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ABSTRACT
The role of Na'/K'-ATPase o subunit isoforms in brain tissue hydration and [*H]-ouabain binding to cell membrane were
investigated in three age groups of rats. In brain cortex, subcortex and cerebellum tissues the variation of water content and
[*H]-ouabain binding to cell membrane were defined by means of dose-dependent [*H]-ouabain solutions. The obtained
results showed that the initial quantity of water in cortex tissues of all animal groups was higher than in subcortex and
cerebellum tissues. Age-dependent tissue dehydration in all three zones of brain was due to inhibition of Na"/K" pump
activity. The study of [*HJ-ouabain dose-dependent effect on brain tissues showed that the curves of hydration sensitivity
mainly consisted of six components where the isoforms of high affinity (0;) were more sensitive. These results allow
concluding that there may be minimum six metabolic mechanisms involved in cell volume regulation. The curves of dose-
dependent ouabain binding consists of three components corresponding to Na'/K' pump isoforms (o, o, a3). The age-
dependency of these isoforms (mainly of high affinity ones - o;) were more expressed in brain cortex tissue of adult animals
than in their subcortex and cerebellum tissues. The high affinity o3 isoforms were depressed in brain tissues of old rats. Thus,
the obtained data allow concluding about the primary role of Na'/K'-ATPase high affinity as isoforms in brain tissue

dehydration and ouabain binding.
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INTRODUCTION

The important physiological role of water in cell functional
activity is well known and widely accepted but its messenger
role in generation of various diseases has not been paid an
adequate attention to. It is also noted that ageing-induced
nerve disorders are accompanied by tissue dehydration in
living objects. The role of cell hydration in memory
processes, as well as the role of cell volume controlling
metabolic mechanisms in neuronal dysfunctions has not
been investigated in detail.

Our early works have shown that cell hydration depends on
the ratio of cell membrane proteins characterized by
different properties [1-3]. Cell swelling (over hydration)
increases the functionally active membrane receptors, while
its shrinkage (dehydration) has opposite effect. On the basis
of these data cell swelling has been considered as a primary
messenger switching on the intracellular signaling system
through which the protective reaction of cells is realized.

Among the number of mechanisms involved in cell volume
regulation, Na"/K" pump has the basic role [1-5]. The main
pathways regulating its activity are the enzymatic systems
connected with ATP-utilization and the ion transporting

mechanism through Na‘/Ca®" exchange [5-7]. Detailed
investigations have shown that this ionic exchange is
regulated by means of Na'/K'-ATPase high affinity (a3)
receptors, while the Na'/K* pump activity - through low
affinity (o) isoforms [8-12].

Taking into account the fact that ageing [13,14] can be
considered as a consequence of the Na'/K' pump
dysfunction leading to decontrolling of tissue hydration, the
purpose of our study was to investigate the variation of brain
tissue hydration and the role of Na'/K'-ATPase isoforms in
three age groups of rats.
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MATERIALS AND METHODS
Animals

The experiments were performed on three separate groups of
albino rats: young (6 weeks old), adult (18 weeks old) and
old (18 months old) weighing 35-40 g, 100-120 g and 250-
300 g, respectively. The animals were regularly examined,
kept under control of the veterinary in LSIPEC and reserved
in a specific pathogen free animal room under optimum
conditions of 12 h light/dark cycle at 22 + 2°C and the
relative humidity of 50%. They were fed ad libitum on a
standard lab chow and water.

Chemicals

Tyrode’s physiological solution (PS) containing (in mM)
137 NaCl, 5.4 KCl, 1.8 CaCl,, 1.05 MgCl,, 5 C¢H;,04, 11.9
NaHCO;, 0.42 NaH,PO, and adjusted to pH 7.4 with NaOH
was used. All chemicals were obtained from “Medisar”
Industrial Chemical Importation Company (Yerevan,
Armenia). The [3H]-ouabain with specific activity 25.34
Ci/mM (PerkinElmer, Massachusetts, USA) from 10™"' M to
10* M dissolved in PS was used for intraperitoneal (i/p)
injections. The volume of injected solution was adjusted
according to the weight of animals (0.02 ml/g).

Experimental design

The experiments were carried out in in vivo conditions on
young, adult and old rats. In the first series of experiments
the dynamics of hydration changes in brain tissues of all
animal groups was investigated. For this the animals of
young (n=3), adult (n=3) and old (n=3) groups were i/p
injected by PS (as a control).

In the second series the data of the first series were
compared with that of the second one. The new animal
groups were chosen of the same number (n=3) and i/p
injected by [3H]-ouabain at 10 M ouabain.

For the third series of experiments new three aged animal
groups were taken and every group was divided into 8
subgroups (3 animals in each) according to each used
ouabain dose. These animals were i/p injected by
corresponding dose of [3H]-ouabain (from 10" M to 10™
M). As a control 8 subgroups of young as well as old
animals were chosen and i/p injected by PS.

Tissue preparation

It is well known that the anesthetics with different chemical
and pharmacological profiles significantly affect metabolic
processes, which play an important role in regulation of cell
volume [15-17]. Therefore, after the 15th min of i/p injection
the animals in each series of experiments animals were
sharply immobilized by freezing method (dipping their noses
into liquid nitrogen for 3-5 s) [18] and decapitated. After
such a procedure the full absence of somatic reflexes on
extra stimuli was recorded.
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The tissues of brain cortex, subcortex and cerebellum were
isolated. From each animal of all groups 4 samples of each
tissue were taken (12 samples from each tissue), washed
three times in PS at 20°C and weighed. The protocol of
experiments was the same for young, adult and old animals.
All data were received from three independent experiments.

Definition of water content of brain tissues

The water content of isolated tissue samples was determined
by traditional “tissue drying” method [23]. After measuring
the wet weight (w.w.) of tissue samples they were dried in
oven (Factory of Medical Equipment, Odessa, Ukraine) for
24 h at 105°C for determination of dry weight (d.w.). The
quantity of water in 1 g of d.w. tissue was counted by the
following equation: (w.w.—d.w.)/d.w.

Counting of [3H]-ouabain receptors in the membrane

The tissue samples from in vivo experiments, which were
subjected to [3H]-ouabain, were homogenized in 50 ul of
68% HNOs; solution after determination of wet and dry
weights. Then 2 ml of Bray’s scintillation fluid was added
and chemoluminescence of samples was quantified with
1450-MicroBeta liquid scintillation counter (Wallac, Turku,
Finland). The number of [3H]-ouabain molecules’ binding
with cell membranes was defined per mg of dry weight of
samples. The same procedure (the definition of the number
of [3H]-ouabain molecules) was performed on the tissue
samples from in vitro experiments after removing them from
the oven and determining wet and dry weights.

STATISTICAL ANALYSIS

Microsoft Excel and Sigma-Plot (Version 8.02A, NY, USA)
were used for data analyses. The statistical significance in
comparison with the sham group was calculated with
Student’s t-test with the following symbols (*p<0.05;
**p<0.01; ***p<0.001).

RESULTS

In the first series of experiments the dynamics of hydration
changes in brain tissues of all animal groups was
determined. On Figure 1 the variation of initial water
content in tissues of three brain zones was presented in
condition of active Na'/K" pump. As can be seen, the initial
water content in the tissues of young animals was higher
than in adult and old ones. In addition, it is worth to note that
the initial water content in cortex tissue was higher than in
subcortex and cerebellum tissues in all age groups.
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Figure 1. Age-dependent initial level of water content in
brain tissues (cortex, subcortex and cerebellum) of young,
adult and old rats after i/p injection of PS. The ordinate
indicates the mean value of tissue water content. As a
control the data of young animals was taken. Each bar
represents the mean + SEM (n=15). The symbols (**) and
(***) indicate P<0.01 and P<0.001, respectively. All data
were obtained from three independent experiments.

As ageing is considered as a consequence of the Na'/K"
pump dysfunction leading to decontrolling of tissue
hydration, in the second series of experiments the age-
dependent dynamics of Na'/K™ pump-dependent tissue
hydration was studied [13,14]. The data presented on Figure
2 demonstrate that 10 M [3H]-ouabain (inhibitor of Na'/K*
pump) led to total hydration in all brain zones (Figures 2A-
2C) as compared to control data (Figure 1). It should be
noted that 10™* M [3H]-ouabain-induced tissue hydration was
less pronounced in young animals than in adult and old ones
(Figures 2D-2F).

These data are in harmony with the research data [11,19,20]
indicating that in early postnatal period of development,
Na"/K" pump expression is rather weak and it increases
during the period of maturation. It is also worth to define
that in adult animals, cortex tissue hydration is higher than in
subcortex and cerebellum (Figures 2D-2F).
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Figure 2. Age-dependent effect of 10* M [3H]-ouabain on
brain tissue water content (A, B, C) in three animal groups.
The animals of experimental group were i/p injected by 10
M [3H]-ouabain. The ordinates indicate the mean value of
tissue water content. As a control data, the corresponding
mean values of water content presented on Figure 1 were
taken. Figures D-F determines the difference between water
content received from control and ouabain-poisoned data.
Each bar represents the mean = SEM (n=12). The symbols
(*), (**) and (***) indicate P<0.05, P<0.01 and P<0.001,
respectively. All data were obtained from three independent
experiments.

In the third series of experiments the correlation between
dose-dependent [3H]-ouabain binding and brain tissue
hydration was examined in all animal groups. It would let us
clarify the role of Na'/K'-ATPase different isoforms (a3, a,
and o;) in age-dependent changes of tissue hydration. It
should be noted that o5 isoforms are agonist to 10 M to 10"
M ouabain, o, isoforms is agonist to 108 M to 107 M
ouabain and a, isoforms are agonist to 10° M to 10* M
ouabain [10].

The dose-dependent ouabain effect on tissue hydration in
young and old animals is clearly seen on Figures 3A-3C,
where the dependence of ouabain-induced effect is
compared with the control one. On Figure 3 every point
shows the difference between the mean value of water
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content in the tissues of control and ouabain-poisoned

Apyrapetyan S, Nikoghosyan A & Heqimyan A

animals depending on the ouabain dose.
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Figure 3. The effect of [3H]-ouabain on cortex (A), subcortex (B) and cerebellum (C) tissue hydration in two age animal
groups. The continuous lines present the effect of ouabain in young animals and the dotted ones — the effect in the tissues of
old animals. The abscissas indicate ouabain doses, the ordinates — the difference between the mean values of water content in
tissues of sham and ouabain-poisoned animals. Each bar represents the mean + SEM (n=12). The symbols (*), (**) and (**%*)
indicate P<0.05, P<0.01 and P<0.001, respectively. All data were obtained from three independent experiments.

If comprehensively considering the curves of the dose-
dependent ouabain effect on brain tissue hydration ranging
from 10" M to 10* M, 6 different components can be
identified, which are 10"'-10"° M, 10"° M-10” M, 10° M-
10° M, 10 M-10" M, 107 M-10° M, 10° M-10* M. On the
curves of young animals the ouabain effect in the range of
ouabain at 10" M to 10° M in all investigated tissues was
more sensitive and higher, especially at 10° M, with the
expressed hydration in tissues. The similar effect (at ouabain
10° M) was also observed in brain cortex tissues of old
animals. It must be noted that in all tissues of old animals the

effect of ouabain at 10""' M was more sensitive than at 10"
M (the relative hydration compared to dehydration). All the
other doses of ouabain in tissues of young as well as of old
animals were led to dehydration effect.

On Figures 4A-4C the data of dose-dependent [3H]-ouabain
effect in brain tissues of three animal groups are shown. On
the curves of ouabain binding in the tissues of young
animals (Figure 4A) three parts corresponding to the next
concentrations of ouabain (10™'-10 M, 10°-107 M and 10°
7-10* M) are obviously distinguished.
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Figure 4. The number of ouabain molecules as a function of [3H]-ouabain different concentrations in brain cortex, subcortex
and cerebellum tissues of young (A), adult (B) and old (C) animal groups. The abscissas indicate [3H]-ouabain
concentrations, the ordinates are logarithmic and define the number of ouabain molecules in tissues. Each point on curves is

the mean + SEM for three independent experiments.
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These data are confirmed by the literature data on the
existence of three types of Na'/K'-ATPase a catalytic
subunits (03, o, and a,) in excitable cell membrane [10]. As
for the adult animals (Figure 4B) on their brain cortex curve
of ouabain binding three part of receptors were not sharply
identified, but on the curves of subcortex and cerebellum
there were three different parts as in the similar curves of
young animals. It must be noted that the number of ouabain
molecules was much higher in brain cortex tissue than in
subcortex and cerebellum ones (Figure 4B). It should be
noted that in cortex tissues of adult animals the kinetics of
[3H]-ouabain binding was distinctly high in the range of o;
isoforms (10"'-10® M). Besides, on the curve of brain
cortex tissue the three parts of receptors were not distinctly
expressed as in the curves of subcortex and cerebellum
tissues and the o5 isoforms were more dependent on ouabain
dose than a, or a;.

On the curves of ouabain binding of old animals the dose
dependency was not visible (Figure 3C), which indicates
their dysfunction. As for the appearance of Na'/K'-ATPase
isoforms, it must be noted that the part of a3 isoforms was
highly expressed.

DISCUSSION

According to a number of studies it is a proven fact that the
metabolic control of cell volume is a dynamic parameter
regulating various functions of the cell [4,21-23]. It is also
known that neuronal dehydration in old animals is a reliable
indicator of increasing frailty, progressive deterioration in
cognitive function and an overall reduction of life quality
[24-27]. However, the weak knowledge on the detailed
metabolic mechanism(s) controlling cell hydration in ageing
is the main barrier in understanding its role in the
dysfunction of cognitive processes in brain. As Na'/K" pump
dysfunction can be considered as one of the reasons for
ageing, in the present study an attempt was made to find out
the individual role of Na'/K' pump different isoforms
[10,11] in generation of age-dependent dehydration in brain
tissues of rats.

The data obtained in the present work indicated that water
content of brain cortex tissues was higher than that of
subcortex and cerebellum in all age groups (Figure 1).
Although the initial water content of the investigated tissues
of young rats was higher than in adult ones (Figures 1A-1C)
the 10* M ouabain-induced cell hydration (which is due to
Na'/K" pump inhibition) was significantly less than in both
adult and old (i.e., mature) animals (Figure 2D-2F). It is
supported by the fact that age-dependent changes of
ouabain-induced brain tissue hydration had bell-shaped
dynamics (young<adults>old), which is in harmony with the
literature data on the reciprocal relationship between the
expression of Na'/K" pump and Na'/Ca®" exchanger proteins
in neuronal development. In prenatal and early postnatal
periods the expression of Na'/Ca®™ exchanger proteins
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proteins increases, reaching to its maximum in adults and
then intervenes its dysfunction in ageing [10]. From this
point of view the high water content in brain tissues of
young animals can be explained by higher activity of
electrogenic Na'/Ca®* exchanger [10,11], while the brain
tissue dehydration in adult animals can be explained by
activation of electrogenic Na'/K" pump [5,20]. Therefore, it
was predictable that 10* M ouabain-induced inhibition of
Na'/K" pump led to lower hydration in brain tissues of
young than in mature animals (Figure 2).

The study of dose-dependent effect of ouabain on brain
tissue hydration demonstrated high sensitivity to ouabain.
According to these experiments it is possible to indicate that
the family of Na'/K"-ATPase isoforms is not homogenic and
minimum 6 components can be distinguished (Figure 3),
which allows to conclude that 6 mechanisms are involved in
cell volume regulation. Such heterogeneity within the family
of Na"/K"-ATPase a,, a,, a; isoforms indicates that ouabain
receptors having the same affinity are functionally connected
with different metabolic mechanisms involved in cell
volume regulation. However, the sensitivity of o3 isoforms
was pronounced in tissue hydration of both young and old
animals.

In contrast to the data of ouabain dose-dependent effect on
brain tissue hydration the results of dose-dependent ouabain
binding with cell membrane showed only three components
on curves which correspond to three Na'/K" pump isoforms
(04, 0y, a3) described in literature [9]. It is worth to note that
the data on age-dependent changes of ouabain molecules’
number could not be considered as a marker for changes of
expressed quantity of ouabain receptors in membrane,
because of age-dependent membrane lipid composition
changes, having strong modulation effect on membrane
receptors affinity to agonist. However, the dose-dependent
kinetics of ouabain binding with a;, oy, a3 receptors in brain
tissue of three age groups of animals, could give information
on age-dependent changes of their functional activity. The
range of o3 receptors (agonists of 10" M-10" M ouabain)
was more expressed in cortex tissues than in subcortex and
cerebellum ones.

It seems extremely interesting that the process of maturation
led to significant changes in ouabain binding in brain cortex,
while the changes in subcortex and cerebellum of adult
animals was negligible (Figures 4B and 4C), as in case of
hydration (Figure 2D). It can be explained by ageing-
induced increase of brain cognitive function in maturation,
in which cortex has a crucial role. The disappearance of
dose-dependent ouabain binding with as receptors (10™'-10?
M) in the investigated tissues of aged animals could be
interpreted as a marker for the dysfunction of these
receptors. Such a dysfunction can be explained by the
depression of their affinity in result of age-dependent
increase of intracellular Ca ions [28], having inhibitory

- .

prevails, while by ageing the expression of Na'/K" pump effect on Na /K -ATPase activity [21]. These data
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correspond to literature data that a; receptors have higher
affinity to intracellular Ca ions than o, and a; receptors [10].

CONCLUSION

The fact that the direct correlation between cell hydration
and ouabain binding was absent in the above-described
experiments indicates that the age-dependent depression of
ouabain binding cannot only be a result of cell dehydration-
induced decrease of ouabain receptors’ number in
membrane, but there are other age-dependent factors leading
to the decrease of ouabain receptor’s affinity to agonist. The
obtained data also indicate the involvement of intracellular
mechanisms in cell volume regulation with different
sensitivities to ouabain.
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