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Keywords: Na/K-ATPase (the sodium pump) was discovered in the 1950s as the plasma membrane enzyme that carries out
Digitalis the coupled active transports of Na* and K* across the membranes of nearly all eukaryotic cells. It was not until
Na/K-ATPase the 1990s when it was shown that besides pumping ions, Na/K-ATPase is also capable of stimulus-induced
Ouabain interactions with neighboring proteins that lead to activations of signal transduction pathways causing cell
PI3Kinase . . . . . . . .

N growth. This article is an attempt to review the progress of the research on these signaling functions of sodium
Sodium pump . L. . AT
Sre pump during the past 2-3 decades. The covered topics include (a) the controversial digitalis-induced growth

activations through the epidermal growth factor receptor and Src kinase in cardiac myocytes and several other
cell types; (b) the extensive findings on digitalis-induced growth activations in cardiac myocytes and other cell
types through phosphatidylinositol 3-kinases; and (c) a number of interesting but insufficiently studied signaling
functions of the sodium pump.

1. Introduction

The sodium pump (Na/K-ATPase) is the energy transducing enzyme
of the plasma membrane that transports Na* and K* against their
physiological gradients in nearly all eukaryotic cells. This enzyme was
discovered by Skou in the late 1950s [1,2]; and it was established soon
thereafter that Na/K-ATPase was indeed the digitalis-sensitive sodium
pump that had been sought after for many years [3]. During a few
decades after the discovery of Na/K-ATPase, a number of isolated stu-
dies [reviewed in 4] suggested that Na/K-ATPase communicates with
the cell nucleus to regulate genes by mechanisms distinct from its ion
pumping function. These studies, however, were neglected by the field
until the 1990s, when my laboratory [5] and that of Aperia [6] pre-
sented independent evidence indicating that digitalis interaction with
Na/K-ATPase of cardiac myocytes or epithelial cells activate growth
stimulatory pathways independent of digitalis inhibition of the
pumping function of the enzyme. These early studies which have been
reviewed by the two laboratories [4,7], have led to numerous sub-
sequent studies on the signal transducing functions of Na/K-ATPase.
This article is my attempt to review the work that has been done in this
research area during the past 2-3 decades. Needless to say, this is not
the first such review. As we know, however, reviews are always written
from the different perspectives of the reviewers. Here, I have tried to
make a distinction between those aspects of the signaling function of
the pump that have been firmly established, those that have been
strongly advocated but have been shown by others to be based on ir-
reproducible results, and those that have been suggested by limited

E-mail address: Amir.Askari@utoledo.edu.

https://doi.org/10.1016/j.ceca.2019.102105

data but have been insufficiently studied.
2. Digitalis-induced signaling by the sodium pump

The most firmly established fact about the signaling function of the
pump is that digitalis drugs which are inhibitors of the pumping func-
tion Na/K-ATPase are activators of its signaling function. These acti-
vating effects of digitalis were noted in the early work both on the
hypertrophic growth of the terminally differentiated cardiac myocytes
[5], and on the proliferative growth of the epithelia and smooth muscle
cells [6]. It is also well established that both types of growth-stimula-
tory effects of digitalis drugs are due to induced protein-protein inter-
actions between the digitalis-complexed Na/K-ATPase and neighboring
proteins of the plasma membrane or those of the soluble intracellular
proteins that are recruited to the plasma membrane [4,7,8]. What else
is well established? A convenient way of answering this question is to
see what has been found since the original observations [5] showing
ouabain-induced stimulation of cardiac myocyte growth, and those [6]
showing ouabain-induced calcium oscillations causing transcriptional
regulation of genes in epithelial cells. Further progress of the work on
calcium oscillations is being reviewed in the same issue by Aperia [9];
hence, I shall leave that in her capable hands. Below, I shall focus on
what has followed the early observations of ouabain-induced growth of
cardiac myocytes [5].
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3. Digitalis-induced signaling through EGFR/Src

After the first report of the ouabain-induced growth of cardiac
myocytes [5], my colleagues and I reported extensive studies within a
short time [10-13] showing that ouabain activates the Ras-Raf-MEK-
ERK1/2 signal cascade in cardiac myocytes, and suggesting the in-
volvement of this cascade in ouabain-induced growth. Because at the
time the upstream connection of this cascade to classical growth factor
receptors of the cell membrane was well-established [14], we set out to
see if ouabain-induced hypertrophy of cardiac myocytes was indeed
related to activation of a growth factor. These studies published in 2000
[15] clearly showed that (a) ouabain activation of EGFR and its coac-
tivator Src occurred proximal to the activations of Ras-Raf-MEK-ERK1/
2 ; and (b) ouabain activations of these signal pathways was not limited
to cardiac myocytes, and was a common feature of signal transducing
functions of Na/K-ATPase in many cell types. Even a casual reading of
this publication would show that at the time we had an open mind on
numerous possible mechanisms for the interactions of ouabain-com-
plexed pump molecules with EGFR and Src, and the initiation of the
growth-stimulating pathways. This changed dramatically soon there-
after upon the publication of a paper [16] from Xie’s laboratory which
was now independent of my group, but at the same institution. The
presented results [16] made a strong case for the constitutive binding of
Na/K-ATPase to Src causing Src kinase inhibition, and ouabain-induced
release and activation of this Src which would then activate EGFR and
set in motion the signaling pathway leading to activation of Ras-Raf-
MEK-ERK1/2 cascade in both cardiac myocytes and epithelial cells.
Though this was presented as a working hypothesis which was pro-
mised to be tested, I believe this publication started the serious ad-
vocacy of the direct Src/sodium pump interaction which has continued
to be advocated by Xie and his collaborators to this day. This publica-
tion was soon followed by another from the same laboratory [17]
proposing that the direct Src binding to Na/K-ATPase and subsequent
ouabain-induced signaling events occur only in caveolar microdomains
of the epithelial cells. These seminal publications [16,17] also signaled
the separation of the group that started this research into two groups
with different views on the issue of direct interaction of Src with Na/K-
ATPase. The promised further support for direst Src/sodium pump in-
teraction was published by Xie’s group in 2006 [18]. This impressive
paper reporting the results of a large number of experiments on intact
cells and cell-free mixtures of purified Na/K-ATPase and Src, firmly
concluded the establishment of binding of Src to Na/K-ATPase to form a
signaling complex. I remained skeptical about the strength of this
conclusion for two reasons. First, because several of their cell-free ex-
periments on mixtures of Na/K-ATPase and Src were done in the pre-
sence of detergents, and many years before a respected laboratory had
reported [19] that Src reacted with Na/K-ATPase only when the latter
was denatured. Though I had pointed this out to Xie and his group
while they were conducting their work, there was no evidence in their
publication [18] that the old findings [19] had been taken into account.
And the second reason for my skepticism about my colleagues’ con-
clusions was their proposal that ouabain-induced signaling occurred
only in caveolae [17,18]. Though I had also suggested [20] the oc-
currence of signaling by the pump in cardiac caveolae, I had not ad-
vocated that such signaling did not occur else-where in the plasma
membrane. Nevertheless, in spite of these disagreements, Xie’s labora-
tory and mine continued to collaborate when possible. Complete
agreement is seldom seen among collaborating scientists.

My first publicly expressed disagreement with Xie’ views appeared
in the literature in 2011 [21]. In this work which focused on the eva-
luation of the suggested differences between the signaling functions of
the pump in caveolar and noncaveolar membrane domains, we reported
a new way of making large-scale preparations of caveolar and non-
caveolar kidney membranes, and found that Na/K-ATPases of both have
identical signaling functions. Using these preparations, we also pre-
sented results [21] that did not support direct Src binding to Na/K-
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ATPase. Though these findings which seriously challenged the conclu-
sions of Xie’s laboratory were known to these colleagues, we received
no response from them either before or after publication. Interestingly,
this publication also seemed to have little immediate impact in the
field. I suppose that others assumed that disagreements between closely
collaborating laboratories cannot be that serious.

A more serious trouble for the Src/sodium pump interaction ap-
peared in the literature in 2012, when two collaborating European la-
boratories reported that some critical experiments of the Xie laboratory
in support of Src/pump interaction could not be repeated [22]. Because
at the time Xie and I had a shared NIH grant (a Program Project Grant)
on which I was the Principal Investigator,and since the questioned
studies of Xie [18] were partially supported by the shared grant, I was
legally obligated to look into the claimed irreproducibility of the data.
Xie saw no need to repeat the experiments; hence, I proceeded to do
that with the help of other colleagues supported by the shared grant.
The results of these studies [23] showed the irreproducibilities of sev-
eral of Xie’s experiments, in agreement with the previous report [22].
Subsequently, other laboratories also reported that some other experi-
ments of Xie’s group in support of direct Src/pump interaction were not
reproducible [24,25]; and the strong case against the existence of such
a direct contact was aptly summarized [8]. Based on this record, and
the well-known concerns about the alarming lack of reproducibility in
published preclinical research [26-28], I suggest that we should be
quite skeptical, at the very least, about the existence of direct binding of
Src to Na/K-ATPase. Perhaps more important than the above is the fact
that while the confusing issues about Src/ pump interaction were
cluttering the literature, work on other aspects of the signaling function
of the pump was ongoing and indicating that ouabain-induced activa-
tion of EGFR-Src-Ras-Raf-MEK-ERK1/2 pathway was indeed irrelevant
to the growth-inducing actions of digitalis.

4. Digitalis-induced signaling through PI3K

When we first reported that exposure of neonatal cardiac myocytes
to ouabain induces hypertrophic growth [5], we commented on the
apparent paradox that digitalis seemed to be causing hypertrophy while
its long-established use was in the treatment of the hypertrophied
failing heart. This led us to look into the vast literature of the field that
dealt with the cell signaling pathways regulating physiological and
pathological cardiac hypertrophy [reviewed in 29,30]. Thus, we rea-
lized that in order to clarify the puzzle of ouabain effects on cardiac
myocyte growth, we needed to study the drug’s effect on phosphati-
dylinositol 3-kinases (PI3Ks). At the time it was well established
[29,30] that physiological cardiac hypertrophy was associated with the
activation of PI3K 1A, and that pathological cardiac hypertrophy re-
sulted from the activation PI3K1B. The results of our initial studies in
this direction [31] clearly showed that in the neonatal and adult rat
cardiac myocytes, and in the intact rat heart, ouabain indeed activated
PI3K1A, but had no effect on PI3K1B. While these studies established
the linkage of PI3K1A -Akt-mTOR pathway to Na/K-ATPase, and the
essential role of this linkage to ouabain-induced hypertrophy, they only
hinted at the irrelevance of EGFR-Src-Ras-Raf-MEK-ERK1/2 pathway.
This uncertainty was resolved by our subsequent work [32] showing
that ouabain-induced activation of PI3K1A-Akt-mTOR pathway and the
resulting proliferative growth was obtained both in normal fibroblasts
and in fibroblasts devoid of Src. The irrelevance of EGFR-Src pathway
was also reinforced by our studies [33] on mice with ventricular-spe-
cific knockout of NCX1, showing that ouabain-induced activation of
PI3K1A and the resulting cardiac hypertrophy are independent of
ouabain’s positive inotropic effect. In this publication [33] we sum-
marized our conclusions about the two ouabain-induced signaling
pathways of the mouse heart in a figure. This is reproduced here as
Fig. 1. I suggest that it is a fair summary, based on cumulative evidence,
of what has been covered above. The above findings, coupled with the
extensive work of others [29,30] suggested that ouabain-induced
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Fig. 1. Schematic presentation of the two parallel cell signaling cascades that
are linked to Na/K-ATPase of cardiac myocytes, and their relations to digitalis-
induced cardiac hypertrophy and positive inotropy. See Section 4 for the cu-
mulative evidence indicating that the pathway through PI3K1A leads to hy-
pertrophy, and suggests the redundance of the pathway through EGFR/Src.

hypertrophy may be akin to physiological hypertrophy. And since there
was also substantial evidence to indicate that selective activation of
PI3K1A not only causes physiological hypertrophy but may also an-
tagonize the effects of stimuli that cause pathological hypertrophy
[29,30], we set out to determine if in the mouse ouabain could antag-
onize the induction of pathological hypertrophy resulting from trans-
verse aortic constriction. The results of these studies [34] showed that
low and safe doses of ouabain that did not activate the EGFR-Src-Ras-
Raf-MEK-ERK1/2 pathway, but activated PI3K1A, indeed prevented or
delayed cardiac dysfunction and failure caused by pressure overload on
the heart. These findings also clearly suggested that such uses of oua-
bain and related digitalis drugs for prevention of heart failure in man
should be given serious consideration. To the best of my knowledge
there has been no follow-up work to these promising studies. I have
closed my laboratory due to necessary retirement, and the colleagues
involved in the studies [31-34] are pursuing other goals. Other im-
portant work on digitalis-induced signaling through PI3K are a series of
elegant studies initiated in Garlid’s laboratory [35,36] showing that low
and safe doses of digitalis protect the hearts of experimental animals
from ischemia-reperfusion injury. Subsequently, it was shown [37,38]
that these effects of ouabain or digoxin were obtained through selective
activations of PI3K1A. I am not aware if these promising studies are
being continued.

5. Activators of the signaling function of the sodium pump

The early studies that brought attention to the signaling functions of
Na/K-ATPase [5,6] showed that cardiac glycosides, the well-established
inhibitors of the pump, activated its signaling functions. At the time,
many respected investigators of the field were advocating the hypoth-
esis that one or several of these drugs are indeed hormones [e.g.,
39,40]; hence, the signaling function of the pump was proposed to be
hormonally controlled [6]. However, as I have pointed out elsewhere
[41], whether or not any of the cardiac glycosides are hormones is still
a matter of intensive debates. With the safe assumption that these drugs
are simply inhibitors of Na/K-ATPase and its ion pumping function, we
may ask if other inhibitors of this enzyme also affect its signaling
function? In Section 3 of this review I discussed how the proposed di-
rect binding of Src to Na/K-ATPase was partly based on the claim that
while ouabain activated signaling by the pump, vanadate which is an-
other inhibitor of Na/K-ATPase did not [18]. Later, however, these
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findings could not be repeated, and vanadate was found to activate
signaling just like ouabain [22,23]. Also in relation to the Src/pump
controversy, oligomycin which is another well-characterized inhibitor
of Na/K-ATPase and its pumping function, was shown to be the an
activator of the enzyme’s signaling function [23]. Interestingly, these
activating effects of ouabain and oligomycin were shown to be additive
[23] because oligomycin is known to be a partial inhibitor of the Na/K-
ATPase [23, and references therein].

Since all the known inhibitors of the sodium pump seem to be ac-
tivators of its signaling function, may we assume that newly discovered
pump inhibitors will also activate its signaling function? I think yes. In
this regard it is important to note that recent observations [42,43]
clearly indicate that fluorescent calcium indicators that have been used
by most of us for decades are indeed good inhibitors of Na/K-ATPase.
Though I expect them to be activators of the pump’s signaling function,
because conjecture is not a good substitute for data, experiments on the
effects of a few of these newly found pump inhibitors on the pump’s
signaling function are needed.

6. Insufficiently studied signaling functions of the sodium pump

Soon after the early studies revealing the signaling functions of the
pump [5,6], it became abundantly clear [4] that while Na/K-ATPase
pumps ions by the same basic mechanism in all cells, there are sig-
nificant differences in the mechanisms and consequences of its sig-
naling functions in different cell types, and that a major reason for these
differences is the diversity of the neighboring plasma membrane pro-
teins that interact with the pump in various cell types. Many such di-
verse interactions have been identified, but not sufficiently studied for
unknown reasons. I want to close by mentioning a few that I find in-
triguing, hoping that current or future active investigators of the field
will do the necessary follow-up studies.

In 2006, collaborators from several U.S. and Russian institutions,
and led by the capable itinerant scientist F. Mandel, reported [44] on
the interaction of Na/K-ATPase with nicotinic acetylcholine receptor in
skeletal muscle and in Torpedo electric organ. Showing that functional
interaction between these neighboring receptors were stimulated by
ouabain or by acetylcholine, as possible interaction mechanisms of the
two receptors, they suggested the involvement of the cell signaling
pathways that had been revealed by the earlier work [5,6]. A few years
later, another publication by the same group [45] extended their earlier
studies, establishing that the nicotinic receptor interaction is with the
a2- isoform of Na/K-ATPase, and further identified the functional
consequences of stimulus-induced interactions between these two re-
ceptor at the neuromuscular junction. I know of no follow-ups to these
fascinating observations. Similar to the above case, limited studies of
S.P. Soltoff [46,47] have clearly shown functional interactions between
Na/K-ATPase and muscarinic acetylcholine receptors in parotid acinar
cells, and implicated the activations of ERK1/2 and several other
pathways by ouabain and carbachol in the regulation of saliva pro-
duction. I have no knowledge of follow-up work to these interesting
studies. Another intriguing but meagerly studied signaling function of
Na/K-ATPase was brought to my attention by a clever colleague. This is
based on the work of the late D. C. Gadsby, a true icon of the modern
field of research on the sodium pump. A longtime advocate of the
proposal that when deprived of extracellular K™ and Na™, the pump
can transport protons, in a 2014 paper [48], Gadsby’s laboratory pre-
sented solid data to show that even under physiological conditions
when Na/K-ATPase is catalyzing the uphill transports of three Na™ and
two K*, it may also carry out the downhill transports of one or more
protons. Speculating on the potential pathophysiological implications
of this finding [48-50], it was suggested that when extracellular pH is
low (e. g., in the ischemic heart), the inward move-ment of protons
through the pump may have significant consequences. Considering that
prior work ofa respected laboratory [51] had shown that decreased
intracellular pH activates the proto-oncogene Src, one may speculate on
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the possible existence of novel gene regulatory signaling events through
the pump, but without the involvement of growth factors and digitalis
drugs as discussed in the previous sections of this review. It remains to
be seen if present or future active laboratories will do the necessary
follow-up studies to test this possibility. Other insufficiently studied and
interesting observations on the signaling functions of the pump re-
sulting from its interaction with neighboring proteins include reports on
pump interaction with (a) dopamine receptors [52]; (b) cofilin [53]; (c)
NMDA receptors [54]; and (c) the volume-regulated anion channels
[55].

7. Concluding remarks

Since the wide-spread realization of the other functions of the so-
dium pump about three decades ago, a good deal of progress has been
made. It seems to me, however, that what remains unknown far out-
weighs what has been clarified. I suggest that those working on Na/K-
ATPase should not have been surprised that this membrane enzyme can
affect a multitude of cell functions through protein-protein interactions.
Soon after the discovery of Na/K-ATPase by Skou [1,2], it was realized
by two pioneers of the field that selected soluble enzymes of the gly-
colytic cycle were recruited to the plasma membrane to interact with
the sodium pump and regulate the glycolitic rate [56,57]. We should
have heeded the messages of these wise colleagues (S.L. Schrier and J.F.
Hoffman) much sooner than we did.
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