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The Na*/K*-ATPase is an integral membrane ion pump, essential to maintaining
osmotic balance in cells in the presence of cardiotonic steroids; more specifically,
ouabain can be an endogenous modulator of the Na*/K*-ATPase. Here, we
conducted a systematic review of the in vitro effects of cardiotonic steroids on
Ca?* in the brain of rats and mice. Methods: The review was carried out using the
PubMed, Virtual Health Library, and EMBASE databases (between 12 June
2020 and 30 June 2020) and followed the guidelines described in the
Preferred Reporting Items for Systematic Reviews and Meta-analyses
(PRISMA). Results: in total, 829 references were identified in the electronic
databases; however, only 20 articles were considered, on the basis of the
inclusion criteria. The studies demonstrated the effects of ouabain on Ca®*
signaling in synaptosomes, brain slices, and cultures of rat and mouse cells. In
addition to the well-known cytotoxic effects of high doses of ouabain, resulting
from indirect stimulation of the reverse mode of the Na*/Ca?" exchanger and
increased intracellular Ca?*, other effects have been reported. Ouabain-mediated
Ca®* signaling was able to act increasing cholinergic, noradrenergic and
glutamatergic neurotransmission. Furthermore, ouabain significantly increased
intracellular signaling molecules such as InsPs, IP3 and cAMP. Moreover
treatment with low doses of ouabain stimulated myelin basic protein
synthesis. Quabain-induced intracellular Ca®* increase may promote the
activation of important cell signaling pathways involved in cellular homeostasis
and function. Thus, the study of the application of ouabain in low doses being
promising for application in neurological diseases.

Systematic Review Registration: https://www.crd.york.ac.uk/prospero/
display_record.php?ID=CRD42020204498, identifier CRD42020204498.
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Introduction

Na*/K*-ATPase, also known as Na*-K* pump, is a plasma
membrane transporter essential for cellular homeostasis. It is
responsible for the active movement of Na* and K* against their
electrochemical gradients at the expenses of ATP hydrolysis, and
supports the maintenance of the cellular osmotic balance,
membrane potential and the secondary active transport of
substrates and neurotransmitters (Blanco, 2005). Particularly
in the brain, which is composed of highly specialized cells
(i.e., neurons and glial cells), Na*/K*-ATPase is involved in
neuronal excitability and astrocyte buffering of extracellular
K" jons during neuron action potential, in electrolyte balance
of the cerebrospinal fluid, and in the secondary transport of
molecules across the membrane, playing a fundamental role in
the function of the central nervous system (Larsen et al,, 2016),
(Kinoshita et al., 2020). Therefore, the regulation of Na*/K*-
ATPase function largely affects cell and system physiology.

This enzyme is composed of three subunits, and two of them
are indispensable for enzyme activity (Figure 1). The amino acid
sequence of the a subunit, also called the catalytic subunit,
comprises more than 1010 residues (around 110kDa) with
10 transmembrane domains. This subunit harbors the binding
sites for ions (Na*, K', Mg*"), ATP, and selective ligands
collectively known as cardiotonic steroids, as well as for

intracellular

FIGURE 1

10.3389/fphar.2022.916312

several other regulators (Blanco, 2005), (Blanco and Mercer,
1998) . All isoforms are encoded by different genes and present a
high degree of homology (Clausen et al., 2017). An interesting
feature is that Na*/K*-ATPase isoforms are expressed in a cell-/
tissue-specific fashion (Blanco, 2005), (Cereijido et al., 2012),
(Geering, 2008): the al isoform is ubiquitously expressed in
mammalian tissues and, in rodents, it is 100-1000-fold less
sensitive to cardiotonic steroids. In contrast, it has been
be the the bufadienolide
marinobufagenin (Fedorova and Bagrov, 1997), (Fedorova

shown not to case for
et al, 2001), although our group reported that it behaves
similar to any known cardiotonic steroid (Godinho et al,
2017), (Carvalho et al., 2019); the a, isoform is found in
striated and smooth muscle, as well as in both astrocytes and
neurons in the central nervous system, and adipose tissue; the a;
isoform is basically found in neurons but not in astrocytes and
should be considered a neuronal marker (Dobretsov and Stimers,
2005); the a4 isoform is specifically found in the midpiece of
sperm (Blanco, 2005). The 3 subunit is a type II glycoprotein of
around 300 amino acids, that is, fundamental for a normal
pumping activity. Enzyme kinetics modulation, Na*/K*-
ATPase plasma membrane delivery and assembly, as well as
cell adhesion and polarity, are characteristics of this subunit. The
third subunit, y, is a type I protein from the FXYD family
(FXYD2) and it comprises around 65 amino acids. FXYD?2 is

Protein representation of rat Na*/K*-ATPase a1ply isoform subunits. (A) In green, al subunit, in cyan, p1 subunit, and in pink, y (FXYDZ2) subunit.
The residues displaying the substitutions present in the rat compared to the human Na*/K*-ATPase protein. In orange, magnesium ions. The gray
dots represent the Na*/K*-ATPase position at the plasma membrane, and the arrow points to the pocket where ouabain (in yellow) interacts. (B)
Magnification of the binding pocket with ouabain (inside the red circle) seen from the bottom. The protein was constructed by homology using
as reference the human crystallographic structure (pdb id:4RET) using the Swiss-model webserver, and for the representation the software PyMOL

7 was used.
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not required for enzymatic activity but regulates Na*/K*-ATPase
affinity for cations (Geering, 2008).

Ouabain is a natural ligand of Na*/K*-ATPase and belongs to
the cardiotonic steroid class of compounds, i.e., the cardenolide
family, originally identified in the African plants Strophantus
gratus (Ouabain, 1932) and Acokanthera ouabaio (also called
wabajo or schimperi) (Kupicha, 1982). Its inhibitory capacity was
reported in 1953 by Schartzmann (Schatzmamn, 1953); this
discovery paved the way for research on the mechanistic
pathways of other cardiotonic steroids, such as digoxin,
clinically used for decades to treat heart failure (Ziff and
Kotecha, 2016). Ouabain selectively binds to Na*/K*-ATPase
and inhibits its pump activity, increasing intracellular Na* and
Ca®" concentrations ([Na']i and [Ca®']i, respectively), the latter
by inducing a lower/reverse activity of the Na*/Ca*" exchanger
that colocalizes with the Na*/K*-ATPase (Larsen et al., 2016),
(Kinoshita et al., 2020). In the heart, the indirect elevation of
sarcoplasmic reticulum Ca** levels lead to the cardiac inotropism
(Akera and Brody, 1977), (Lingrel, 2009). Higher concentrations
of ouabain are known to evoke cardiotoxic effects. In other
organs, such as the brain, the effects are more complex.
Concentrations that induce bulk inhibition of Na'/K*-ATPase
generate neurotoxic effects (Lees et al., 1990), (Veldhuis et al.,
2003). In contrast, ouabain at a low concentration of 10 nm
increases the expression of the brain-derived neurotrophic factor
(BDNF) mRNA in cerebellar cell culture (de Sa Lima et al., 2013)
or after intrahippocampal injection (Tata et al, 2014) and
activates the Wnt/B-catenin signaling pathway culminating
with the increase of CREB/BDNF and NF-kB
(Kawamoto et al., 2012a), indicating that the balance between

levels

ouabain-induced neuroprotective and neurotoxic effects is
concentration-dependent.

Ca2+
homeostasis. From Ca®*-binding proteins inside cells to

Several mechanisms are involved in cellular
proteins that allow Ca®" fluxes across biological membranes,
Ca’®" concentrations are strictly controlled in cytoplasm and
organelles like mitochondria, Golgi apparatus, endoplasmic
reticulum and nucleus (Brini et al., 2014). Ca** Channels
(Koh et al, 2017), the high Ca®" affinity but low capacity
plasma membrane Ca*>*-ATPases and the low Ca®" affinity but
high capacity Na'/Ca*" exchanger (Blaustein et al., 2002), sarco/
endoplasmic reticulum Ca**-ATPases (Valadares et al., 2021),
and ryanodine and inositol 1,4,5-triphosphate (IP3) receptors
(McGarry and Williams, 1993), (Panizza et al., 2019) are
important for Ca®* handling and secondary targets for
ouabain action.

Na*/K*-ATPase ion pumping is the classical function
assigned to this transporter. Nevertheless, around 50 years
after the discovery of this mechanism, a new paradigm
emerged. A series of works performed by Zijian Xie and Amir
Askari’s group unveiled that, besides ion transport, Na'/K"-
ATPase operates as a receptor (Xie and Askari, 2002). The
binding of ouabain to Na*/K*-ATPase triggers intracellular
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signaling networks through protein—protein interactions,
generating a myriad of effects independent of the impairment
of electrochemical gradients (Riganti et al., 2011). In this case,
ouabain (and other cardiotonic steroids) would act as an agonist
and not as a Na*/K*-ATPase inhibitor (Pierre and Xie, 2006).
Actually, the assumption is that the agonist or inhibitor function
of ouabain is defined depending on which Na*/K*-ATPase
population ouabain binds with: in the bulk plasma membrane,
Na*/K*-ATPase is an ion pump and ouabain acts as an inhibitor;
in caveolae, which are small lipid raft invaginations of the plasma
membrane that function as a platform for signaling cascades,
Na*/K*-ATPase interacts with several molecules, such as the
structural protein caveolin-1 (Quintas et al., 2010) and the
nonreceptor tyrosine kinase Src (Tian et al, 2006), and
ouabain induces the activation of intracellular signals. Also,
Anita Aperia’s group revealed that the N-terminus of the a-
subunit of the plasma membrane Na*/K*-ATPase and of the
endoplasmic reticulum IP3 receptor physically interact with each
other and ouabain binding to the former may stimulate repetitive
cytoplasmic Ca** transients independent on IP3 (Zhang et al.,
2006). Currently, hundreds of proteins are suggested to be
involved in ouabain-induced signaling (Panizza et al., 2019).
As expected, this discovery opened new horizons for research on
the pharmacological effects of ouabain and other cardiotonic
steroids.

Different cell functions such as growth, proliferation,
differentiation and membrane excitability are regulated by
Ca’* (Clapham, 2007), (Capiod, 2016). Calcium signaling in
the CNS is a finely regulated process, as alterations in Ca**
homeostasis can alter activity and induce neuronal death seen
in neurodegenerative diseases and aging (Bezprozvanny, 2009),
(Kumar et al, 2009). Considering the importance of Na*/K*-
ATPase in brain physiology, the fact that Ca®" ions are involved
downstream of Na'/K'-ATPase inhibition (or activation), and
that cardiotonic steroids, more specifically ouabain, may be
endogenous modulators of the Na*/K*-ATPase, we conducted
a systematic review of the in vitro effect of cardiotonic steroids on
cytoplasmic Ca®* in rat and mouse brain, which are the most used
experimental animal models. Therefore, favoring the perception
of the relationship between ouabain-Na*/K*-ATPase and
homeostasis Ca** signaling in the CNS in aging and
neurodegeneration.

Materials and methods

This study followed the guidelines described in the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA), and the protocol was registered on the
PROSPERO platform (Reg, No. CRD42020204498). A
systematic review was performed by searching PubMed,
Virtual Health Library, and EMBASE databases (between
12 June 2020 and 30 June 2020) using the following search
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terms: (“cardiotonic steroids” OR “cardiotonic steroid” OR
“cardiac glycosides” OR “cardiac glycoside” OR digitalis OR
cardenolides OR cardenolide OR bufadienolides OR
bufadienolide OR ouabain OR digoxin OR digitoxin) AND
(brain OR “central nervous system”) AND (calcium OR Ca®").
The following question guided the selection of articles and the
development of this review: “What are the effects of cardiotonic
steroids on calcium signaling in the central nervous system of
rodents?” This question was structured according to the acronym
PECO [P: Population; E: Exposure; C: Comparison; O: Outcome]
and the eligibility criteria are described in Supplementary Table
S1. First, articles were selected by title and abstract. No date
restriction was used, however, only publications in Portuguese,
English or Spanish were considered. The type of publication was
also analyzed and review articles, case reports and papers
presented in scientific events were excluded. Four reviewers,
working in pairs, performed independent analysis, and
included articles considering eligibility criteria. The third
reviewer was consulted if there was no consensus on the decision.

We developed a data extraction sheet considering the
following information about the included studies: author, date
of publication, populations, species, gender, age, concentration of
cardiotonic steroids, experimental conditions, calcium effect, and
general conclusion of the articles with respect to cardiotonic
steroids use. One reviewer performed data extraction from the
articles that were included, and a second reviewer checked the
information. Again, a third reviewer was consulted in cases of
disagreement.

Quality analysis

Most quality features and measures of risk of bias (RoB) do
not apply to or are not determined for biochemical studies of the
kind here reviewed, and no standard quality assessment tool
exists for in vitro studies. We based our study on quality/RoB
criteria for in vitro studies presented by Prueitt et al. (Prueitt
et al., 2020). Questions and criteria were modified to be relevant
to the evaluation of studies of calcium homeostasis/signaling.
The criteria for in vitro studies include eight domains which have
been divided into three main domains, related to outcome
assessment, exposure characterization and control groups. Five
other quality/RoB domains that include an analysis of the
number of replicates, blinding, complete data, statistical
methods, and experimental conditions were also evaluated.
The studies were arranged into three levels of quality based
on their classification with respect to the evaluated domains. The
studies were grouped into three decreasing levels of quality,
according to the eight questions addressed in the RoB analysis
and identified in Table 1. Tier 1 includes studies presenting a
“probably low” or “definitely low” RoB for all key domains
relevant to that study type AND a “probably low” or
“definitely low” RoB for most (i.e., at least half) of the other
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domains; Tier 2 includes studies that do not meet the criteria for
Tier 1 or Tier 3. Tier 3 includes studies presenting a “probably
high” or “definitely high” RoB for all key domains relevant to that
study type AND a “probably high " or “definitely high” RoB for
most (i.e., at least half) of the other domains. Eight quality/RoB
parameters were analyzed. A study may have low RoB in some
parameters, but high in others, which classifies it at an
intermediate level, Tiers 2. Studies classified as Tier 3 have
low quality and high RoB and those classified as Tier 1 have
high quality and reliability (Prueitt et al., 2020). The evaluation of
the methodological quality of the studies included in this review
was done by only one author.

Results

A total of 829 references were identified from electronic
databases. Once duplicate entries (125) had been removed, the
references were further evaluated for inclusion based on the
title and/or abstract. Potentially 59 relevant articles were
included in the next stage for full-text evaluation. Of these,
it was not possible to gain access to 6 and 3 studies were
excluded since they failed to satisfy the inclusion criteria
established by the PECO. Finally, 20 studies were included
in the analysis (Figure 2).

The publication period of the 20 eligible studies ranged from
1970 to 2020, and they were published in the English language.
Most of the studies were conducted in the United States (n = 10;
50%), followed by Germany and Japan (n = 2; 10% each), Brazil,
Canada, Denmark, and Hungary (n = 1; 5% each). Two trials
were conducted in more than one country (10%).

Quality criteria for in vitro studies were applied to each
article. In none of the studies experiments were blinded, and no
study reported loss of data. Half of the studies did not include
statistical analyses of the results. Some did not examine an
adequate number of animals and poorly characterized ouabain
exposure. These studies were categorized into Tier 2 or Tier 3.

Of the 20 articles, 5 (25%) were categorized into Tier 1, 13
(65%) were categorized into Tier 2, and 2 (10%) were categorized
into Tier 3 based on their quality ratings across domains
(Table 1). These results indicate that this systematic review
presents an intermediary/low risk of bias.

Although no exclusion criteria were applied for the
cardiotonic steroid studied in this systematic review, when the
PECO criteria were applied, it was observed that all included
studies used ouabain.

They employed different methodological strategies: six
studies focused on synaptosomes, eight used brain slices, and
six employed cell cultures. It was possible to group the 20 articles
included in this study, on the basis of their main characteristics,
which are summarized in Tables 2-4. Experimental conditions
are described in Supplementary Table S2. All 20 articles are
described below.
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TABLE 1 Study quality/risk of bias ratings.

Study

Cell

Slices

Synaptosomes

Article

Bassetti et al. (2020)
Friess et al. (2016)
Lomeu et al. (2003)

Xiao et al. (2002)
Stelmashook et al. (1999)
Mark et al. (1995)

Bai et al. (2017)

Dietz et al. (2008)
Basarsky et al. (1998)
Okamoto et al. (1994)
Myles and Fain (1994)
Mork and Geisler (1993)
Balduini and Costa (1990)
Pincus et al. (1973)

Satoh and Nakazato (1989)
Adam-vizi and Ligeti (1986)

Lin et al. 1982

Goddard and Robinson
(1976)

Swanson et al. (1974)
Blaustein et al. (1970)

Key criteria

Can we

be confident

in the

exposure
characterization?

NR

NR

NR

NR
+

NR
NR

NR
NR

Can we

be confident
in the
outcome
assessment?

++
++
++

++

++

++
++

++

Were
appropriate
control
groups
assessed
concurrently?

++

4

++

Other quality criteria

Did the
study

have

an adequate
number

of replicates
per study
group?

++
++

NR

++

4

++, definitely low risk of bias; +, probably low risk of bias;—or NR (not reported), probably high risk of bias; —, definitely high risk of bias.

Were
experimental
conditions
identical
across

study
groups?

++
++
++

++

++

++
++
++
o+

++

Were
research
personnel
blinded
to test
group?

NR
NR
NR
NR
NR
NR

NR
NR
NR
NR
NR
NR
NR
NR

NR
NR
NR
NR

NR
NR

Were
outcome
data
complete?

NR
NR
NR
NR
NR
NR

NR
NR
NR
NR
NR
NR
NR
NR

NR
NR
NR
NR

NR
NR

Did the
study
employ
appropriate
statistical
approaches?

NR
NR
NR
NR

NR
NR
NR

NR
NR
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Papersidentified:
Virtual Health Library (469), PubMed (236) and EMBASE (124)
N=829

Identification

—I 125 excluded because of duplication ]

I 704 papers screened by title and abstract |

Screening

645 excluded by title and abstract,
according eligibility criteria

[ 59 papers selected for detailed review J

Eligibility

6 not accessible

33 excluded after full Reading
Nocontrolgroup
Nogroup only with OUA
Norelationship between OUA and Ca®*
Investigateother systems
Uses other animal species

20 papersincluded

FIGURE 2
Flow diagram of study selection. The search process using
the PRISMA flow diagram.

Included

Synaptosome studies

Of six papers—from 1970 to 1982—that used synaptosomes
from rodent brain, five directly evaluated Ca®* concentrations

TABLE 2 Summary of synaptosomes studies.

Article Population [Ouabain]

characteristics

Satoh and 5 x 107%-5x10™* M

Nakazato, 1989

Brain cortex of Sprague-
Dawley rats of either sex

220-350 g

Adam-Vizi and 5 x 107°-5x10™* M

Ligeti (1986)

Rat brain cortex of CFY rats

120-150 g

® n = 1-3 experiment made in
duplicate

[Ca**]i levels, uptake

= [Ca®']i level (in absence of
extracellular Ca**)

= Ca Uptake and Efflux

10.3389/fphar.2022.916312

(Table 2). One study of the effects of ouabain in Ca®* signaling
observed that Ca®*-ATPase activity in intact synaptosomes and
in brain subfractions of male ICR (Institute of Cancer Research)
mice, was not affected by 1 mm ouabain (Lin and Way, 1982).
Except for only one study that reported the use of forebrain, the
other articles indicated the nonspecific use of rat brain.
Blaustein and Wiesmann (Blaustein and Wiesmann, 1970)
and Swanson et al. (Swanson et al., 1974), observed that Ca**
uptake was enhanced when 1M x 10°M or 1M x 10*M
added to
synaptosomes, and this effect was directly associated with
vesicles’ Na* content. Goddard and Robinson (Goddard and
Robinson, 1976) noted that 1 M x 10™* M ouabain augmented
Na" uptake as well. The increased uptake of Ca*" induced by
ouabain was inhibited by diphenylhydantoin (DPH, well

ouabain, respectively, was presynaptic

known as phenytoin), tetrodotoxin (TTX), and ruthenium
red. Despite being multitarget drugs, the first two agents
inhibit voltage-gated Na* channels, and ruthenium red
inhibits Ca** transportation, since it competes for the Ca*"
binding site in many proteins (Sasaki et al., 1992). On the
other hand, Adam-Vizi and Ligetit, (Adam-Vizi and Ligeti,
1986), when comparing membrane depolarization and Ca**
uptake, did not observe changes in Ca** uptake in brain
cortical synaptosomes using 5M x 107° - 5M x 107*M
ouabain, although membrane potential was significantly
affected. Ca®* higher
concentrations (e.g., 1 M x 107> M or more).

influx was only detected at

Major article findings in the domain
of ouabain use

Ouabain had no detectable effect on [Ca®*]i in the absence of
extracellular Ca®*. However, it induced ACh release from
synaptosomes, regardless of the presence or absence of
extracellular Ca®*, which release impaired when the protein
kinase C (PKC) and ryanodine receptor blocker was
coincubated with ouabain

Neither Ca** influx nor Ca** efflux was changed by ouabain.
A slight increase of the uptake was only evoked by ouabain at
a high concentration (>1 mM; data not shown)

Goddard and ® Rat male brains 1x10*M 1122.0-185.0% Ca Uptake Ouabain leads to an increase in uptake of*°Ca, a high level of
. - . . a5 .
Robinson (1976) ° 200-300 g 132.0% [Ca®]i level Fotal calcium content ar?d effectively pre\fents Ca eAx?t. The
] increased uptake of**Ca induced by ouabain was inhibited by
®n=36 132.0% retention voltage-gated sodium channels inhibitor and an inhibitor of
intracellular calcium release by ryanodine receptors
Swanson et al. ® Rat brain 1x10*M 133.0% Ca Uptake OUA stimulated Ca uptake by synaptosomes
(1974) on_34
Blaustein and ® Rat brain 1x10°M T113.0% Ca Uptake Calcium influx is increased when the internal sodium
Wiesmann (1970) * 200-250 g concentration is increased by treatment with ouabain
e n=3
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TABLE 3 Summary of brain slices studies.

Article

Bai et al., 2017

Dietz et al. (2008)

Basarsky et al.
(1998)

Okamoto et al.
(1994)

Pincus and Lee
(1973)

Article

Balduini and
Costa (1990)

Mork et al.
(1993)

Myles and Fain
(1994)

Moreover, acetylcholine release was not detected upon
ouabain treatment, despite the degree of depolarization
being comparable to those of other depolarizing agents

that

ouabain

induce

Population characteristics

Organotypic brain tissue cultures from
somatosensory cortex slices

Sprague-Dawley rats. Postnatal day
(P) 1-2

Hippocampal slices (350 pm)
Male FVB/N mice 4-6 weeks of age

n=6

Hippocampal or neocortical slices
(400 pum)

Sprague-Dawley rats. Postnatal day (P)
15-25

Dentate gyrus n = 14

Astrocyte n = 4

Hippocampal slices (350 pm)
Male Wistar rats (100-150 g)
n=4

Temporal lobe slices (200 um)
Rats

Control n = 4 Experimental n = 6

Population characteristics

neurotransmitter

elicited a

Cerebral cértices slices (350 pm)
Male and female Sprague Dawley rats

n=3

Cerebral cortices slices (330) pm
Male Wistar rats (180-200 g)

n=_§

Cerebral cortices slices (350) pm
Male Sprague Dawley rats (125-175 g)

n=9

1989),
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exocytosis.
Nakazato (Satoh and Nakazato,
concentration-dependent

[Ouabain]

1x10° M

3x10° M

1x10*M

1x10°M

1x10*M

[Ouabain]

1x10*M

1x10*M

1x10*M

Satoh

showed that

(5M

and

X

[Ca**]i level,
transient
or uptake

T 250% [Ca®*]i level

T 2000% [Ca**]i level

T 44 % dentate gyrus
[Ca*]i level

T 40% astrocytic
[Ca®*]i transient

T 100% [Ca**]i levels

T 19%*°Ca Uptake

Ca 2+ signaling
proteins

T 1271% neonatal

InsPs

T 625,51% cAMP

1 92,63% IP3

1078

-5M x

10.3389/fphar.2022.916312

Major article findings
in the domain
of ouabain use

The [Ca?*]i increased and reached a maximum around 10 min
after the start of ouabain perfusion and then slowly decreased
while ouabain was washed out. There was also an increase in cell
volume

Ouabain produced spreading depression (SD) in hippocampal
slices. Before SD the Ca’* signal stays near basal levels. However,
after SD, large increase in Ca®* signal was observed

Ouabain induced SD, which started in the CA1 region,
propagated across the hippocampal to the dentate gyrus. The
Ca®i signal increased and reached a maximum around 11 and
6 min, for dentate gyrus and astrocyte, respectively, after the start
of ouabain perfusion and then decreased

Gradual increase in [Ca?*]i, which remained increased for 30 min.
Treatment with lithium significantly suppressed the [Ca®*]i
increase

Increased**Ca”" uptake and dl-norepinephrine-3H (NE3H)
release

Major article findings in the domain of ouabain use

Ouabain induced a dose-dependent accumulation of inositol
phosphates (InsPs) which was much higher in neonatal rats than
in adult animals

Ouabain-induced formation of cAMP (dependent on
extracellular Ca2+ and blocked by the Ca2+ channel antagonist,
verapamil)

Ouabain elevates IP3 but there is little effect on IP4

10*M) release of acetylcholine from

synaptosomes regardless of the presence or absence of

extracellular Ca**, but such effect was impaired when the

protein kinase C (PKC) and ryanodine receptor blocker
TMB-8 was coincubated with ouabain, suggesting the

importance of intracellular Ca**.
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TABLE 4 Summary of cell culture studies.

10.3389/fphar.2022.916312

Article Cell characteristics [Ouabain] [Ca®']ilevel or transient Major article findings
in the domain
of ouabain use
Bassetti et al. ® Primary brain OPCs from C57BL/6N mice 1 x 107 M 123% Ca®* transients’ frequency  Increase of [Ca*]i transient frequency in proximal
(2020) immature OPC processes
Friess et al. ® Primary brain oligodendrocyte precursor 5 x 107 M 1 87% [Ca*]i levels Significant increase [Ca**]i in OPCs and stimulated
(2016) cells (OPCs) from C57BL/6N mice Myelin Basic Protein) synthesis
® Postnatal day (P) 8-9
Lomeo et al. ® SN56 cells (hybrid of septal neuronal cells 2 x 107" M T 250% [Ca*']i level in the Great increase in [Ca’']i in the SN56 cholinergic
(2003) from mice with the presence and no increase in the  cells and this increase was concentrated in the cell
N18TG2 neuroblastoma) absence of CaCl, soma. The effect was a function of time and the
en>15 maximum increase of [Ca®*]i in the cells was
reached at 20 min. Causes a calcium-independent
exocytotic release of ACh that is inhibited by
blockers of intracellular calcium stores
Xiao et al. (2002) ~ ® Primary cortical cultures 1x10*M T 124% [Ca*"]i level The [Ca**]i level increased continuously, starting at
o Fetal mice 15-17 d gestation ~ 30 min after exposure, until the maximal rise in
~90 min. This increase was largely blocked by 1M
® n = 13-23 cells nifedipine and OUA (80 uM) exposure of 20 h
induced DNA fragmentation
Stelmashook ® Primary cerebellar cultures (neuro-glial) 1x10°M T 936% (20 min) The [Ca**]i level increased continuously, starting at
et al. (1999) from Wistar rats ~10 min after exposure, until the maximal rise in
o Postnatal day (P) 7-8 1 2544% (35 min) [Ca®]i level ~35 mir{. The supplement of a solution with an'
antagonist of NMDA (1034 M, APH) together with
¢ n=ND OUA prevented cells from swelling, mitochondrial
deenergization, neuronal death and increase of
[Ca2+]i
Mark et al. ® Primary hippocampal cell cultures 2x10°M T 169% [Ca*']i level Increase in [Ca®']i, which preceded neuronal
(1995) degeneration

® Embryonic rats 18 d gestation

® n =9-16 cells

ND, non-determined.

Brain slices studies

Of eight papers—from 1973 to 2017—that used slices from
rodent brain, five directly evaluated Ca®" concentrations, and all
observed an increase of it (Table 3). Furthermore, three studies
evaluated proteins that contribute to the control of Ca®* signaling
and homeostasis. These studies, using 1 M x 10™* M ouabain and
rat brain cortical slices, demonstrated that ouabain increased
IP3 levels inositol 1,3,4,5-
tetrakisphosphate (IP4) accumulation (Myles and Fain, 1994).
Ouabain induced the formation of cAMP, dependently on

but had minimal effects on

extracellular Ca**, and this process was blocked by verapamil,
an inhibitor of L-type voltage-gated Ca®'-channels, also known
as dihydropyridine receptors, that are responsible for Ca®" entry
during the potential action (Mork et al, 1993). In addition,
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ouabain induced a concentration-dependent accumulation of
inositol phosphates (InsPs), which was much higher in
neonatal rat brain than in adult brain. Furthermore, the
accumulation of InsPs induced by ouabain was dependent on
extracellular Ca®* and was blocked by EGTA (Balduini and
Costa, 1990).

A large range of ouabain concentrations, from 1 x 107° to
1 x 10 M, was demonstrated to increase the [Ca®*']i in
different rodent brain slices. Using 1 M x 107> M ouabain,
Okamoto et al. (Okamoto et al., 1995) showed a progressive
elevation of [Ca*']i in hippocampal slices, and this was
significantly suppressed with the coadministration of Li*,
since lithium appears to antagonize the ouabain Na'/K'-
ATPase inhibition, enhancing the extrusion of intracellular
Ca’" by Na*/Ca*" exchanger as a consequence. Also, enhanced
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FIGURE 3

Representative schedule of the effects of ouabain on Ca?*
signaling. Ouabain in high concentrations selectively binds to Na*/
K*-ATPase, inhibiting its pump activity, leading to increased
intracellular Na* and Ca®* concentrations. The latter by

inducing a lower/reverse action of the Na*—Ca?* exchanger (NCX)
colocalizes with the Na*/K*-ATPase. Ouabain effects on
intracellular Ca?* influence the release of acetylcholine (Ach) and
norepinephrine (NE3H) and glutamate (Glu). Binding of ouabain to
Na*/K*-ATPase triggers intracellular signaling networks in the
glutamate signaling cascade through protein-protein interactions,
generating many effects independent of the impairment of
electrochemical gradients. In this case, ouabain (and other
cardiotonic steroids) would act as an agonist, stimulating these
pathways, acting in a different way observed as Na*/K*-ATPase
inhibitor. In low concentrations ouabain can stimulate changes in
Na*/K*-ATPase that triggers signaling complexes such PI3K-AKT
pathways, increasing cAMP. Also, ouabain modulates Ca®*
intracellular oscillation through activation of ryanodine receptor
(RyR) and IP3 receptor (IP3R) that provoke the increasing of NF-«B
and activation of PKC. LD- Low Dose and HD- High dose (Figure
were created with BioRender.com).

neuron

Ca’" uptake was demonstrated using 1 M x 10™* M ouabain,
with a subsequent release of norepinephrine (Pincus and Lee,
1973). Ouabain at 1 M x 10~ M increased the [Ca**]i, reduced
transmembrane water flux, and raised the mean neuron and
glial cell volume (Bai et al., 2018).

In addition, concentrations of ouabain, 1 M x 10™*M and
3M x 107 M, generated in vitro spreading depression (SD) in
freshly —prepared hippocampal and neocortical slices.
Interestingly,
elevation of in [Ca®* ]i, Ca®* by itself was shown not to be

responsible for SD (Basarsky et al., 1998), (Dietz et al., 2008).

although ouabain produced a significant
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Cell culture studies

Of six papers—from 1995 to 2020—that used cell culture
from rodent brain, all directly evaluated the Ca** concentration,
and observed an increase of it (Table 4). Of the six articles, five
carried out studies focused on primary cell culture. Two studies
used cultures of primary brain oligodendrocyte precursor cells
(OPCs), one used cortical culture, one cerebellar culture, and one
hippocampal cell cultures. Only one article investigated the
effects of ouabain on immortalized cells (SN56 cells). The
largest increase in the Ca** level was observed at the highest
ouabain concentration (1 M x 10~ M) (Stelmashook et al., 1999),
and the smallest increase at the lowest ouabain concentration
(1 M x 10™* M) (Bassetti et al., 2020). It is interesting to note that
studies from the 1990s used higher concentrations of ouabain in
their investigations, whereas more recent studies utilized lower
concentrations. In addition to the concentration-dependent
increase of the [Ca?"i induced by ouabain, some articles also
observed a time-dependent variation in [Ca®"i (Stelmashook
et al,, 1999)- (Xiao et al., 2002).

In primary cerebellar culture, Stelmashook et al. (1999)
showed that addition of 1M x 107 M ouabain had a toxic
effect leading to death 62 + 3% of the total amount of granule
cells against 3 % in control. This effect was abolished when the
antagonist of NMDA receptors APH (0.1 mm) was added to the
incubation medium together with ouabain. APH also prevented
cells from swelling, mitochondrial deenergization, neuronal
death. Furthermore, in primary cortical cultures, the neuronal
apoptotic and necrotic death associated with Na*/K*-ATPase
inhibition, caused by the application of 1 M x 10™* M ouabain,
was consistent with the intracellular depletion of K* and the
accumulation of Ca** and Na', In addition, exposure for 20 h to
ouabain induced DNA fragmentation (Xiao et al., 2002). In the
same way, Mark et al. (1995) using primary hippocampal cell
culture using calcium indicator dye Fura-2 showed that 30 min
incubation with 2 M x 107> M ouabain leads to an increase in
[Ca*"]i They
demonstrated that the addition of ouabain promotes a

levels and neuronal degeneration. also
decrease in neuron survival in a concentration dependent
manner. Moreover, the use of Hoescht dye and ethidium
bromide homodimer also revealed nuclear condensation and
DNA fragmentation induced by ouabain (Mark et al., 1995).

Using SN56 cells Lomeo at al (2003) showed that ouabain
(2M x 10* M) had a calcium dependent effect on [Ca**]i levels,
leading to enhanced acetylcholine release. This effect of ouabain
on acetylcholine release was dose and time dependent, achieving
the maximum value after 30 min and was not inhibited by the
addition of 1 uM tetrodotoxin (TTX). However, the effect of
ouabain was suppressed with the addition of BAPTA-AM
(Lomeo et al., 2003).

Interestingly, studies using cultures of oligodendrocyte
precursor cells have shown that a long incubation of
oligodendrocyte precursor cells (OPC) cultures with ouabain
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(5M x 1077 M, 24 h) failed to significantly change [Na*]i levels,

but ouabain treatment significantly increased [Ca*']i and

stimulated myelin basic protein synthesis (Friess et al., 2016).
Figure 3 is a schematic summary of the finding of this study.

Discussion

The most studied effects of cardiotonic steroids refer to their
action on the cardiovascular system. Here in this systematic
review, we demonstrated the effects of ouabain on Ca®*
oscillation and signaling in the nervous system of rodents,
that the
neuroprotective and neurotoxic effects is

indicating balance between ouabain-induced
concentration-
dependent. Furthermore, the action of ouabain is broad,
acting not only on neurons but also on glial cells.
Ca’" homeostasis plays a crucial role in the maintenance of

different cellular functions. Ca** has been described as an

important second messenger, regulating many different
cellular processes, including cell division, proliferation
differentiation, apoptosis, necrosis, neurotransmission and

synaptic plasticity (Arundine and Tymianski, 2003), (Berridge
et al,, 2003). The concentration of this free ion in the cytosol is
kept about 10,000 times below the extracellular concentration
(Nicotera and Orrenius, 1998). This high electrochemical Ca**
gradient between the intra and extracellular compartments
enables the transduction of biochemical signals into cells
(Berridge et al., 2003).

Regarding neurotransmission modulated by ouabain, Ca**
triggers synaptic vesicle exocytosis, thereby releasing the
neurotransmitters contained in the vesicles and initiating
synaptic transmission (Katz and Miledi, 1967). Whereas
ouabain selectively binds to Na'/K'-ATPase and inhibits its
ion pump activity, increasing intracellular Na* and Ca®*
concentrations, the latter by inducing a lower/reverse activity
of the Na*/Ca® exchanger that colocalizes with the Na*/K*-
ATPase (Larsen et al, 2016), (Kinoshita et al., 2020), it is
expected that it can modulate neurotransmission. Inhibition of
the Na*/K*-ATPase could lead to depolarization of the neuron,
followed by Ca®" influx and transmitter release by exocytosis
(Banks, 1967). It could also lead indirectly to a rise in intracellular
Ca**, through mobilization of intracellular Ca** stores (Baker and
Crawford, 1975). The results collected in this study represents the
literature. In fact, ouabain is capable of interfering with different
neurotransmission systems, such as cholinergic (Satoh and
Nakazato, 1989), (v Blasi et al., 1988), noradrenergic (Pincus
and Lee, 1973), (Yamazaki et al, 2007) and glutamatergic
(Jacobson et al., 1986), (Stelmashook et al., 1999). Moreover,
other studies have demonstrated that ouabain also interferes with
the release of dopamine in animal models (Sui et al., 1199).

The toxic effect of high concentrations of ouabain has been
widely described in the literature, as well as the involvement of
high levels of Ca®" influx, promoting neuronal excitotoxicity

Frontiers in Pharmacology

10

10.3389/fphar.2022.916312

(Veldhuis et 2003). This effect was observed in

synaptosomes as well as in brain slices.

al.,

Excitotoxicity is a term used to indicate the death of nerve
cells by glutamate (Glu) as well as other amino acids, resulting in
neurodegenerative diseases (Lewerenz and Maher, 2015), (Olney,
1986), increased release of Glu that occurs under neurological
disorders may be a result of metabolic changes and reduced
Na*,K*-ATPase activity (Shi et al., 2019), (Beal et al., 1993). The
findings indicate that NMDA receptors are involved in ouabain
effects on [Ca*']i and cell toxicity. It is known that Na'/K*-
ATPase inhibition leads to a decrease in Glu uptake in cortical
astrocytes cell cultures (Volterra et al., 1994), interfering with
GluT transport in astrocytes (Nguyen et al., 2010), favoring the
neurotoxic effects of high doses of ouabain. This suggesting that
Na'/K*-ATPase inhibition by ouabain led to Glu accumulation
of extracellular Glu, hyperstimulation of glutamate receptors,
and higher Ca** and Na' influxes into the cells through
N-methyl-d-aspartate (NMDA) receptors in neuro-glial cell
cultures of the cerebellum (Stelmashook et al., 1999). These
the high
with a cerebellar

authors  associated exposure  of ouabain

concentrations toxic effect on and

hippocampal cells.
ouabain in nanomolar concentration
the Ca** NMDA.

Downregulation of the NMDA response is not associated with

Interestingly,
consistently  reduces response  to
internalization of the receptor or with alterations in its state of Src
phosphorylation (Akkuratov et al., 2020). It has been observed
that ouabain activates NF-kB by an NMDA-Src-Ras-like protein
through MAPK pathways in cultured cerebellar cells (de Sa Lima
et al, 2013). In addition, the intra-hippocampal administration
of ouabain in a low concentration that did not alter the activity of
Na'/K*-ATPase promoted the activation of NF-kB, leading to
increased brain-derived neurotrophic factor (BDNF) levels,
similar to NMDA treatment, which was reversed by the
NMDA antagonist MK-801 2012b).

Moreover, intrahippocampal injection of ouabain 10nM

(Kawamoto et al.,
activated the Wnt/B-catenin signaling pathway and to increase
CREB/BDNF and NFkB levels. These effects contribute to
important changes in the cellular microenvironment, resulting
in enhanced levels of dendritic branching in hippocampal
neurons, in association with an improvement in spatial
reference memory and the inhibition of long-term memory
extinction (Orellana et al., 2018).

Altered levels of acetylcholine, as well as its receptors, have
been observed in neurodegenerative and neuropsychiatric
(Tata et 2014).
concentration-dependent curve of [*H] acetylcholine release,
Satoh and Nakazato (Satoh and Nakazato, 1989) utilized 5 x
107%-5x10* M ouabain, possibly inhibiting initially the a,/as

diseases al., In order to obtain a

isoforms—which are, in rodents, much more sensitive to
cardiotonic steroids—and subsequently the ouabain-resistant
a; (O’brien et al, 1994), (Lopez et al, 2002). Interestingly
Lomeo at al (2003) using SN56 cells showed that ouabain had
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a Ca** dependent effect on [Ca®']i levels, leading to enhanced
acetylcholine release. This effect of ouabain on acetylcholine
release was dose and time dependent, achieving the maximum
value after 30 min. This effect was not inhibited by the addition of
1 uM tetrodotoxin (TTX), discarding the involvement of TTX-
sensitive Na* channels. However, the effect of ouabain was
suppressed with the addition of BAPTA-AM, suggesting the
The authors
suggested that in cholinergic neurons the ouabain induced

involvement of intracellular calcium stores.

increase in [Na']; results in intracellular calcium alterations
[Ca**];,
acetylcholine independent of Ca** (Lomeo et al, 2003).

inducing an increase in causing a release of
Despite the effect of high doses of ouabain on cholinergic
neurotransmission, no studies were found on the role of lower
doses of this cardiotonic on the cholinergic system.

Another phenomenon observed on the effect of the
micromolar application of ouabain was the Spreading
depression (SD), which is a wave of profound depolarization
that propagates throughout the brain tissue after traumatic or
vascular brain insults (Somjen, 2001). Interestingly, it was
observed that the spreading depression is not only caused by
the increase of in [Ca*" ]i, but also the partition of Zn** and
mitochondrial stress, since it was observed that selective
chelation of Zn** with N,N,N,N-tetrakis (2-pyridylmethyl)
ethylenediamine (TPEN) eliminated ouabain-SD, implying
that Zn®* entry and mitochondrial dysfunction may play a
critical role in the Ouabain-induced SD mechanism (Dietz
et al,, 2008). Thus, this is a useful model for studying the
pathways involved in this phenomenon and that can lead to
the search for more efficient treatments.

Different studies have demonstrated that neuronal activity
promotes an elevation in extracellular [K'], stimulating an
increase in intracellular Ca*'transient in oligodendrocytes, due
to the reversion of the Na'/Ca’ exchanger, which led to
increased synthesis of myelin basic protein (MBP) (Belachew
et al.,, 2000), (Chen et al.,, 2007). Interestingly, using primary
brain OPCs cultures, Friess et al. (Friess et al., 2016) showed that
incubation with 5 M x 1077 M ouabain increased the intracellular
Ca’" levels and stimulated MBP synthesis, and this effect of
ouabain on Ca’* transients was eliminated by the addition to the
incubation medium of 1 pMKB-R734 9, a Na*/Ca®" exchanger
inhibitor. In addition, it was observed that the activity of the Na*/
K*-ATPase a, isoform, present in oligodendrocyte lineage cell
(OLCs), changed the Na'/Ca®* exchanger-mediated [Ca’']i,
modulating MBP synthesis in OLCs (Hammann et al., 2018).
Using the same experimental model of primary OPCs cultures,
Basseti et al. (Bassetti et al., 2020) demonstrated that lower
concentrations of ouabain (1 M x 1077 M) also increased Ca**
transient frequency. Additionally, this work showed that the
inhibition of ryanodine receptor type 3 with 10 pM ryanodine
also blocked Ca®" transient.

The process of myelination of neuronal axons through
oligodendrocyte activity is a process controlled by the release
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of neurotransmitters and changes in ionic concentrations
(Butt and Bay, 2011). Among the important proteins in
the myelination process, there is myelin basic protein
(MBP), and failures in its production result in CNS
hypomyelination processes (Readhead and Hood, 1990),
(Wiecien et al., 1998). Interestingly, studies using cultures
of oligodendrocyte precursor cells (OPC) have shown that a
long incubation (24h) of these cells with nanomolar
concentrations of ouabain failed to significantly change
[Na*]i levels, but ouabain treatment significantly increased
[Ca®*]i and stimulated MPB synthesis (Friess et al., 2016).
The same group further suggested that the crosstalk among
ryanodine receptors, Na'/-Ca®" exchangers, and possibly
Na'/K*-ATPase Ca** the
development of isolated oligodendrocytes (Bassetti et al.,

may evoke transients for
2020), thus demonstrating the importance of Na*,K*-
ATPase in the of by

oligodendrocytes.

synthesis axonal myelin

Interestingly, in addition to the existence of a Na*/Ca®
exchanger colocalized with Na*/K*-ATPase, the discovery of
ancillary  signaling pathways, involving protein-protein
interactions, revealed that the physical association between
Na'/K*-ATPase and IP3 receptors allows intracellular Ca**
oscillations evoked by ouabain (Fontana et al, 2013),
(Miyakawa-Naito et al., 2003). Moreover, Src kinase activation
would promote the stimulation of phospholipase C and PKC
independently of ion modulation (Mohammadi et al.,, 2001),
(Yuan et al., 2005).

One study in brain slices demonstrated that ouabain caused
the stimulation of PtdIns hydrolysis, causing an accumulation of
InsPs in the cytoplasm, which may be related to cell signaling
modulated by Na*/K*-ATPase inhibition, activation of Na*/Ca®*
exchanger, mobilization of Ca®* and PKC (Balduini and Costa,
1990). Interestingly, there was no direct correlation between the
stimulus leading to PtdIns hydrolysis and the binding of
radioactive  ouabain  (number of Na*/K*-pumps) or
strophantidin effect (an equipotent inhibitor), and this may
suggest that this outcome is modulated by cell signaling
mechanisms besides the classic inhibitory effect. A similar
effect was found in the study by Myles et al. (Myles and Fain,
1994), where 1 M x 10™* M ouabain stimulated an 82% increase
in intracellular IP3 levels but had a minimal effect on
IP4 accumulation. Moreover, in addition to InsPs, treatment
with 1M x 10™*M ouabain in brain slices also increased
intracellular cAMP (Mork et al., 1993). Since only few studies
utilized slices, it is not possible to say whether accumulation of
cytosolic Ca®* found in these studies is an effect modulated only
by the regulation of the Na*/Ca®" exchanger, which is the classic
effect of cardiotonic steroids. It is well known that Ca®"
mobilization and influx is linked to the activation of cellular
signaling pathways, especially those associated with G proteins,
with the involvement of cAMP and IP3 (Satoh and Nakazato,

1989), (Liu et al., 2007).
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In addition, studies that include the nervous system and others
demonstrate that Na*/K*-ATPase acts as a receptor and a signal
transducer, involving many pathways such as that dependent on
the membrane-associated nonreceptor tyrosine kinase Src (Tian
et al., 2006) the Ras/Raf/ERK1/2 pathway (Eckert et al., 2008), the
phosphate inositol 3-kinase (PI3K) pathway, the PI3K-dependent
protein kinase B pathway, phospholipase C signaling, [Ca*']i
oscillations (Liu et al, 2007), (Schoner and Scheiner-Bobis,
2007), (Aperia et al, 2015), and gene transcription (Li et al.,
2006). These pathways are also triggered by the interaction of
ouabain with Na*/K*-ATPase. Na"/K*- ATPase inhibition or
activation is dependent on ouabain concentration. It has been
shown that inhibition of pump activity requires micromolar
concentrations of ouabain (Fontana et al., 2013), (Blaustein and
Hamlyn, 2020), while activation of Na*/K*-ATPase signaling
pathways occurs in the presence of nanomolar concentrations
of ouabain (Fontana et al., 2013).

As discussed above, several studies using different models
have shown that the effects of ouabain at low concentrations
are due to the activation of cell signaling pathways. Studies
have shown that in renal epithelial cells, as well as in
astrocytes, ouabain, at low concentrations, binds with Na*/
K*-ATPase directly activating the IP3 receptors (physical
interaction), and triggering slow Ca** oscillations and the
activation of NF-kB; this ultimately leads to the
proliferation of these cells (Liu et al., 2007), (Li et al,
2006), (Aizman et al, 2001). Furthermore, studies in
that
concentrations promote [Ca®']i oscillations due to the

cardiomyocytes  have observed low ouabain
activation of Src kinase followed by the stimulation of the
Ras/Raf/MEK/MAPK cascade regulating cell hypertrophic
growth (Yuan et al, 2005), (Zhu et al, 1996). It is
important to note that in such signaling conditions, Ca®" is
a key factor, and positive feedback may occur.

The therapeutic range for the use of ouabain and other
cardiac steroids is very narrow. Added to this problem of
narrow therapeutic index, we have the majority use of this
drug by elderly patients, contributing to toxicity problems
(Whayne, 12018). This reality caused mistrust and disuse of
cardiac steroids in clinical practice. Thus, in addition to
expanding knowledge about signaling pathways and
neuroprotective effects of low doses of ouabain and other
cardiotonic, a strategy for the safe therapeutic use of
the

chemical modification of their structure to increase the

cardiotonic steroids for neuroprotection would be

therapeutic index of this class. Gamma-benzylidene digoxin
that
demonstrated low toxicity to cells (de Oliveira et al., 2021)

derivatives are digoxin-derived molecules have
and have already demonstrated neuroprotection for chemical
ischemia (de Souza Gongalves et al., 2019) and increased
a3 activity and increased antioxidant defenses such as GSH,
desired drug characteristics of neuroprotection (Parreira et al.,

2021).
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Conclusion

Ca’* mobilization is a canonical effect of cardiotonic steroids
such as ouabain. In all models studied - synaptosomes, brain
slices or cell cultures—an increase in [Ca*']i was observed. In
addition to the well known cytotoxic effects of ouabain, resulting
from stimulation of the Na*/Ca®" exchanger reverse mode and
increased Ca®", other effects have been reported, since Ca** may
play a role in major cellular effects, mainly by activating signaling
pathways. Ouabain-induced Ca** signaling was able to increment
cholinergic, noradrenergic and glutamatergic neurotransmission.
Treatment with ouabain stimulated MBP synthesis and
significantly increased biological second messengers such as
InsPs, IP3 and cAMP. This review deepens the knowledge
about the effects and signaling mediated by cardiotonic
steroids (ouabain) in the nervous system, which has been
be
modifications of cardiotonic steroids may be useful for the

shown to concentration  dependent.  Structural
generation of new agents that are less toxic and with

neuroprotective action.
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