nor is it clear whether it requires the intervention
of a linking protein, such as syndapin-2 (which appears to be a
likely candidate). Simultaneously to activation of PKC-{, dopa-
mine also triggers the activation of protein phosphatase 2A iso-
form, leading to dephosphorylation of dynamin (49). Cycling
between the phosphorylated—dephosphorylated states of dy-
namin is a prerequisite for its self-assembly at the neck of the
clathrin-coated pit, where it is critical for fission of the vesicle.

Dopamine Increases Plasma Membrane Expression
of Na,K-ATPase in Alveolar Epithelial Cells

In lung epithelia, dopamine-dependent increases in Na® K*-
ATPase activity involves two mechanisms. The first is that in
which activation of D, receptor subtype results in rapid recruit-
ment of Na*,K*-ATPase molecules from intracellular compart-
ments to the plasma membrane (39); the second is by increasing
transcription (via activation of D, receptor subtype) of the
Na*,K*-ATPase B, isoform that results in increased Na* K*-
ATPase activity in cells that have been exposed to dopamine
for 24 h. (50).

Contrary to the manner in which this process occurs in the
kidney, the short-term signals generated by dopamine at the plasma
membrane are transduced in a selective manner to the endo-
somal compartments from where the Na* K*-ATPase molecules
are recruited and transported to the plasma membrane (Figure 2B).
The initial event that triggers the recruitment process appears to
be the phosphorylation of a Tyr-5 residue within the o;-subunit
(Figure 2B, 1) (M. L. Butti, L. Dada, Z. Chen, K. Ridge, J. L.
Sznajder, and A. M. Bertorello, unpublished observation). This
event promotes the binding and activation of PI 3-kinase (Type
1A). The increased production of phosphatidylinositol 3-P that
follows the activation of PI3-kinase is necessary for facilitating
the binding of AP1 to the a;-subunit, which precedes clathrin
recruitment. The anchor of PI 3-kinase to the Na® K*-ATPase
ay-subunit (Tyr-5 residue) will additionally bind to dynamin and
guide this molecule to the site of clathrin-coated pit formation
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(containing Na* ,K*-ATPase molecules) to promote its fission
and formation of the clathrin vesicle.

It appears that activation of PKCs also represents a critical
signal —not, however, at the initial stage, but presumably later
during vesicle motion (39). Dopamine activates PKC-3 and
PKC-€ in alveolar epithelial cells, and both isoforms are neces-
sary for increasing Na* K*-ATPase activity and its cell surface
insertion. The fact that the activation of PKC-8 occurs before
that of PKC-e indicates a compartmentalized process and there-
fore the possibility of distinct cellular targets. Because PKC-3
is activated within 30 s of incubation with dopamine, it is specu-
lated that it may act in the process associated with clathrin vesicle
formation (adaptor protein phosphorylation, etc.). Activation of
PKC-e occurs after 2.5 min, suggesting a mechanisms of action
involving the mechanical forces (such as actin dynamics) in-
volved in propelling Na* ,K*-ATPase-containing vesicles to the
plasma membrane (Figure 2B, 3). The later is supported by the
observations that filamentous actin recognizes and bind directly
to a hexapeptide motif that is unique to the regulatory C1 domain
of PKC-e (51, 52). The Na* ,K*-ATPase-containing vesicles lo-
cated in the cell cytoplasm display a “random walk” type of
motion (53). Upon incubation of cells with dopamine, a propor-
tion of these vesicles display unidirectional motion that requires
an intact microtubule system as well as a dynamic actin cytoskele-
ton. Thus, it is likely that a signaling mechanism involving PKC-e
might be responsible for the changes in the cytoskeletal network
that facilitates the motion of the Na*,K*-ATPase molecules to
the plasma membrane.

Similarly to renal epithelia, activation of dopamine receptors
in alveolar epithelial cells is also associated with activation of
protein phosphatases, specifically the PP2A isoform (54). This
could be important at two different levels: (7 ) During endocyto-
sis the Na* K*-ATPase becomes dephosphorylated in the endo-
somes; thus, by increasing PP2A activity, dopamine could also
accelerate the dephosphorylation of the Na*, K*-ATPase a-sub-
units present in such endosomes so that in this “dephosphory-
lated” status they could leave the endosomal compartment. (2)
It could be responsible for dephosphorylation of dynamin and
promote its self-assembly at the neck of the coated pit (similarly
to plasma membrane endocytosis) and release of the vesicles
from the endosomes (Figure 2B, 2).

Interestingly, the long-term (> 24 h) effect of dopamine (via
D, receptors) that results in higher Na*,K*-ATPase activity is
mediated by activation of the classical MAPK pathway, via RAS,
RAF-1 (but not Grb2-SOS), resulting in Erk1/2 transcriptional
activation of the Nat K*-ATPase B, isoform. This sequence of
events leads to the increase in Na* K™-ATPase units at the
plasma membrane and increased Na*,K*-ATPase activity. Simi-
larly to the short-term effect of dopamine, PKC-€ also mediates
the D,-dependent activation of the MAPK pathway by regulating
transcriptional events (55) through mechanisms that have not
yet been elucidated.

MEDIATOR VERSUS EFFECTOR: WHERE LIES
THE SPECIFICITY?

The specificity within the signaling network controlling whether
the Na*,K*-ATPase undergoes endocytosis or translocation to
the plasma membrane, apparently resides in the effector (target)
and not in the mediator (specific receptors). Similarities between
the kidney cells and lung alveolar epithelial cells regulating
Na* K*-ATPase endocytosis could be found and support this
hypothesis. For example, during hypoxia alveolar fluid clearance
is impaired which is due, in part, to decreased Na* K*-ATPase
activity due to a reduction in the number of active molecules at
the alveolar epithelial cell plasma membrane (56). The responses
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generated by the hypoxic condition are mediated by the produc-
tion of mitochondrial reactive oxygen species that leads to activa-
tion of a PKC-{ isoform and phosphorylation of the Na* ,K*-
ATPase a-subunit within its Ser-18 residue in alveolar epithelial
cells, triggering the endocytic removal of active Na*,K*-ATPase
molecules (56).

Importantly, the dual and opposite physiologic and pharma-
cologic effects of dopamine on kidney and lung epithelia might
be useful in the treatment of patients with fluid overload and
edema. In the kidney, dopamine inhibits the Na* K*-ATPase
by inducing PKC-mediated phosphorylation and endocytosis of
Na* K*-ATPase molecules from the plasma membrane into in-
tracellular pools, which results in decreased activity and natriure-
sis, leading to a better control of extracellular volume while also
preventing or mitigating the development of high blood pressure.
Conversely, in the lungs dopamine via early activation of tyrosine
kinase increases Na* , K"-ATPase activity by promoting its re-
cruitment from endosomal compartments, and transport to the
plasma membrane, thus resulting in increased alveolar fluid reab-
sorption, which is crucial to restore normal gas exchange across
the lungs.

What determines the difference between the two target or-
gans? Whereas we have discussed the mechanistic differences
between the two systems, the reasons for the lungs and the kidneys
choosing different directions (kidney = plasma membrane—endo-
some, lungs = endosome—plasma membrane) are as yet un-
known. One can speculate that the latter is determined by the
fact that body homeostasis requires increase sodium/fluid re-
moval from the alveoli to facilitate gas exchange, whereas in the
kidney it requires a reduction of sodium transport to prevent
fluid/salt overload on a high sodium diet. Possibly, a cell-specific
“sensing or scaffolding” (still to be identified) could be responsi-
ble for the difference in organ response. Finally, understanding
the different regulatory mechanisms along the Dopamine-Na,K-
ATPase axis that are organ specific and identifying the different
signaling partners and their hierarchical organization during cel-
lular responses to dopamine may be of benefit to develop strate-
gies aimed at resolving pulmonary edema, fluid overload, or salt-
sensitive hypertension.
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