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Abstract

The Na,K-ATPase is the membrane “pump” that generates the Na* and K* gradients across the
plasma membrane that drives many physiological processes. This enzyme is highly sensitive to
inhibition by cardiotonic steroids, most notably the digitalis/ouabain class of compounds, which
have been used for centuries to treat congestive heart failure and arrhythmias. The amino acids
that constitute the ouabain-binding site are highly conserved across the evolutionary spectrum.
This could be fortuitous or could result from this site being conserved because it has an important
biological function. New physiological approaches using genetically engineered mice are being
used to define the biological significance of the “receptor function” of the Na,K-ATPase and its
regulation by potential endogenous cardiotonic steroid-like compounds. These studies extend the
reach of earlier studies involving the biochemical purification of endogenous regulatory ligands.
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INTRODUCTION

The Na,K-ATPase is a complex membrane protein that utilizes ATP to transport three Na*
ions out of cells and two K* ions in against their concentration gradients. The enzyme
generates an electrical gradient across the plasma membrane and maintains the resting
potential of cells, which is particularly important for the function of electrically excitable
tissues, such as muscle and brain. The Na* gradient produced drives many transport
processes through cotransporters such as those for the sodium glucose cotransporter and
exchangers such as the Na*/Ca2* exchanger. The Na* gradient produced by the enzyme also
drives amino acid and vitamin transport into cells. The Na,K-ATPase also generates the Na*
gradient that is critical for the reabsorption of Na* and water from the glomerular filtrate in
the nephron and absorption of fluid from the lungs and intestine. The Na,K-ATPase is also a
key player in maintaining osmotic regulation of cells.

The Na,K-ATPase plays a pivotal role in many biological processes and its regulation at the
protein and enzymatic levels is complex. This enzyme is composed of three subunits, a, 3,
and a member of the FXYD family (1-4). There are four isoforms of the a subunit (a1, a2,
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a3, and a4) and three for the B subunit (B1, 2, and B3) (1-4), which adds to the diversity of
Na,K-ATPase function. Each of these subunits is coded for by separate genes. The FXYD
subunits add additional diversity as there are seven such proteins (5-21). It is possible that
the Na,K-ATPase is always associated with one member of the FXYD family of proteins but
this has not been established. The a subunit is responsible for the catalytic function of the
enzyme, and the  subunit, although required for enzymatic activity, is responsible for
maturation and insertion of the Na,K-ATPase into the plasma membrane (22-25). This
subunit also influences Na,K-ATPase activity (25,26). Members of the FXYD proteins
modulate enzymatic activity in their own specific manner by increasing or decreasing Na,K-
ATPase activity and by being tissue specific (7-21).

The ol isoform is ubiquitously expressed, whereas the a2 isoform is expressed mainly in
skeletal, heart, and smooth muscle, brain, lung, and adipocytes (1-3). The a3 isoform occurs
mainly in neurons (1-3) and ovaries (A. Moseley & J. B. Lingrel, unpublished data), as well
as in developing hearts of rat (27) and in adult human heart (28,29). This isoform also
occurs in white blood cells (30). The a4 isoform of the Na,K-ATPase is found in sperm,
where it is synthesized at the spermatogonia stage (31,32), and is required for sperm motility
(33,34).

An interesting feature of Na,K-ATPase is the highly conserved nature of the ouabain-
binding site, suggesting that this site plays a significant physiological role. Therefore, it is
important to determine if this is the case and, if so, whether there is a naturally occurring
ligand. If the ouabain-binding site is important, then how does it function?

In addition to its transport function, the Na,K-ATPase plays a signaling role (35), which
represents a separate function from its role of transporting Na* and K* across the plasma
membrane (36). A portion of the Na,K-ATPase is nontransporting and is located in the
caveolae (35). When ouabain binds to the enzyme in caveolae, it activates Src, which is
normally bound to the Na,K-ATPase in caveolae (35). Src activation, in turn, activates other
downstream signaling pathways. Transactivation of the epidermal growth factor receptor
(EGFR) also occurs when ouabain binds to Na,K-ATPase (35). Because Na,K-ATPase is
acting as a receptor, only a few molecules of ouabain need to bind as signaling pathways are
amplified (35). The signaling pathways regulate early response genes associated with cell
growth and also regulate cell motility and a number of metabolic pathways (36—44).

Because of the complex roles that Na,K-ATPase plays, it is extremely important to
understand any receptor/ligand interactions that occur and the physiological consequences of
these interactions. This review focuses on the role of the highly conserved cardiotonic
steroid-binding site of the Na,K-ATPase in regulating physiological processes.

CONSERVATION OF THE CARDIOTONIC STEROID/OUABAIN-BINDING
SITE DURING EVOLUTION

The cardiotonic steroid—binding site of the Na,K-ATPase is often called the ouabain-binding
site, as this is the cardiotonic steroid most often used in the laboratory. This binding site is
highly conserved in diverse organisms such as Drosophila (45), toad (46), frog (47), rodent
(48-51), sheep (51), guinea pig (51), marmoset (49), and human (52,53). The ouabain
sensitivity of the Na,K-ATPase is determined by the a subunit. The Na,K-ATPase of almost
all species is sensitive to all ouabain, although there are exceptions. Two exceptions are
monarch butterflies (54) and leaf beetles (55), which eat plant material containing
cardiotonic steroids and thus have developed a ouabain-insensitive Na,K-ATPase. In this
instance, there is an Asn122His substitution in the a isoform, and this change is thought to
be responsible for the ouabain resistance. This is one of the amino acid sites that is
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responsible for the relative insensitivity of the al isoform in mouse and rat (56). Some toads
have a ouabain-resistant Na,K-ATPase, and they also contain a substitution at position 122.
Nevertheless, even in toad, where there is a ouabain-resistant form of the Na,K-ATPase, a
sensitive Na,K-ATPase occurs as well (46).

A notable exception to the evolutionary conservation of ouabain sensitivity of Na,K-ATPase
is in mouse and rat, where one of the four a isoforms is relatively resistant to ouabain
(48,51). The al isoform exhibits low affinity to ouabain, although the a2, a3, and a4
isoforms of these animals are quite sensitive to this compound. The Kys for ouabain of the
rat Na,K-ATPase containing the a2, -3, and -4 isoforms are 115 nM, 1.6 nM, and 312 nM,
respectively (50,32). It is difficult to determine the K for the mouse and rat a1 isoform
because of its low affinity for ouabain, but in terms of ICs, the rat a1 isoform has an ICsq of
48,000 nM, whereas the ICsq of the rat a2 and a3 isoforms are 58 nM and 6.7 nM,
respectively (50). Other studies give somewhat different values, but overall there is close
agreement among the laboratories that have determined Kys for ouabain. The Ky values vary
from species to species and in humans, where all four al isoforms are ouabain-sensitive, the
Kq values are in the nM range (52,53).

ENDOGENOUS NA,K-ATPASE LIGANDS

The finding of a substance present in animals that inhibits the Na,K-ATPase suggested that
the binding site of this enzyme may play a physiological role. This has been an active area
of research, and many reviews summarize the findings dealing with endogenous ligands that
inhibit the Na,K-ATPase (57-62).

A number of early reports suggested that an endogenous material might regulate renal Na*
excretion; however, its site of action was unknown. Of particular importance were the
studies of de Wardener and colleagues (63), who showed that when normal dogs were
transfused with blood from volume-expanded animals, natriuresis occurred in the recipient
dogs. From these studies it was concluded that a natriuretic material occurred in the
circulation and was increased by volume expansion. These studies were followed by others
demonstrating that volume-expanded animals contain a material in their plasma and urine
that could cause natriuresis when introduced into other animals (64—71). Although the nature
of this material was unknown, one possibility was that it was atrial natriuretic factor. Further
studies at this time demonstrated that Na* transport was inhibited in toad bladder by plasma
extracts from volume-expanded dogs (72). This finding eventually led to the demonstration
that tissue and plasma extracts from volume-expanded animals inhibit Na,K-ATPase activity
(73,74).

Other investigators studying hypertension proposed that an endogenous ligand inhibited
Na,K-ATPase activity in vascular tissue (75-77), causing vasoconstriction and an increase
in blood pressure. In 1977, Blaustein (78) proposed a unifying concept of how an
endogenous compound could cause vasoconstriction through inhibition of the Na,K-ATPase.
The increase in intracellular Na* caused by the inhibition of this enzyme resulted in an
increase in intracellular Ca2* through the Na*/Ca2* exchanger, which is also located in the
plasma membrane (62). The increased Ca2*, in turn, caused increased smooth muscle
contraction and thus an increased blood pressure through vasoconstriction.

The key finding that volume-expanded dogs contained a material in the plasma that cross-
reacted with digoxin antibodies suggested that digoxin-like compounds occurred in these
animals. Furthermore, plasma extracts that contained the material reacting with the digoxin
antibodies inhibited Na,K-ATPase (79).
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A role of the central nervous system in regulating blood pressure was defined using rat
models of hypertension, and an endogenous Na,K-ATPase ligand was implicated. When a
high-NaCl diet was provided to Dahl-sensitive hypertensive or spontaneously hypersensitive
animals, an increase in the Na* concentration of the cerebral spinal fluid was observed (80—
85). Several days later there was an increase in sympathoexcitatory response, and
endogenous cardiotonic steroids increased in both cerebral spinal fluid and brain. An
increase in sympathetic activity, blood pressure, and heart rate also occurred when ouabain
was injected directly into the intracerebroventricular region of the brain. Thus, endogenous
cardiotonic steroids such as ouabain could play a role in regulating blood pressure and heart
rate through the central nervous system. When Digibind®, a commercial preparation
containing the purified Fab fragment of the sheep antidigoxin antibody, which cross-reacts
with other cardiotonic steroids, was injected into the brain, the increase in sympathetic
hyperreactivity, hypertension, and increased heart rate was prevented (84). This finding
suggested that digoxin, ouabain, or another cross-reacting material is involved in blood
pressure control. Mice lacking one copy of the a2 isoform of the Na,K-ATPase exhibit a rise
in pressor response when cerebrospinal fluid Na* concentration is increased (86). As there is
a reduction in the a2 Na,K-ATPase in these mice, they should respond similarly to inhibition
of the Na,K-ATPase by an endogenous ligand, both of which decrease Na,K-ATPase
activity. This response supports the hypothesis that an endogenous ligand acts on the Na,K-
ATPase and inhibits its activity.

The search for endogenous inhibitors of the Na,K-ATPase identified a number of potential
compounds. Hamlyn and coworkers (87) purified a compound from human plasma that
appeared to be ouabain. The material has been extensively studied by mass spectroscopy
and, on the basis of comparison to various isomers (88), is concluded to be the naturally
occurring ouabain rather than an isomer (88). Further studies showed that ouabain or a
ouabain-like material is synthesized by the adrenal gland and in tissue culture cells derived
from this gland (89-95), although not all steps in the synthesis of ouabain have been
defined. Rhamnose, the sugar moiety of ouabain, has been found in rabbit skin (96), which
supports the contention that ouabain could be synthesized in mammals.

A second compound, marinobufagenin (97,98), has also been found to be present in the
plasma of dog and rat following volume expansion (99,100). Marinobufogenin is a
bufadenolide, whereas ouabain and digoxin are cardenolides. Cardenolides have a five-
member lactone ring, and bufadenolides have a six-member lactone ring. Although most
studies have concentrated on endogenous ouabain and endogenous marinobufagenin, other
cardiotonic steroids such as the cardenolide digoxin (101) and bufadenolides elocinobufagin
and 19-norbufalin have also been identified in animals (101,102). Although it is attractive to
postulate that the endogenous material is either ouabain or marinobufogenin or both, the
actual endogenous ligand that interacts with the Na,K-ATPase is yet to be identified.

When Digibind®, an antibody reacting with cardenolides, was administered to rats with
DOCA-salt-induced hypertension, blood pressure was decreased, implicating a Digibind®-
reacting material in salt-induced hypertension (103). Digibind® also prevented ACTH
(adrenocorticotropic hormone)-induced hypertension (104) as well as increased blood
pressure in a reduced renal mass model of hypertension (105). Similarly, Digibind® when
administered to the central nervous system also reduced salt-induced hypertension
(106,107). Antibodies against either ouabain or marinobufogenin also reduced blood
pressure in salt-sensitive Dahl rats (99,108). These studies make a strong case for the
existence of endogenous ligands and suggest that changes in their concentrations during
volume expansion could regulate natriuresis or vasoconstriction by interacting with the
Na,K-ATPase.
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CARDIOTONIC STEROIDS IN SIGNALING

A new function of the Na,K-ATPase has come to light more recently largely through the
work of Zijian Xie, Amir Askari, and their collaborators (35,36,109,110): a signaling role
for the Na,K-ATPase (37-44). This work followed the finding of a number of laboratories
that low doses of ouabain, which were insufficient to inhibit enough enzyme to alter
intercellular Na* and K* levels, affected a number of biological processes such as growth
and gene expression (37—-44). The elegant work of Xie and his coworkers has defined the
signaling pathway (109-117). Src interacts with the Na,K-ATPase (111) in the caveolae
(111,112), and when ouabain binds, Src is activated, thereby initiating a cascade of signaling
events.

Na,K-ATPase binds to the N terminus of caveolin-1—presumably one reason why some of
the Na,K-ATPase is found in caveolae. When ouabain binds to the Na,K-ATPase, the EGFR
is transactivated (115,116) and additional signaling occurs that activate downstream targets
including She, Grb, Ras, Raf, MEK, and ERK. Signaling through Src is supported by the
finding that in a cell-free system, the addition of ouabain alters the Na,K-ATPase Src
complex that activates Src activity (111). The Na,K-ATPase ouabain complex is eventually
internalized (116) similar to other receptors when they interact with their ligands.
Approximately 50% of the Na,K-ATPase is estimated to occur in caveolae in LLC-PK1
cells (117,118).

A critical experiment examined the stimulation of tyrosine kinases by ouabain in membrane
preparations that either did or did not contain caveolae (112). Ouabain increased tyrosine
kinase activity in the caveolae, but not in noncaveolar membrane preparations. Another
observation that distinguished ion transport function and signaling was the finding that the
signaling activity is retained in a purified signaling complex following addition of vanadate,
an inhibitor of Na,K-ATPase enzymatic activity. Thus, it is not the inhibition of the enzyme
that activates signaling but rather the binding of ouabain to its binding site (111). Na,K-
ATPase with a substitution in the ATP-binding site, which eliminates the enzyme’s transport
function but does not alter ouabain binding, retains the signaling function of the Na,K-
ATPase (119). These studies provide very strong evidence that signaling through Na,K-
ATPase is an important function of this enzyme and is independent of changes in
intracellular Na*, K*, and Ca2* ion concentrations through Na,K-ATPase inhibition.

In 2001, Aizman et al. (44) also demonstrated a signaling role of the Na,K-ATPase. It was
found that the Na,K-ATPase interacts with the inositol 1,4,5-triphosphate (IP3) receptor in
epithelial cells and that ouabain binding to Na,K-ATPase alters this interaction, resulting in
synchronized Ca?* oscillations. These are slow oscillations that activate NF-kB. The
interaction of ouabain with the Na,K-ATPase-IP3R receptor occurs with the signaling Na,K-
ATPase located in the signaling microdomain. Ankyrin B, a cytoskeletal protein, is also a
component of the IP3 receptor with which the Na,K-ATPase interacts. It has further been
shown that the N-terminal tail of the Na,K-ATPase interacts with the N-terminal portion of
the IP3 receptor and that ankyrin B interacts with this region of the Na,K-ATPase as well.

The novel finding of a signaling role for the Na,K-ATPase provides a completely new
dimension to the function of this enzyme. This new role of the Na,K-ATPase must be
considered in the context of the traditional view that endogenous cardiotonic steroids have
their effect by enhancing contraction in cardiac or smooth muscle myocytes because of an
increase in intracellular Ca2*. This effect occurs through inhibition of the Na,K-ATPase
with the subsequent increase in Ca2* through the Na*/Ca2* exchanger. Higher Ca2* can
increase contraction, but for this to occur, sufficient Na,K-ATPase must be inhibited to
significantly raise intracellular Na* concentrations, even if this occurs only in a limited
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space in the cytoplasm (120-122). On the contrary, the signaling pathway would be
activated at much lower concentrations of endogenous ligands and could play an important
role in contractility. However, it is possible that signaling is only involved in processes such
as growth, hypertrophy, ischemia, and yet unidentified processes. Therefore, the interaction
of endogenous ligands with the ouabain-binding site of Na,K-ATPase could have diverse
functions depending on the concentrations of the ligand.

PHYSIOLOGICAL ROLE OF THE CARDIOTONIC STEROID/OUABAIN-
BINDING SITE OF THE NA ,K-ATPASE

New Approach for Determining the Importance of the Ouabain-Binding Site

Amino acids at various regions in the Na,K-ATPase influence ouabain sensitivity; however,
of particular importance are two amino acids on the cell surface located on either side for the
first extracellular domain (Figure 1). These amino acids (56) are responsible for the
differential ouabain sensitivity of the relatively ouabain-resistant a1 isoform of the Na,K-
ATPase of rat and mouse compared to the ouabain-sensitive a2, a3, and a4 isoforms of
these animals. In rat the ouabain-sensitive a2 isoform contains Gln at position 111 and Asn
at 122, whereas Arg and Asp occur at these positions in the a1-resistant isoform (Figure 1a).
In mouse the ouabain-sensitive a2 isoform contains Leu at position 111, and similar to rat,
Asn occurs at position 122 (Figure 1b). In general, sensitive o isoforms have uncharged
amino acids at these positions, whereas the resistant isoforms have charged amino acids
(123). As both the ouabain-sensitive and -insensitive Na,K-ATPases are active in ion
transport, the opportunity opened to develop mice in which the ouabain-sensitive a2 isoform
is made resistant to ouabain by substituting the amino acids in the sensitive isoform with
those present in the resistant a1 isoform (124,125).

The amino acid substitutions introduced into the a1 and a2 isoforms of mice are shown in
Figure 1. The mouse ol isoform, which is relatively resistant to ouabain, is made sensitive
by substituting Arg 111 and Asp 122 with those in the human al ouabain—sensitive isoform,
i.e., GIn 111 and Asn 122. Mice with a ouabain-sensitive a2 isoform were made ouabain-
resistant by introducing Arg and Asp at positions 111 and 122 as they occur in the ouabain-
resistant a1 isoform. Thus, mice were bred in which the a1l Na,K-ATPase, which is
normally resistant to ouabain, is sensitive and the a2 isoform, which is normally sensitive to
ouabain, is resistant. These animals are designated 0155625/ and a1R/Ro2R/R whereas
wild-type mice are a1R/R25/S, By crossing these animals, a15/Sa2R/R mice can also be
produced.

Development of these animals makes it possible to test whether the ouabain-binding site
plays a significant physiological role. That is, if mice with a ouabain-resistant o2 isoform are
compared to mice with the wild-type ouabain-sensitive a2 isoform, a physiological

alteration should occur if the ouabain-binding site plays a biological role. In the same way, if
the ol isoform, which is normally resistant to ouabain in mice, is made sensitive, these
animals could exhibit an altered function. This approach has been helpful in determining if
the ouabain-binding site plays a physiological role and in investigating whether endogenous
ligands occur and interact with the ouabain-binding site in vivo.

CONSEQUENCE OF CHANGING THE OUABAIN SENSITIVITY OF THE al
AND a2 ISOFORMS OF THE NA,K-ATPASE

Animals Under Normal Laboratory Conditions

Mice with an altered ouabain sensitivity were born in normal Mendelian ratios, and no
observable differences were observed under normal laboratory conditions between the wild-
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type mice, alR/Ra25/S, and the genetically altered animals, a1R/Ro2R/R and a15/S¢2R/R, The
parameters measured included systolic blood pressure, heart rate, growth rate, size of litters,
and heart cross section of area (126,127). It was concluded from these studies that reversed
ouabain sensitivity in either the a1 or a2 isoforms of the Na,K-ATPase had no apparent
effect in mice maintained under normal laboratory conditions.

Role of the Cardiotonic Steroid—Binding Site in ACTH Hypertension

The lack of observable differences in the physiological parameters between the a1R/Rg2R/R
and a15/502R/R mice and wild-type mice, a1R/Ra25/S, maintained under normal laboratory
conditions could be expected, as potential endogenous ligands such as ouabain, which
interacts with the Na,K-ATPase, may increase only under certain conditions. The fact that
endogenous cardiotonic steroids increase during ACTH-induced hypertension (128,129)
enabled us to determine whether the ouabain-binding site of the a2 isoform exhibited an
effect on this form of hypertension. The results of these studies (126,127) are shown in
Figure 2. ACTH was administered to mice over a period of five days, during which time
blood pressure increased significantly (Figure 2). When ACTH was administered to mice
with a resistant a2 isoform (a1R/Ra2R/R) hypertension did not occur (126,127). This result
clearly demonstrated that ACTH-induced hypertension requires the ouabain-sensitive
binding site of the a2 isoform.

Blood pressure in these studies was measured by tail cuff, which induces some anxiety in
mice, although telemetry was used with similar results (130). These findings clearly
demonstrated that the ouabain-binding site plays a physiological role, at least in ACTH-
induced hypertension. As part of these studies, endogenous cardiotonic steroids were
measured using Digibind®, an antibody that interacts with a variety of cardiotonic steroids,
albeit preferentially with digoxin. As expected, cardiotonic steroids increased approximately
threefold in animals to which ACTH was administered. When Digibind® was administered
to mice with ACTH-induced hypertension, no increase in blood pressure occurred. This
result suggests that the presence of an endogenous ligand that is recognized by the
Digibind® antibody plays a role in ACTH-induced hypertension. The ligand could be
ouabain or another related cardiotonic steroid. The mechanism of the ACTH effect is
unknown, but an increase in both cardiac performance and vascular tone is thought to be
involved (128).

As indicated above, the al isoform of the Na,K-ATPase in mice is relatively resistant to
ouabain, and thus hypertension was induced by ACTH in animals where the relatively
ouabain-resistant al isoform was made ouabain sensitive, a15/5a2R/R (126,127). These
animals developed marked hypertension following ACTH-induced administration. These
results are interesting and can be viewed in at least two ways. First, the al isoform is
sensitive to ouabain in human, and therefore these findings may indicate that the o1 isoform
in human plays a significant role in hypertension, at least in ACTH-induced hypertension.
Second, although the a1 isoform is normally resistant and would not respond to an
endogenous ligand, the fact that it does respond when it is made sensitive indicates that it
must be recognizing an endogenous ligand. This conclusion then can be viewed as an
indicator of the presence of an endogenous ligand in ACTH-induced hypertension that
interacts with the ouabain-binding site of Na,K-ATPase. These studies provide a very strong
case for the significance of the ouabain-binding site in Na,K-ATPase and implicate an
endogenous ligand interacting with this site.

Importance of the Ouabain-Binding Site During Pregnancy

During pregnancy, blood pressure drops and begins to return to normal at the end of
pregnancy (131,132). This fluctuation occurs in mouse as well as in human. Endogenous
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cardiotonic steroids are suggested to be involved in the regulation of blood pressure during
pregnancy. To examine this hypothesis further, blood pressure measurements were carried
out using wild-type a1RR025/S and a1R/Re2R/R mice (N. Oshiro & J.B. Lingrel, unpublished
data). A marked difference in blood pressure occurs between these two phenotypes. In wild-
type mice, blood pressure drops following pregnancy and returns to near normal just before
delivery. In contrast, animals with the ouabain-resistant a2 isoform have a lower blood
pressure during the first and third trimesters compared to wild-type animals. This indicates
that the ouabain-binding site of the a2 isoform in Na,K-ATPase plays a role in the regulation
of blood pressure during pregnancy. Pregnancy in humans and mice is associated with
changes in the cardiovascular system that include an increase in plasma volume and cardiac
output. Maternal vasodilatation that occurs during pregnancy causes a decrease in blood
pressure. The difference in blood pressure between the wild-type a1R/Ra25/S and the
alRRo2R/R mice could be the result of production of an endogenous ligand during
pregnancy to increase blood pressure by inhibiting the Na,K-ATPase and thus increase Ca%*
through effects on the Na*/Ca2* exchanger, which, in turn, would increase vascular
contractility. This sequence of events would counteract the decrease in blood pressure that
occurs normally. If the endogenous ligand cannot interact with the a2 isoform, blood
pressure cannot be increased, and therefore a lower blood pressure occurs during pregnancy
in the a2 ouabain-resistant animals.

The Role of the a2 Isoform of the Na,K-ATPase in Skeletal Muscle

The role of the ouabain sensitivity of the a2 isoform has also been examined in skeletal
muscle (133). This sensitivity is of considerable importance, as the a2 isoform is the
predominant isoform of Na,K-ATPase in this tissue. Of particular interest is the finding that
the a1R/Ra2R/R mice perform better in response to physical exercise challenges than do
wild-type animals, a1R/Rg25/S. The explanation for this observation is not clear and will
require further study, but these findings suggest that the ouabain-binding site of the Na,K-
ATPase does indeed play a physiological role in skeletal muscle.

Mice with a Ouabain-Sensitive al Isoform of Na,K-ATPase Exhibit Increased Na* Excretion

Mice with a ouabain-sensitive a1 isoform similar to that in humans were examined in terms
of their response to NaCl loading. Animals with a ouabain-sensitive al isoform, a15/Se2R/R,
responded with increased natriuresis compared to wild-type mice a1R/Ro25/S (134). These
studies are compatible with an increase in Na,K-ATPase ligand during salt loading, a
process that inhibits the Na,K-ATPase and results in increased excretion of Na*. In support
of a ouabain-like material that would bind to the newly created ouabain-binding site in a1,
Digibind®, an antidigoxin antibody fragment that cross-reacts with ouabain-like compounds,
prevented the increased natriuresis. These studies are likely to serve as a model for kidney
function in human, as the a1 isoform in human is ouabain sensitive. In addition, these
studies strongly suggest the existence of an endogenous ligand that interacts with the
ouabain-binding site of the Na,K-ATPase.

UNANSWERED QUESTIONS AND FUTURE DIRECTIONS

Early studies suggested the existence of a ligand that interacts with the Na,K-ATPase and is
implicated in both natriuresis and vascular contractility. Although the identity of such
ligand(s) is not entirely clear, mounting evidence indicates that the ouabain-binding site of
the Na,K-ATPase plays a physiological role, strongly suggesting that a natural ligand exists
and is functional. Studies to date have demonstrated a physiological role for the ouabain-
binding site of both the a1l and a2 isoforms of the Na,K-ATPase, but a role for this site on
the a3 isoform has not yet been explored.
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The demonstration that the ouabain-binding site Na,K-ATPase plays a functional role will
undoubtedly raise interest in the continued search for and characterization of compounds
that serve as the natural ligand(s) binding to the ouabain-binding site of this enzyme. The
determination that antibodies that bind ouabain or marinobufagenin prevent certain types of
hypertension similar to making the Na,K-ATPase ouabain resistant supports the contention
that such compounds are endogenous Na,K-ATPase ligands. However, it is also possible
that multiple ligands exist and that some of these could even be proteins that bind to the
ouabain-binding site. Antibodies that bind the ouabain-binding site are known to either
inhibit or enhance Na,K-ATPase activity (135,136).

The major challenge will be to determine how the Na,K-ATPase ligand interaction exerts its
effect. For example, in the case of ACTH-induced hypertension or blood pressure regulation
during pregnancy, do endogenous ligands reach concentrations that inhibit enough Na,K-
ATPase to increase intracellular levels of Na* and thus Ca2*? Does intracellular Ca2*
increase sufficiently to increase vascular contraction, or does it function through signaling to
alter blood pressure? The concentrations of the endogenous ligands studied so far are present
in nanomolar levels and therefore may not inhibit sufficient Na,K-ATPase to effectively
alter intracellular Na*, as would be required to increase intracellular Ca2* concentrations
through the Na*/Ca2* exchanger, which, in turn, would be expected to increase vascular
smooth muscle contraction. Changes in Na* are suggested (120-122) to occur in localized
regions of the cell, and thus low concentrations of an endogenous ligand could increase
vascular contraction and regulate blood pressure through inhibition of the Na,K-ATPase.
This suggestion is a reasonable possibility. However, as the Na,K-ATPase acts as a
signaling receptor, at least in cell studies, it is also possible that this is the mode of action by
which low concentrations of endogenous Na,K-ATPase ligands exert their effects. These
two potential functions of the ouabain-binding site of the Na,K-ATPase are diagrammed in
Figure 3a,b. Figure 3a describes the consequences of having either pharmacological
concentrations of endogenous ligand or amounts of ligand sufficient to inhibit enough Na,K-
ATPase to influence either cellular or subcellular amounts of Na*. The rise in intracellular
Na* would increase Ca2* through the Na*/Ca?* exchanger. This model would fit with many
of the existing data.

An alternative possibility (Figure 3b) is that the signaling function of Na,K-ATPase is
responsible for the finding that the ouabain-binding site plays a role in various physiological
processes. In this model, an endogenous ligand such as ouabain would bind a few molecules
of Na,K-ATPase located in caveolae and initiate signaling, most notably the activation of
Src, which, in turn, activates a number of signaling pathways. Only a few molecules are
required to activate signaling pathways as they are amplified. This model is particularly
attractive, as the levels of endogenous ligands observed so far are relatively low. Whereas
the signaling mechanism of Na,K-ATPase is well understood in cell systems, the role of
signaling must now be explored in whole animals. Such investigation is possible using
genetically modified animals in which the ligand receptor interaction is prevented, as
described above, or by developing new gene-targeted mice in which signaling is abolished.
Levels of endogenous ligands that inhibit the Na,K-ATPase would most certainly initiate the
signaling pathway as well. Also possible is the use of both pathways. The challenge will be
to explore in detail the contributions of these two mechanisms.

Additional challenges relate to an understanding of the physiological functions of Na,K-
ATPase receptor-ligand interactions. For example, endogenous ligands that interact with the
Na,K-ATPase are known to increase in response to dietary salt loading (137,138), in certain
forms of hypertension (139), and in congestive heart failure (140-142) and myocardial
infarction (143). Also, ouabain-like compounds have been shown to be elevated during
stress (144,145) and even during normal exercise (144,146). Thus, mild inhibition of Na,K-
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ATPase activity and/or modulation of its signaling function via receptor-ligand interactions
have the potential to regulate physiological responses in health and disease. In the future,
studies will need to assess both the importance of these receptor-ligand interactions in the
various physiological processes that have been implicated as well as the relative roles of
Na,K-ATPase inhibition or activation of signaling pathways in the underlying mechanisms.
SUMMARY POINTS

1. The ouabain-binding site of the Na,K-ATPase plays a physiological role.
2. Anendogenous ligand for the Na,K-ATPase must exist.
3. Whether the endogenous ligand acts through a change in intracellular Na* or
through a signaling mechanism is unknown.
Glossary

Src V-src sarcoma (Schmidt-Ruyspin A-2 viral oncogene homolog avian)

EGFR epidermal growth factor receptor

She SH2 domain—containing protein E

Grb growth factor receptor—bound Protein 10

Raf V-Raf-1 murine leukemia viral oncogene homolog 1

MEK mitogen-activated protein kinase kinase 1-interacting protein 1

ERK extracellular signal-regulated kinase
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Figure 1.

Transmembrane and extracellular amino acid sequence of the al and a2 isoforms of the
mouse Na,K-ATPase. The amino acids responsible for the differential sensitivity of the al
and a2 isoforms are shown in red. The substitutions introduced into the mouse al and a2
isoforms that change their sensitivity to ouabain are shown in black. (a) The amino acid
sequence of the a1 isoform and amino acid substitutions that convert this relatively ouabain-
resistant isoform to one that is sensitive. The amino acids introduced are those occurring in
the ouabain-sensitive human a1 isoform. (b) The mouse a2 isoform and the amino acid
substitutions that convert this ouabain-sensitive isoform to one that is relatively ouabain
resistant.
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Figure 2.

ACTH-induced hypertension is dependent on the ouabain-binding site of a2 isoform of the
Na,K-ATPase. Systolic blood pressure (SBP) was measured in wild-type mice a1R/R25/S
and genetically engineered mice with an ouabain-resistant a2 isoform, a1R/Ra2R/R pefore
and during treatment with ACTH. Mice with either of these two genotypes were also
injected with saline to serve as controls. Although animals with an a1R/Ra25/S genotype
exhibited an increase in blood pressure following administration of ACTH, those with the
alR/Ru2RR genotype failed to increase blood pressure following ACTH administration. The
blood pressure of mice with either of the two genotypes did not increase with saline
administration. These studies clearly demonstrate that the ouabain-binding site of the a2
isoform of the Na,K-ATPase is required for ACTH-induced hypertension in mice. This
figure is modified from figure 1a of Reference 126.

Annu Rev Physiol. Author manuscript; available in PMC 2011 April 19.



1duosnuey Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 20

Figure 3.

(a) Pharmacological activities of cardiotonic steroids such as ouabain. Pharmacological
levels of ouabain inhibit the Na,K-ATPase to such an extent that intracellular Na* increases,
which, in turn, raises intracellular Ca2* through the Na*/Ca2* exchanger. The increase in
Ca?* then increases vascular muscle contraction. Physiological levels of endogenous
ligands, which raise the concentration of intracellular Na* and thus Ca2*, would be expected
to act similarly. These concentrations of ouabain would also activate Na,K-ATPase-
mediated signaling pathways. (b) Stress, volume, pregnancy. The effect of physiological
levels of endogenous ouabain or ouabain-like compounds. With physiological levels of
endogenous ligand such as endogenous ouabain or marinobufagenin, only the signaling
pathway may be activated, as only a few molecules of Na,K-ATPase are needed to bind to
the ligand as signaling responses are amplified. As only a few molecules of Na,K-ATPase
are inhibited, this binding is unlikely to raise intracellular Na* levels sufficiently to increase
intracellular Ca%* and activate vascular contraction. Still possible is that local concentrations
of Na* increase sufficiently with low levels of endogenous Na,K-ATPase ligands to alter
vascular tone, as described (120-122).
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