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Abstract

Introduction. Cardiac glycosides are natural ligands of Na'/K*-ATPase, which regulate its activity and signaling. Intracerebroventricular administration of
ouabain has been previously shown to induce hyperlocomotion in C57Bl/6 mice via a decrease in the rate of dopamine reuptake from the synaptic cleft.
Materials and methods. This study involved forty C57BL/6 mice. 1.5 uL of 50 uM ouabain was administered daily into the left lateral cerebral ventricle over the
course of 4 days. On day 5, open field, beam balance, and ladder rung walking tests were performed to assess the locomotor activity and motor impairments in the
mice. We evaluated changes in the activation of signaling cascades, ratios of proapoptotic and antiapoptotic proteins, and the amount of ol and o3 isoforms of the
Na'*/K*-ATPase o-subunit in brain tissue using Western blotting. Na*/K*-ATPase activity was evaluated in the crude synaptosomal fractions of the brain tissues.
Results. We observed hyperlocomotion and stereotypic behavior during the open field test 24 hours after the last injection of ouabain. On day 5, the completion time
and the number of errors made in the beam balance and ladder rung walking tests increased in the mice that received ouabain. Akt kinase activity decreased in
the striatum, whereas the ratio of proapoptotic and antiapoptotic proteins and the number of Na'/K*-ATPase o-subunits did not change. Na'/K*-ATPase activity
increased in the striatum and decreased in the brainstem.

Conclusions. Long-term exposure to ouabain causes motor impairments mediated by changes in the activation of signaling cascades in dopaminergic neurons.
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AnHoTtanus

Beedenue. Kapouomonuueckue cmepoudvi seasromes npupoorvimu sueandamu Na+,K+-AT@asvl, Komopsie peeyaupytom eé akmusHOCMb U CUSHANBHYIO (YHKLUIO.
Panee 6vi10 nokazaro, mo yadaur npu 0OHOKPAMHOM BHYMPUIICEAYO0UK0BOM 88e0eHU Bbi3bieaem eunepiokomouuro y muiueil auruu CS7Bl/6 6credcmeue ymern-
wieHus ckopocmu 00pamHo20 3ax6ama 00PamuHa u3 CUHARMUYECKOU weau.
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Ouabain-induced motor dysfunction in mice

Mamepuasavt u memoovt. B uccaedosanuu Gviau ucnoavzosarst 40 motueti aunuu C57Bl/6. Ha npomsoceruu 4 Oneii ycugomubim excednesro 66oouau 1,5 mka
50 mxM yabauna 6 samepanvhbiii Jceaydouex 201061020 Mo3ed. Ha 5-ii denv npouseodunu oueHKy A0KOMOMOPHOU AKMUBHOCY U MOMOPHBIX HAPYUIeHUil npu
HOMOUU Mecmo8 «OMKpPbimoe noae», <y0epicaie Ha NAGHKe» U «1eCeHKd ¢ NepekAaduHamu». B mKkansx mosea oueHueany usmerenye AKMueayul CUeHabHbx
Kackaoos, COOMHOUIEHUS NPo- U AHMUANONMOMUYECKUX 0eK08, a maxice Koauvecmea od- u o3-uzopopm a-cyosedunuust Na*, K -AT@azvi npu nomousu ummy-
Hobnommunea. Akmusrocmo Na*,K*-AT®aszv! oueHusany 6 2pyooii curanmocomansholl gpaxyuu mxarel mozea.

Pesyasmamot. Yepes 24 u nocae nocaedrezo 68edenus yabauna y mviuieli HAOA0GAUCH 2UNEPAOKOMOUUS U CIMEPeOMUNHOCHb 0BUIICEHUI 8 Mmece «OMKpbimoe
nose». Y mviuleil, noAyHaBUIUX YabauH, Ha S-Ui OeHb SKCHEPUMEHIMA YBAUHUBANOCH BDEMS HPOXONCOCHUS U KOAUHECIBO OUILOOK 6 Mecmax «eceHKa ¢ nepekaaou-
HaMu» U «y0eparcaniie Ha HAGHKe». B cmpuamyme moiuell akmugHocms Kurasvl Akt CHUMICAAGCH, COOMHOUIEHUE PO~ U GHMUARONMOMUHECKUX 0eK08 He MeHs-
110, Kak u Koautecmeo o-cybeedunuy Na*, K -AT@azvi. Axmusrocms Na*,K*-AT®aszb1 yeeauuusasacs 6 cmpuamyme u yMeHbiaiach 6 CMeoe 201061020 Mo3ed.
Boigodwt. TIpodosscumensroe 030eiicmaue yabauna 8bi3vieaem MOMopHbie HAPYUIEHUS, OROCPO0BAHHbIE UMEHEHUAMY AKMUBAYUY CUSHAABHBIX KACKAA08 8 Heil-
POHAX DohamuHepeuteckol cucmembl.

Karouesvte caosa: Na*,K*-AT®asza; yabaun; kapouomonuueckue cmepoudst; dogamunepeuteckas cucnema

BOrHyecKoe yTBepxKAeHHe. ABTOPbI OATBEPXKAIOT COOMIOAEHUE UHCTUTYLMOHAIbHBIX M HALIMOHATBHBIX CTAHAPTOB 110 UCII0/Ib30Ba-
HUIO 1ab0paTOPHBIX XXUBOTHBIX B cooTBeTcTBUM ¢ «Consensus Author Guidelines for Animal Use» (IAVES, 23.07.2010). I[Ipotokon

uccaenoBaHus onoopeH dtuueckum komuteroM CII6IY (mpotokon Ne 131-03-1 ot 25.03.2019).

Hcrounnk punancupoBanns. MccaemoBaHye BBIIOTHEHO 3a CYET TpaHTa Poccuiickoro HaygaHoro oxma Ne 22-75-10131,
https://rscf.ru/project/22-75-10131/ u npu nmoanepxkke rpanta CII6IY Ne 94030300. PaGoThI ¢ XKUBOTHBHIMU TIPOBOAMIUCH Ha 0a3e

BUBapUs, BXOJMILETO B cocTaB pecypcHoro neHTpa CIIoIY.

KOHd)J'lPlKT HHTEPECOB. ABTOpH JCKITApUPYIOT OTCYTCTBUE ABHLIX U ITOTCHIUAJIbHBIX KOH(I)J'[I/IKTOB MHTECPECOB, CBA3AHHLIX C Hyﬁf[I/IKa-

LIMEeM HACTOSILIEN CTaThMU.
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Introduction

Cardiotonic steroids (CTS), also known as cardiac gly-
cosides, are a group of compounds synthesized by some
plants and animals. They bind to the a-subunit of Na*/
K*-ATPase, reversibly inhibiting its activity. In its in-
hibited state, the Na*/K*-ATPase does not maintain
and, in case of neurons, restore the resting membrane
potential. The specific CTS binding site was found
between M1-M2, M5-M6, and M7-MS8 transmem-
brane domains of the o3 subunit, on the extracellular
surface of the protein. CTS binding stabilizes the Na*/
K*-ATPase complex in an E2P conformation, there-
by reversibly inhibiting its pump activity [1]. Although
high concentrations of CTS inhibit the Na*/K*-
ATPase [2], at nanomolar concentrations they can cause
an increase in its activity [3]. This effect is explained by
the presence of tetrameric complexes of inactive Na*/
K*-ATPase heterotetramers on the plasma membrane,
which break down when one of the enzymes is bound by
a CTS. The breakdown of these tetrameric complexes
of Na*/K*-ATPase heterotetramers causes an increase
in the amount of active enzymes [4]. In laboratory ro-
dents, the al isoform of Na*/K*-ATPase is present in
all cells and is insensitive to CTS, making these animals
suitable for studying the effects of CTS specifically on
the central nervous system (CNS) [5]. In the CNS, the

a2 isoform (in astrocytes) and neuron-specific a3 iso-
forms of the Na*/K*-ATPase are present in addition to
the ubiquitous ol isoform [6].

Studies on rat neuron cultures showed that CTS con-
centrations that inhibit the Na*/K*-ATPase a3 iso-
form are neurotoxic [7], whereas concentrations that
do not inhibit Na*/K*-ATPase activity are neuropro-
tective [8, 9]. Although toxic at higher concentra-
tions, CTS are used as drugs: eg, digoxin derived from
Digitalis lanata is used for heart failure treatment [10].
A number of studies suggest the presence of endoge-
nous analogues of CTS in mammals [11]. However, it
was found that patients can develop mood alterations
[12] and sometimes delirium [13] when taking low
concentrations of digoxin. This discovery led to the
development of various bipolar disorder models based
on intracerebroventricular (ICV) administration of
ouabain to rats and mice [14—16].

Both ouabain (g-strophanthin) and digoxin are glyco-
sylated cardenolides and are used to treat heart failure.
In 2019, a mouse model of ouabain-induced bipolar dis-
order demonstrated that a single ICV administration of
ouabain causes mania-like behavior, increased synthesis
of dopamine, and reduced rate of dopamine reuptake
from the synaptic cleft [16]. Thus, it was confirmed that
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the effects observed following ouabain administration
are mediated, among other factors, by changes in dopa-
minergic system functioning. The change in Akt protein
kinase and ERK1/2 MAP kinase activation, associated
with activation of dopamine D2 receptors and previous-
ly shown in rats, was also reproduced.

Patients with Parkinson disease (PD) were found to
have an increased concentration of serum digoxin [17],
indicating that endogenous analogues of CTS could po-
tentially contribute to PD pathogenesis. Furthermore,
neriifolin is used as the CTS to model PD in zebrafish
(Danio rerio) [18]. Although the mechanisms behind
the role of endogenous CTS in PD pathogenesis are yet
to be determined, their role in the development of bi-
polar disorder and depression has been demonstrated
in a number of studies [19].

The neurotoxicity of CTS is linked to oxidative stress
and apoptosis mediated by increased ERK1/2 activation
[20]. It should be noted that a similar mechanism can be
observed in the 6-hydroxydopamine-induced model of
parkinsonism. Based on the findings above, it could be
hypothesized that long-term exposure to CTS may af-
fect the function and viability of dopaminergic neurons
via their indirect effect on the dopamine active trans-
porter (DAT). It is presumed that chronic impairment
of dopamine metabolism may be one of the mechanisms
underlying dopaminergic neuron degeneration [21].
A number of studies indicate that such neuropsychiatric
disorders as bipolar disorder, attention-deficit/hyperac-
tivity disorder, and depression are risk factors for PD de-
velopment. The dysfunction of dopamine receptors and
altered dopamine reuptake plays a key role in the patho-
genesis of these disorders [22—25]. An imbalance of
these transporters' activity towards increased membrane
DAT activity causes toxic dopamine metabolites to accu-
mulate within the cytoplasm, leading to oxidative stress
[26—28]. However, DAT dysfunction also has a negative
impact on the neuron function. Partial loss of the DAT
function can cause bipolar disorder, whereas complete
DAT dysfunction results in juvenile parkinsonism [29].
Some researchers suggest measuring DAT activity in ol-
factory bulbs can be a prognostic factor of increased risk
of PD development [30]. Previous studies have shown
that DAT dysregulation (both decreased and increased
DAT activity) can cause a number of pathological pro-
cesses and may play a pivotal role in PD pathogenesis.
Short-term inhibition of DAT does not significantly af-
fect the risk of PD development, and the function of do-
paminergic system is quickly restored [31, 32]. As such,
the factors underlying long-term DAT dysfunction and,
as a result, dopaminergic system dysfunction as a whole,
lie beyond its immediate components. Exposure to such
factors probably affects connecting links, dysfunction of
which occurs due to the effect of factors that cause the
death of dopaminergic neurons. One of such connecting
links could be the Na*/K*-ATPase.

Studying disorders caused by long-term exposure of the
dopaminergic system to low concentrations of CTS can
help identify new mechanisms behind its dysfunction
and regulation and improve our understanding of the
role CTS play in the CNS.

Our objective was to study the effects of long-term ICV
ouabain administration to C57Bl/6 mice on motor
function, activity of dopamine-dependent signaling
cascades, and ratios of apoptosis-regulatory proteins
Bcl-2 in the striatum, as well as the impact of a single
administration of ouabain on Na*/K*-ATPase activity
in various brain structures.

Materials and methods

Study animals

We performed experiments on C57Bl/6 male mice
4—6 months old (n=40) from the Saint Petersburg
State University vivarium. The animals were housed in
individually ventilated cages (temperature, 22 * 1°C;
relative humidity, 50—70%) with a 12-hour light/
dark cycle (lights from 8 AM to 8 PM). The mice had
ad libitum access to food and water. The mice were
maintained according to the regulations governing the
use of laboratory animals in research (as recommended
by the Federation of European Laboratory Animal Sci-
ence Associations and the Russian Laboratory Animal
Science Association).

The experimental procedure was approved by the An-
imal Experimental Ethics Committee of Saint Peters-
burg State University (Protocol No. 131-03-1 dated
March 25, 2019).

Substance administration

The animals were anesthetized with isoflurane (IsoF-
lo). Following the thorough cleaning of the skull from
surface tissues, a guide cannula made of a 26G needle
(KDF) and 1 x2 mm fixed plastic holder [33] was uni-
laterally stereotaxically implanted using the following
coordinates: AP (anteroposterior)=-—0.5; L (later-
al)=1.0, to a depth of 2.0 mm so that the cannula tip
was immediately above the lateral cerebral ventricle but
did not protrude into it. The guide cannula was fixed
with acrylic cement. Then a 3.9—4.0 mm long dummy
cannula made out of a 33G needle (Mesoram) was in-
serted into the guide cannula to prevent its occlusion
after the surgery. Experiments began 3 days after can-
nula implantation.

ICV injection was performed via an injection cannula,
which was made out of a 33G needle connected to a
Hamilton syringe. The cannula was inserted into the
guide cannula to a depth of 2.5 mm. To ensure even
injection, a syringe pump was used to deliver solu-
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tions at 0.75 pL/min. The animals were administered
1.5 pL of ouabain dissolved in artificial cerebrospinal
fluid (125 MM NaCl, 26 MM NaHCO3, 4 mM KClI,
1.25 MM NaH,PO,, 2 MM CaCl,, 2 MM MgCl,, 25 MM
glucose). The control group received 1.5 uL of artificial
cerebrospinal fluid.

Behavioral testing

The open field test was used to assess locomotor activ-
ity and stereotypic behavior. The mouse was placed in
the center of arena (40 x40 x40 cm). The distance trav-
eled over the course of 20 minutes was recorded using
the EthoVision XT video tracking software (Noldus).
In EthoVision XT, the image of the square field was vi-
sually divided into zones: 4 corners, 4 edges, and the
central zone. The central zone was a square in the field
center. Its diagonal was equal to half of the entire field's
diagonal. Motor stereotypy during the open field test
was analyzed using an EthoVision XT algorithm. This
algorithm calculates the index of spontaneous alter-
ations: the number of alterations, Alt (the number of
trajectory segments where the animal passed neighbor-
ing zones of the open field, except for the central one, in
succession); the maximum number of alterations, mAlt
(difference between the total number of zones the ani-
mals visited irregularly and the number of zones select-
ed for analysis without one zone); index of alterations
or index of stereotypy, IAlt (percentage of the number
of alterations to the maximum number of alterations).

IAll = Alt/mAlt X 100%

The beam balance test was used to evaluate motor co-
ordination. The mice were placed with all 4 limbs at the
beginning of a smooth circular wooden rod (diameter,
10 mm; length, 100 cm) elevated 80 cm above the floor.
The animal's body was oriented along the rod. A flat
rectangular platform (15 % 15 cm) was placed at the op-
posite end of the rod. The animals were trained to walk
along the rod before the experiment. During the test,
the total traversal time (from the beginning of the rod to
the platform) and the number of paw slips (errors) and
falls were recorded.

The ladder rung walking test assessed fine motor skills
and motor coordination. The mice were placed at the
beginning of a ladder with 2 mm diameter metal bars
spaced 1.5 cm apart and inclined at an angle of 15°. The
home cage was at the beginning of the ladder. The ani-
mals were trained to walk the ladder before the experi-
ment. During the test, the walking time and the number
of paw slips (errors) were recorded.

Material harvesting

The mice were euthanized by cervical dislocation. The
brain was extracted on ice, dissected (striatum, brain-

Ouabain-induced motor dysfunction in mice

stem, cerebellum, and hippocampus), and frozen in
liquid nitrogen. The material was stored at —80°C.

Determination of Na*/K*-ATPase activity

Na*/K*-ATPase activity was determined using inor-
ganic phosphate accumulation. All procedures were
performed on ice. The weighed tissue was homoge-
nized using the Schuett Homgenplus homogenizer
(SchuettBiotec GmbH) in 10-fold volumes of ex-
traction buffer (0.25 M sucrose, 1 mM EDTA, 20 mM
Tris, pH 7.45) that contained protease and phosphatase
inhibitor cocktails (1 : 1000, Sigma) added immedi-
ately prior to use. The homogenate was centrifuged for
2 minutes at 4°C and 1000g. The supernatant was
transferred to a separate tube and centrifuged again for
15 minutes at 4°C and 10 000g. The synaptosomal frac-
tion was resuspended in isolation buffer and stored at
—80°C. Asmallvolume ofthe sample waslysed with RIPA
buffer (Sigma) that contains protease and phosphatase
inhibitor cocktails, and the protein concentration was
determined using DC Protein Assay Kit (Bio-Rad). The
synaptosomal fraction with a protein concentration of
2 pg/uL was incubated with 0.065% sodium deoxycho-
late for 30 minutes in cold water bath. The obtained
Na*/K*-ATPase preparation was added to the reaction
medium (130 mM NaCl, 20 mM KCI, 3 mM MgClL,
30 mM imidazole, pH 7.5) to a final concentration of
0.05 pg/uL. A saturated solution of ouabain dissolved
in the reaction buffer was used to measure the activi-
ty of other ATP-dependent enzymes. The reaction
was started by adding 3 mM ATP, after which the re-
action mixture was incubated for 15 minutes at 37°C.
The reaction was stopped by adding 0.1 mL of cooled
3 M acetate buffer (pH 4.3) containing 3.7% formalde-
hyde. To determine the amount of inorganic phosphate
released, 0.02 mL of 2% ammonium heptamolybdate
and 0.02 mL of freshly prepared 0.3% tin (1) chloride
solution were added to the sample. The samples were
thoroughly vortexed and incubated for 10 minutes. The
optical density of the solution was measured at 735 nm
using the Synergy H1 plate reader (BioTek). The Na*/
K*-ATPase activity was calculated using the difference
between the optical density in the test sample and that
in the sample with the saturated ouabain solution.

Western blotting

Tissue samples were lysed in RIPA buffer (Sigma) with
the addition of protease and phosphatase inhibitors
(1:1000, Sigma). The resulting lysate was centrifuged at
14 000g at 4°C for 20 minutes, then the supernatant was
collected, and the protein concentration was measured
using the DC Protein Assay Kit (Bio-Rad). Proteins
were separated by polyacrylamide gel electrophoresis
according to Laemmli. Then the proteins were trans-
ferred to a PVDF membrane (Whatman) and incubat-
ed with antibodies according to the manufacturers' in-
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structions. For the analysis, we used primary antibodies
to p-Akt (Serd473), Akt, p-ERK1/2 (Thr202/Tyr204),
ERK1/2, Bak, Bax, Bcl-2, Bcl-xL (Cell Signaling
Technology), pJNK (Thr183/Tyr185), JNK, NR2B,
GAPDH and B-actin (Santa Cruz Biotechnology),
NKA ol a6F (DSHB), and NKA o3 (Thermo Scien-
tific) and horseradish peroxidase-conjugated secondary
anti-rabbit and anti-mouse antibodies (Cell Signaling
Technology). The membranes were developed using
SuperSignal West Femto Maximum Sensitivity Sub-
strate (Thermo Scientific). Luminescence was detec-
ted using ChemiDoc MP Gel Documentation System
(Bio-Rad), and its intensity was calculated using Image
Lab 6.0.1 (Bio-Rad). Kinase activation was evaluated
by the ratio between the intensity of the bands of the
phosphorylated form of the kinase and the intensity of
the bands of its total form (phosphorylation level).

Statistical analysis
Statistical analysis was performed using the Graph-

Pad Prism 7 software. Data are presented as arithme-
tic mean * standard error of the mean (mean=* SEM).
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Data were analyzed using ¢ test and 1-way or 2-way
ANOVA with Tukey test and preliminary Shapiro—Wilk
test. Differences were considered significant at p <0.05.

Results

Motor dysfunction and locomotor activity in mice after
ouabain injection

The effect of ICV injection of 1.5 pL of 50 uM (75 pmol,
43.8 ng) ouabain on the neurological status and locomo-
tor activity of the animals was evaluated 24 hours after
4-day ouabain administration. To assess the neurological
status of the animals, the beam and ladder rung walking
tests were used.

The ladder rung walking test performed at 24 hours af-
ter 4-day ICV administration in ouabain-treated mice
took 1.6 times longer (p=0.045) with 3 times more
errors (p<0.028) compared with the control animals
(Fig. 1, A). On day 5, the beam balance test duration
in the ouabain-treated group doubled (p< 0.031) with
a 3.6-fold increase in the number of errors (p<0.02)

3_ *

" 1

Control QOuabain

—_

Control Ouabain

D

Fb% 1. The effect of 4-day ICV ouabain administration to C57BI/6 mice (z=5) on the traversal time (4), the number of errors in ladder rung walking test

%_ distance (C), the number of errors in the beam balance test (D).
he data are presented as mean = SEM; *p<0.05.

44 AHHaJIbl KITMHNYECKOW 1 akcrnepumeHTanbHol Hesponorum. 2023. T. 17, N2 4. DOI: https://doi.org/10.54101/ACEN.2023.4.5



ORIGINAL ARTICLES. Experimental neurology

5+ *
4_
v 3_
(7]
2
5
2_
'| .
0
Control Ouabain
A

Ouabain-induced motor dysfunction in mice
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Fig. 2. The effect of 4-day ICV ouabain administration to C57Bl/6 mice (n=>5) on motor activity (4) and IAlt (B) values acquired from the 20-minute open

field test.
The data are presented as mean = SEM; *p<0.05.

compared with the controls. Based on the data presen-
ted, it could be hypothesized that multiple injections of
ouabain in C57Bl1/6 mice result in disrupted ability of
keeping body balance and fine motor impairments.

To assess locomotor activity 24 hours after 4-day
ouabain administration, a 20-minute open field test was
performed where the motor function of the animals was
evaluated based on the average walking speed. To assess
stereotypic behavior, we calculated IAlt values.

The mice motor activity expressed as average walk-
ing speed at 24 hours after 4-day ICV ouabain ad-
ministration showed a 1.9-fold increase (p=10.029)
in comparison with the controls (Fig. 2, A). The IAlt
value in the open field test performed 24 hours after
4-day ouabain administration in the ouabain group
was 7 times higher than that in the control group
(p=0.036; Fig. 2, C), which means that stereotyped be-
havior in the ouabain-treated mice was more manifest-
ed. Based on the data presented, we may suggest that
multiple ouabain injections result in the increased mo-
tor activity and stereotyped behaviors persisting on day
1 after the last injection, also with ataxia development.

Effects of ouabain on catalytic activity
of the Na*/K*-ATPase in the mouse brain

To evaluate the effects of ouabain on the CNS of
C57BIl/6 mice, it is necessary to determine how the
dose administered via ICV affects the catalytic activity
of the Na*/K*"-ATPase in various parts of the animal
brain. Na*/K*-ATPase activity was measured in a crude
synaptosomal fraction of the striatum, hippocampus,
brainstem, and cerebellum in the control group and
10 and 30 minutes after ouabain injection.

The Na*/K*-ATPase activity measured at 10 minutes af-
ter ouabain injection in the synaptosomal fraction of the

animal striatum showed a 1.4-fold increase (p<0.05).
There was no significant difference in activity levels at
30 minutes after the injection compared with the con-
trol group (Fig. 3, A). 5 mM ouabain-resistant Na*/K*-
ATPase activity was 4.1 uM Pi/mg protein/min.

Na*/K*-ATPase activity in the synaptosomal fraction
derived from the hippocampus at 10 and 30 minutes af-
ter ouabain injection was not significantly different from
the control group (Fig. 3, B). The enzyme activity resis-
tant to inhibition by 5 Mm ouabain was 4.1 uM Pi/mg
protein/min.

Activity of Na*/K*-ATPase in the synaptosomal frac-
tion derived from the animal brainstem measured
at 10 minutes after ouabain administration was not sig-
nificantly different from the control. Activity level mea-
sured at 30 minutes after the administration showed
a 1.8-fold decrease (Fig. 3, C; p<0.05). The enzyme
activity resistant to inhibition by 5 Mm ouabain was
5 uM Pi/mg protein/min.

Based on the data obtained, we may conclude that ICV
injection of 1.5 pL of 50 uM ouabain into the lateral
cerebral ventricle results in a short-term increase of
Na*/K*-ATPase activity levels in striatum at 10 minutes
after the injection and a decrease in enzyme activity in
the animal brainstem at 30 minutes after the injection.

Effects of ouabain on activation of intracellular signaling
kinases and on protein content in mouse striatum

Earlier studies show that a single ICV injection of 50 pM
ouabain induces Akt and ERK1/2 activation [16]. Pri-
mary cerebral cortex neuron culture assays proved that
long-term exposure to ouabain (6—18 h) induces the
inactivation of another MAP-kinase: JNK [7]. To find
out the effects of multiple ICV ouabain injections on
the activation of intracellular signaling pathways associ-
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Fig. 3. The ouabain effects on Na*/K*-ATPase activity in the synaﬂtosomal fraction derived from the striatum (4), hippocampus (B), brainstem (C), and

cerebellum (D) in C57BIl/6 mice (n=5) at 10 and 30 minutes after t
The data are presented as mean = SEM; *p<0.05.

ated with dopamine receptors and with earlier-studied
effects of ouabain, the activation of Akt, ERK1/2 and
JNK kinases after once daily 4-day administration of
50 uM ouabain in the animal striatum was evaluated.
The analyses were performed on day 5 and 24 hours
after the last ouabain administration. Activation of the
kinases was evaluated by comparing the ratio of phos-
phorylated kinase level to the level of its nonactivated
form in the controls and the ouabain-treated animals
using Western blotting.

Once daily 4-day 50 uM ouabain administration result-
ed in a decrease of Akt activationin the animal striatum
(»<0.05) measured 24 hours after the last injection by
62.2% compared with the control group (Fig. 4, A). At the
same time, ERK1/2 and JNK activationcompared to the
controls did not change (Fig. 4, B, C). Based on the data
obtained, we can conclude that the long-term effects of
ouabain do not include alterations in ERK1/2 and JNK
MAP kinases activation. Still, it is possible to assume that,
as a result of the treatment, intracellular signaling path-
ways switch to a “slow” response to activation of dopa-
mine receptors leading to Akt kinase inactivation [34].

46

e ICV injection into a lateral cerebral ventricle.

Data obtained from the primary rat neuron cultures
show that ouabain can reduce the levels of NMDA-re-
ceptor subunits (NR2B) [35]. It was hypothesized that
multiple ouabain injections may alter Na*/K*"-ATPase
levels along with the levels of NMDA-receptor inter-
acting with this enzyme. To check this hypothesis,
we evaluated the impact of ICV ouabain injection on
the levels of al and o3 isoforms in Na*/K*-
ATPase a subunit and on the levels of NR2B subunits in
NMDA-receptors in the striatum of mice.

Multiple injections of ouabain did not affect the Ie-
vels of al and a3 isoforms in Na*/K*"-ATPase o sub-
unit (Fig. 5, 4, B). NR2B subunit levels in NMDA-re-
ceptors in the mouse striatum measured in the ouabain
group 24 hours after the last injection decreased by
37.4% (P<.05) compared with the controls (Fig. 5, C).

Although according to the data obtained earlier, a single
ICV injection of 50 uM ouabain does not induce neu-
ronal apoptosis [16], it was hypothesized that multiple
injections of 50 uM ouabain may result in disrupted ho-
meostasis of the proteins regulating the mitochondri-
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al pathway of apoptosis. To check this hypothesis, we
studied the effect of once-daily 4-day administration of
50 uM ouabain on the levels of Bcl-2 family proapo-
ptotic and antiapoptotic proteins in the striatum at
24 hours after the last injection.

As shown in Fig. 6, once-daily 4-day administration of
50 uM ouabain does not affect the levels of Bak, Bax,
Bcl-2, and Bcl-xL proteins in the striatum, measured
24 hours after the last injection, compared with the con-
trols. Thus, we can conclude that either ouabain appears
to lack neurotoxicity for the striatum within the given
experiment design, or its neurotoxicity is not associated
with the alteration of the principal Bcl-2 family proteins
regulating the mitochondrial pathway of apoptosis.

Discussion

To assess the body balance and fine motor skills, the
ladder rung walking test and the beam balance test were
used. In both tests the ouabain-treated animals made
significantly more errors and needed more time to
complete the tests compared with the controls. These
findings may indicate that long-term administration
of ouabain may impair balance and fine motor skills.
These tests are used to assess a wide range of motor
dysfunctions in PD animal models [36, 37]. A single
ouabain injection in rodents has been already shown
to result in mania-like behavior [16]. However, these
kinds of deficits were not observed in animal models of
mania [38], which suggests the occurrence of function-
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al or organic deficits in the dopaminergic system in re-
sponse to multiple injections of ouabain in a non-toxic
concentration.

As a single ouabain injection resulted in an increase of
both motor activity and stereotypic behaviors induced
by the activation of D2-mediated intracellular signaling
pathways [16], we studied the effect on fine motor skills
and motor function of the animals, and on activation of
dopamine-mediated intracellular signaling pathways in
4-day ICV ouabain treatment. The motor activity and
stereotypic behavior were evaluated in the open field
test 24 hours after the last ouabain administration, and
were more pronounced than the corresponding criteria
in the control group. These effects did not emerge after
a single ouabain injection [16].

There are studies indicating that lower concentrations
of CTS can cause increased Na*/K*-ATPase activity.
[3,4] It has been shown that the Na*/K*-ATPase is
present in inactive tetrameric complexes on the cell
membrane and ouabain binding to one of the en-
zymes promotes the breakdown of this complex [4].
The breakdown of the tetrameric complex results in
enzyme release and activation, increasing the total
effective Na*/K*-ATPase activity in the cell. The in-
crease of effective Na*/K*-ATPase activity in striatum
registered at 10 minutes after ICV ouabain injection
suggests the penetration of a low ouabain dose into the
striatum causing alterations in the signaling function
of the Na*/K*-ATPase, without reducing its activi-
ty. Increase of enzyme activity might be mediated by
other mechanisms, such as protein recruitment into
the cell membrane. On the contrary, decreased en-
zyme activity in the brainstem observed at 30 minutes
after the injection implies higher ouabain concentra-
tions in this part of the brain. However, it is impos-
sible to specify which concentrations of CTS reach
certain parts of the brain without measuring its levels
in the brain samples using mass spectrometry. It could
be suggested that similar effects in the human brain
would appear with substantially lower CTS concentra-
tions than the ones used in this experiment because
the Na*/K*-ATPase o subunit al, 02, and o3 isoforms
in humans are by 1-2 orders of magnitude more sensi-
tive to ouabain than in mice (based on the results ob-
tained in various studies) [39, 40].

Based on increased Na*/K*-ATPase activity in the
striatum, we can assume that ouabain reaches this part

Ouabain-induced motor dysfunction in mice

of the brain in low concentrations following admin-
istration, and affects the Na*/K*-ATPase signaling
function. It is known that mania-like behavior in mice
induced by a single ouabain injection is associated
with ERK 1/2 and Akt kinase activation [16] and that
activation of these pathways is mediated by D2 dopa-
mine receptors. We can suggest that decreased Akt ac-
tivation followed by GSK3p-kinase activation occurs
due to the activation of a slower pathway regulated by
B-arrestin [34].

Higher concentrations of CTS can cause nonspecific
cell death by activating apoptotic signaling pathways.
[41] To exclude this process, we assessed the antiapo-
ptotic (Bcl-2, Bcl-xL) and proapoptotic (Bak, Bax)
protein levels in the mouse striatum. The absence of
significant alterations in the protein levels indicates that
CTS concentrations used in this study did not activate
the mitochondrial apoptosis pathway.

The reduced levels of the NMDA-receptor NR2B sub-
unit in the mouse striatum after 4-day administration
of 50 uM ouabain correspond to the data obtained ear-
lier using primary cultures of rat cerebellum cells [35].
This effect may explain earlier findings made by other
researchers, which demonstrated an ouabain-induced
decline in spatial memory in rats [15], because NR2B
subunits are known to play an important role in mem-
ory formation [42, 43]. The lack of change in Na*/K*-
ATPase al and o3 isoform levels indicates that the long-
term physiological effects of ouabain are not associated
with alterations in total Na*/K*-ATPase quantity.

Conclusion

Once daily 4-day aadministration of 50 pM ouabain in
C57B1/6 mice causes hyperlocomotion which persists
on day 5 of the study and is associated with impaired
motor coordination. The behavior alterations observed
are caused by altered dopaminergic transmission, pre-
sumably accompanied by the activation of a slower
B-arrestin pathway and by reduced Na*/K*"-ATPase
activity in the brainstem. At the same time, Na*/K™-
ATPase activity increases in the striatum.

The results presented in this study show that long-term
exposure of the CNS Na*/K*-ATPase to CTS causes
dopaminergic system dysfunction, and suggest the pos-
sibility of managing dopaminergic disorders via phar-
macological regulation of the Na*/K*-ATPase.
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