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Abstract Rapid eye movement sleep (REMS) modulates
Na-K ATPase activity and maintains brain excitability.
REMS deprivation (REMSD)-associated increased Na-K
ATPase activity is mediated by noradrenaline (NA) acting
on ol-adrenoceptor (AR) in the brain. It was shown that
NA-induced increased Na-K ATPase activity was due to
allosteric modulation as well as increased turnover of the
enzyme. Although the former has been studied in detail,
our understanding on the latter was lacking, which we have
studied. Male Wistar rats were REMS deprived for 4-days
by classical flower-pot method; suitable control experi-
ments were conducted. In another set, a1-AR antagonist
prazosin (PRZ) was i.p. injected 48 h REMSD onward. At
the end of experiments rats were sacrificed by cervical
dislocation and brains were removed. Synaptosomes pre-
pared from the brains were used to estimate Na-K ATPase
activity as well as protein expressions of different isoforms
of the enzyme subunits using western blot. REMSD sig-
nificantly increased synaptosomal Na-K ATPase activity
and that was due to differential increase in the expressions
of al-, a2- and a3-isoforms, but not that of Bl1- and B2-
isoforms. PRZ reduced the REMSD-induced increased Na-
K ATPase activity and protein expressions. We also
observed that the increased Na-K ATPase subunit expres-
sion was not due to enhanced mRNA synthesis, which
suggests the possibility of post-transcriptional regulation.
Thus, the findings suggest that REMSD-associated
increased Na-K ATPase activity is due to elevated level of
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o-subunit of the enzyme and that is induced by NA acting
on ol-AR mediated mRNA-stabilization.
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Introduction

Rapid eye movement sleep (REMS) is a unique stage of
sleep that is expressed in all higher-order vertebrates
including mammals [1, 2], although its quantity varies with
the progression of age [3]. REMS has been proposed to
serve house-keeping function of the brain by maintaining
the threshold of excitability of neurons to an optimum level
so that the physiological processes can be optimally and
dynamically controlled by the brain to maintain home-
ostasis [4, 5]. It also plays an important role in regulating
several other physiological processes including ontogeny,
brain maturation, synaptogenesis and interconnectivity
between brain areas [6-8]. REMS disturbance is reported
in several neurodegenerative and psychiatric disorders [9—
11]. REMS also plays a crucial role in the development and
integrity of the central nervous system, while its sustained
loss has been associated with many signs and symptoms
including increased anxiety, aggression, irritability, con-
fusion, loss of concentration, reduced memory consolida-
tion, increased sensitiveness to tactile stimuli and
decreased threshold for electroconvulsive shock in both
animal and human subjects [12—15].

The transmembrane potential gradient is responsible for
neuronal excitability, which is reflected due to differential
ionic distribution across the plasma membrane. We
hypothesized that one of the functions of REMS is to
maintain brain excitability, and it is achieved by modulation
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of the neuronal membrane-bound Na-K ATPase activity [16,
17]. The Na-K ATPase extrudes 3Na™ and simultaneously
imports 2 K™ at the cost of energy released by hydrolysis of
one ATP molecule in each cycle and maintains transmem-
brane potential gradient for optimum functioning of the
neurons [18, 19]. The importance of Na-K ATPase in
maintaining the ionic gradient is further emphasized by the
findings that disruption of the enzyme activity caused hyper-
excitability and severe alterations in neuronal functioning
[20, 21]. The Na-K ATPase is a transmembrane tetramer
having two each of a- and B-subunits that form a hetero-
dimer. The a-subunit possesses binding sites for Nat, KT,
ATP and ouabain (a specific Na-K ATPase inhibitor) and
plays catalytic role, whereas the B-subunit is the regulatory
subunit that helps in proper folding, assembly and trafficking
of the enzyme to the plasma membrane [22—24]. Both these
subunits have a number of isoforms which express in tissue
and development specific manner. It has been suggested that
due to higher excitability the brain tissue expresses most
isoforms of o-and B-subunits viz. a1, a2, a3 and B1, B2 [25-
27]. Therefore, it is likely that in brain the expressions of Na-
K ATPase subunits are likely to vary due to changes in
conditions and in a tissue-specific manner, which in turn
would affect the brain excitability.

REMS deprivation (REMSD) associated elevated nora-
drenaline (NA) acts on al-adrenoceptor (AR) and stimu-
lates Na-K ATPase activity [28, 29]. The intracellular
mechanism of its allosteric regulation has been worked out
to a reasonable extent [5]. However, as REMSD affected
both the K,, as well as the V. of the enzyme [30],
REMSD associated sustained increase in NA is likely to
modulate the Na-K ATPase transcription as well. As var-
ious isoforms of Na-K ATPase are expressed in the brain,
we investigated if REMSD differentially affected specific
isoforms of Na-K ATPase. Further, we also investigated if
the effects were mediated by NA and the subtype of the AR
involved in mediating the response.

Materials and Method
Chemicals

Tris-Base, noradrenaline (NA); o1-AR antagonist, prazosin
(PRZ); B-AR antagonist, propranolol (PRN); adenosine tri-
phosphate (ATP); Na-K ATPase inhibitor, ouabain; N,
N-dimethyl acetamide (N,N-DA) procured from Sigma-—
Aldrich, USA. Trizol® reagent; RNA-zap; TURBO DNA-
free kit (Ambion); power SYBER-PCR master mix (Ap-
plied Biosystems); Superscript-III first strand cDNA syn-
thesis kit (Invitrogen); were obtained from Life
Technologies, USA. Tricholoroacetic acid (TCA) and other
chemicals used were of analytical grade.
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Experimental Procedures

The experiments were carried out on healthy inbred male
wistar rats (220-250 g) obtained from the Central Animal
House Facility of the Jawaharlal Nehru University. The
experimental as well as each of the control groups had five
rats each and a total of 46 rats were used in this study. The
rats were housed in polypropylene cages with stainless
steel net lids, maintained under 12:12 light-dark cycle
(lights on at 7:30 AM) at controlled temperature
(25 £ 1 °C) and provided with free access to food and
water ad libitum. National Institute of Health guidelines for
care and use of laboratory animals were followed and the
experimental procedures were approved by the Institutional
Animal Ethics Committee of the Jawaharlal Nehru
University. Every effort was made to reduce pain and
discomfort to the animals and to minimize the use of
number of rats necessary to complete the study.

REMSD by the Classical Flower Pot Method

Rats were REMS deprived by the flower pot method, which
has been extensively used across the globe for such studies in
cats and rats [16, 31-33]. This method exploits the muscle
atonia exhibited by the antigravity muscles during REMS
[34]. We have standardised the method in rats and have been
using it for more than two decades. The details of the method
and its advantages and disadvantages have been reported and
reviewed earlier [5, 15]. In brief, the experimental rats were
maintained on a 6.5 cm diameter island single platform
surrounded by water in individual tanks. To rule out the
effects due to non-specific factors a group of animals were
maintained on an island of larger platform of 12.5 cm
diameter surrounded by water. Thus, these large platform
control (LPC) animals were maintained in identical condi-
tion as that of the experimental rats except that the platform
size was a little larger so that the LPC rats could experience
both the non-REMS as well as REMS. The diameters of the
platforms were selected based on animal weight [16, 35]. A
control set included rats deprived of REMS for 4 days (96 h)
and then they were allowed to recover from REMS loss for
3 days in their normal home cages, the recovery control
(REC). In another control group of normal rats were kept in
the same room in semi transparent cages, the free moving
control (FMC) rats. All rats had easy and ad libitum access to
food and water throughout the period of experiment. The
water tanks, used in the experiments for REMSD and con-
trols rats, were washed and cleaned one at a time daily at the
same time and the water replaced. The rats were maintained
individually in dry cages for about 10 min while respective
tank was cleaned; the rats were monitored to remain active
throughout this washing period as a sign that they did not rest
and fell sleep during this period.
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Intraperitoneal (i.p.) Injection of a- and f-AR
Antagonists

The rats were REMS deprived for 4 days. After 2 days of
REMSD while deprivation was continuing, on the third and
fourth day of deprivation 0.5 ml of either prazosin (PRZ)
(4 mg/kg) or propranolol (PRN) (10 mg/kg), an al- or a B-
AR antagonist was i.p. injected into the rats. PRZ was
dissolved in 20 % N,N-dimethylacetamide (N, N-DA),
while PRN was dissolved in saline.

Synaptosome Preparation

The synaptosomes were prepared from the rat’s whole
brain as has been described earlier in detail [29]. Briefly, at
the end of the experiments the REMS-deprived as well as
the control rats were quickly decapitated following cervical
dislocation. The brains were immediately removed and
homogenized in 10 volumes of ice-cold buffer containing
0.32 M sucrose, 12 mM Tris—HCI buffer (pH 7.4) and
1 mM EDTA. The homogenate was centrifuged at
3000x g (6000 rpm) for 5 min and the supernatant was
centrifuged for 20 min at 11,000xg (12,000 rpm). The
pellet obtained was resuspended in 1 ml of homogenizing
buffer and layered on to discontinuous sucrose gradient of
1.2 M and 0.8 M sucrose (4 ml each) and subjected to
ultracentrifugation at 25,000 rpm (105,000xg) for 2 h.
After ultracentrifugation the band obtained at the interface
of 1.2 M and 0.8 M sucrose was carefully retrieved, diluted
with homogenizing buffer and used as synaptosomes for
further studies. The protein concentration in the isolated
synaptosomal fraction from control and experimental ani-
mals was determined by Lowry’s method using bovine
serum albumin (1 mg/ml) as standard.

Estimation of Na-K ATPase Activity

The ouabain sensitive Na-K ATPase activity in the
synaptosomes prepared from control and experimental rat
brains were estimated by the method reported earlier in
detail [16, 29]. In brief, the reaction mixture contained
100 mM NaCl, 20 mM KCI, 5 mM MgCl,, 3 mM ATP
and 50 mM Tris (pH7.4). An aliquot (30—40 g protein) of
the synaptosome membrane fractions isolated each from
control and experimental (REMS deprived) rat brains was
separately incubated with the reaction mixture at 37 °C for
20 min; ATP was used as the substrate, while ouabain
(1 mM) was used as a specific blocker of Na-K ATPase.
The reaction was stopped by adding 1 ml of 10 % ice-cold
TCA and the mixture was centrifuged at 800x g for 5 min.
The supernatant was collected for estimation of released
inorganic phosphate following the method of Fiske and
Subbarow [36] using UV—Vis spectrophotometer (Perkin-

Elmer, USA). The released phosphate was an estimate of
ouabain sensitive Na-K ATPase activity, which has been
expressed as pmoles of Pi released/mg protein/h. The rel-
ative percentage change in specific Na-K ATPase activity
in the brains of rats deprived of REMS with reference to all
controls was calculated and represented as bar diagram.

Western Blotting

REMSD induced changes in relative abundance of Na-K
ATPase subunit isoforms in the synaptosomes prepared
from rat brain were estimated by western blotting and
compared statistically. Equal amounts (40 pg) of synapto-
somal protein from control and REMSD rats were separated
on polyacrylamide gel and transferred onto 0.45 pm nitro-
cellulose membrane (mdi, India) using a semi-dry transfer
apparatus (Bio-Rad, Australia). The membranes were
blocked in 5 % non-fat dry milk in Tris-buffered saline
(TBS) containing 0.1 % Tween-20 (TBS-T) for 2 h. This
was followed by 2 h incubation of the membrane with Na-K
ATPase subunit-specific rabbit polyclonal primary anti-
bodies (Upstate, USA); the concentration of the latter varied
from 1:1000 to 1:3000 while standardization. Anti-GAPDH
(ab2302, polyclonal chicken antibody, Millipore, USA,
1:2000) was used to as detect GAPDH in the same blot to
rule out possible loading error (loading control). The
membranes were then washed three times with TBS-T and
probed with horseradish peroxidase conjugated secondary
antibody (goat anti-rabbit, sc-3837, Santa Cruz Biotech-
nology, USA, 1:10,000; rabbit anti-chicken, A9046, Sigma,
USA, 1:10,000) for 1.5 h. All incubation and washings were
done at room temperature. The membranes were then
washed 3-times with TBS-T followed by with TBS and
subsequently developed following enhanced chemilumi-
nescence method using Clarity (Bio-Rad, USA). The rela-
tive changes in the band intensities of the desired Na-K
ATPase subunits were densitometrically estimated using
alpha image software (Alpha Innotech, USA).

RNA Isolation and Quantitative PCR (qPCR)

Total RNA from the controls and experimental (REMSD)
rat brains was extracted using Trizol® reagent. The con-
taminating DNA was removed from the isolated RNA by
DNase treatment using TURBO DNA-free Kit. Equal
(1 pg) amount of total RNA was reverse transcribed using
Superscript-111 first strand cDNA synthesis kit (Invitrogen,
USA). qPCR for different o-subunit isoforms of Na-K
ATPase was performed with power SYBR-PCR master
mix. Equal amount (1 pg) of cDNA, gene specific primers
(Table 1) and master mix were subjected to qPCR using
ABI Prism 7500 FAST Real-Time PCR system (Applied
Biosystems, USA). Fold change analysis was applied using
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Table 1 Sequence of gene

specific primers used for qPCR Rat gene

Primer sequence

Accession number

Na-K ATPase-ol F
Na-K ATPase-al R
Na-K ATPase-02 F
Na-K ATPase-02 R
Na-K ATPase-03 F
Na-K ATPase-a3 R
TBP F

TBP R

GAPDH F

GAPDH R

ACCTAAAGACCATTGCACTTCG
GCTCTCTTATTCTCATGATGACTGC
AGGTCGGTGTGAACGGATTTG
TGTAGACCATGTAGTTGAGGTCA

GCAGCGCTGGGATTAAGG NM_012504
GGCTTTGGCTGTGATTGGAT NM_012504
CTGCCATCTCATTAGCATACGAA NM_012505
AGTTCCGTGGCTGCCTCTT NM_012505
ACCCTTCCTTCTCTTCAT NM_012506
GTTGACCAGTTTGTCTGT NM_012506

NM_001004198
NM_001004198
NM_017008
NM_017008

the 224" method by averaging the mean values normal-
ized against GAPDH and TBP reference genes. The rela-
tive abundance of each mRNA was calculated and
expressed as treated versus control in comparison with
reference genes (GAPDH and TBP). The qPCR experi-
ments were repeated at least four times with three repli-
cates each.

Data Analysis

Statistical analyses were carried out using SigmaStat 3.5
(Jandel Scientific, San Rafael, CA, USA). For each experi-
ment the FMC value was taken as 100 % and relative changes
in all other controls (viz. LPC and REC) and experimental
samples (REMSD, REMSD + PRZ, REMSD + PRN) were
calculated. The percentage changes after REMSD (i.e.
experimental) as compared to FMC were statistically com-
pared with that of percentage changes of other control groups
viz. LPC and REC using one-way analysis of variance
(ANOVA). Significance levels were evaluated by applying
Post-hoc Holm-Sidak Test; p at least < 0.05 was taken
significant.

Results

Na-K ATPase Activity in the Rat Brain
was Increased After REMSD

After REMSD the Na-K ATPase activity significantly
increased in the rat brain synaptosomes compared to FMC
(Faas) = 21.66, p <0.001) and LPC (F( 14y = 11.39,
p < 0.01). The increase in activity returned to baseline
level (i.e. recovered) if the REMS deprived rats were
allowed to live in normal cages for 3 days to recover from
the lost REMS (F(; 14y = 16.20, p < 0.01) (Fig. 1). The
specific enzyme activities in rat brain synaptosomes in
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Fig. 1 Percent changes in ouabain-specific Na-K ATPase activity in
synaptosomes prepared from REMSD, LPC, REC, REMSD + PRZ
(a1-AR antagonist) and REMSD + PRN (B-AR antagonist) rat brains
as compared with FMC taken as 100 % are shown. The Na-K ATPase
activities of REMSD and REMSD + PRN group are statisticaly
significant as compared to FMC and other groups. ***p < 0.001,
**p < 0.01 significant compared with FMC and other controls.
Abbreviations are as in the text

controls, after REMSD and after various treatments have
been shown in Table 2.

REMSD Induced Increased Na-K ATPase Activity
was Mediated by NA Acting Through a1-AR

To evaluate if REMSD associated increased Na-K ATPase
activity was induced by NA and to identify the subtypes of
AR mediating the action of NA, the Na-K ATPase activity
was estimated in control as well as PRZ (a1-AR antago-
nist) and PRN (B-AR antagonist) treated REMSD rats. The
synaptosomal Na-K ATPase activity of REMSD + PRZ-
treated group was comparable with that of FMC, whereas
the REMSD + PRN-treated rats showed Na-K ATPase
activity significantly higher than FMC rats (F(j 2 =
62.83, p < 0.001) (Fig. 1; Table 2). The results confirmed
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Table 2 Ouabain-sensitive Na-K ATPase activity in synaptosomes
prepared from brains of rats under various conditions

Groups Na-K ATPase activity (UM Pi
released/mg protein/h)
(Mean + SEM)

FMC 11.54 £ 0.61 (N = 10)

LPC 12.23 £ 0.72 (N = 6)

REMSD 16.90 £ 0.97 (N = 10)
REC 11.45 £ 0.61 (N = 6)
REMSD + PRZ 12.96 £ 0.97 N = (10)

REMSD + PRN 19.52 £ 0.19 (N = 4)

The REMSD and REMSD + PRN are significantly higher as com-
pared FMC (*** p < 0.001), LPC (** p < 0.01), REC (** p < 0.01),
REMSD + PRZ (** p < 0.01). Numbers in parentheses are the
number of observations in the respective group. Abbreviations as in
text

that elevated Na-K ATPase activity upon REMSD was
induced by NA acting on al-AR.

Effect of REMSD on Protein Abundance of Na-K
ATPase Subunit Isoforms

The Na-K ATPase is a tetramer consisting of o- and B-
heterodimers and each has more than one isoforms. We
extended our study to evaluate the REMSD induced dif-
ferential and/or specific changes in protein abundance(s) of
different Na-K ATPase subunits and their isoforms. Protein
levels of regulatory [-subunit isoforms, B1 and B2,
remained unaffected after 96 h of REMSD in comparison
to FMC and other controls (Fig. 2). However, in contrast
the catalytic a-subunit isoforms, a1, o2 and o3, were found
to be significantly increased by 1.4-fold (F(425) = 3.526,

Fig. 2 Protein expressions of (a) FMC LPC

REMSD REC (b)

p < 0.01), twofold (F4 5y = 3.844, p < 0.01) and 1.4-fold
(Fa2s) = 6.989, p < 0.01), respectively, as compared to
that of the FMC. This increase in the expression of o-
subunit isoforms of Na-K ATPase was prevented if the rats
undergoing REMSD were treated with a1-AR antagonist,
PRZ (Fig. 3). The expressions of various subunits of the
Na-K ATPase in LPC group were comparable to that of the
FMC. The expression pattern of the REC group although
showed tendency of reduction compared to the REMSD
samples, it remained elevated compared to that of the FMC
suggesting the need of more recovery sleep for the Na-K
ATPase subunits to return to baseline i.e. FMC level.

Effect of REMSD on mRNA (gene) Expressions
of Na-K ATPase Isoforms

We evaluated whether REMSD associated increase in the
protein level of a-subunit of Na-K ATPase was due to its
enhanced synthesis (transcription). Total RNA was
extracted from controls and experimental rat brains after
96 h of REMSD and relative changes in mRNA expres-
sions of various isoforms of Na-K ATPase a-subunit were
estimated using qPCR. Interestingly, the mRNA expression
of none of the isoforms of a-subunit of Na-K ATPase was
significantly increased in samples prepared from 96 h
REMS deprived rat brains (Fig. 4a); the mRNA expres-
sions in all the controls were also comparable to FMC.

Effect of Duration of REMSD on Na-K ATPase
Isoform gene Expressions

To rule out temporal compensatory effect due to rebound,
if any, for not observing significant changes in the gene

FMC LPC REMSD REC

a B1- and b B2-Na-K ATPase
isoforms in brain samples of rats
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100 %. Abbreviations are as in
the text
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Fig. 3 Protein expressions of a al-, b a2-, and ¢ a3-isoforms of Na-
K ATPase o-subunit in the brain samples of rats under various
conditions are shown. Upper panel shows a representative western
blot of each isoform, while the histogram in the respective lower

expressions described above, we extended our study to
estimate mRNA expressions of all the isoforms of o-sub-
unit of Na-K ATPase after subjecting different groups of
rats to long and short period of REMSD. The rats were
REMS deprived for 24, 48, 96 and 144 h and total RNA
was extracted from brains of REMS deprived and FMC
groups of rats. Relative changes in various isoforms of o-
subunit of Na-K ATPase were estimated by qPCR. How-
ever, no significant change in mRNA expression of any of
the a-subunit isoforms (a1, o2 and o3) of Na-K ATPase
was observed in any of the samples studied (Fig. 4b).

Discussion

REMS is one of the complex processes exhibited by the
animals higher in evolution. Disturbed or loss of REMS has
been associated with several psycho-somatic disorders and
pathological conditions including schizophrenia, epilepsy,
mood disorder, memory loss, etc. [37-40]. Experimental
REMS loss has been correlated with loss of concentration
and memory consolidation, increased irritability, fighting
behaviour and altered neuronal firing rate [15, 41-43].
These led us to propose a unified hypothesis that REMSD
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panel shows percent changes in the mean (SEM) band densities of
the blots from 5-sets of experiments as compared to FMC taken as
100 %. ***p < 0.001; **p < 0.01, significant as compared to FMC
and other control. Abbreviations are as in the text

alters neuronal excitability and as a corollary the function
of REMS is to maintain brain excitability [4, 18]; however,
the underlying cellular mechanism for executing such
changes was unknown. As the Na-K ATPase plays a fun-
damental role in maintaining neuronal transmembrane
potential, the basis of neuronal excitability [44-46], and
disruption of this enzyme activity has been reported to alter
neuronal excitability [21]. Therefore, the Na-K ATPase
activity has been considered as a marker and an estimate of
altered brain excitability [5].

Although we do not know the precise function of
REMS, why has it evolved at least in higher animals and
why it continues to be expressed through evolution, con-
sistent research at least has given us reasonable insight on
the mechanism of neural regulation of REMS. REMS and
its loss (REMSD) are influenced by many factors including
hormones as well as neurotransmitters. Loss of REMS has
been shown to affect many physiological processes [47],
cell survival by inducing apoptosis and ionic imbalance
[48-50]. Findings from such studies led us to propose that
REMS maintains brain level of NA, which by modulating
Na-K ATPase activity maintains brain excitability and
thus, serves house-keeping function of the brain [5]. The
level of NA is elevated in the brain after REMSD (or



Neurochem Res (2015) 40:1747-1757

1753

Fig. 4 Relative fold changes in
mRNA level (obtained by
qPCR) of various isoforms of
Na-K ATPase a-subunit in the
rat brains under various

conditions as compared to FMC

taken as 1 are shown. The
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values have been presented after

normalization against GAPDH
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mRNA expression in FMC and
after REMSD for varying
durations are shown
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REMS loss) because (i) the activities of the NA-ergic
REM-OFF neurons in the LC, which normally cease firing
during REMS, continue to remain active during REMSD
[51]; (ii) experimental activation (or non-cessation of fir-
ing) of those neurons prevented REMS [52-54]; (iii)
inactivation of LC neurons increased REMS [55]; (iv)
expression of tyrosine hydroxylase (TH), which synthe-
sizes NA, is increased [56, 57]; (v) activity of monoamine
oxidase activity, which degrades NA, is decreased after
REMSD [58]. The elevated NA has been reported to induce
many of the REMSD-associated changes in the body,
including increased Na-K ATPase activity [5, 51]. As the
REMSD-associated increase in Na-K ATPase activity was
prevented by a1-AR antagonist, prazosin, it was concluded
that the effects were mediated by elevated level of NA as
reported earlier [5, 16]. Isolated reports are available that
other neurotransmitters also change in different brain
regions in relation to REMS and REMSD [Reviewed in
Ref#51], and such neurotransmitters may affect the Na-K
ATPase activity; however, correlation among them needs
systematic studies.

Adya and Mallick [30] reported that REMSD-associated
elevated NA increased K,, as well as V., of the Na-K
ATPase in the rat brain, thereby suggesting the possibility
of allosteric as well as transcriptional regulation of the
enzyme. Consistent and systematic studies although have
led us to understand the intracellular molecular mechanism
of NA induced ol-adrenoceptor mediated stimulation of
Na-K ATPase activity to a reasonable extent [5, 28, 59,
60], the mechanism of REMSD-associated NA-induced
transcriptional regulation of the Na-K ATPase was
unknown. It is important to understand because the

knowledge is likely to advance our understanding on an
underlying cause of expressions of pathophysiological
changes and symptoms especially upon chronic REMSD.
Therefore, this study was carried out to decipher the
molecular mechanism of REMSD-associated NA-induced
increase in turnover of brain Na-K ATPase molecules
which ultimately would alter the excitability level of the
neurons and the brain at large.

REMSD affects the brain as well as most of the physi-
ological processes controlled by the brain globally; it also
increased the Na-K ATPase activity as well as its ol-
subunit expression in particular in different regions in the
brain [61, 62]. Therefore, we continued our study in
synaptosomes prepared from the whole brain. The rats
were deprived of REMS by the classical flower-pot
method. This is the best available method for long-term
REMSD as the method employs the REMS-specific
inherent physiological property, the muscle atonia of the
subject undergoing REMSD. Nevertheless, like most other
behavioural studies, this method also suffers from some
limitations; however, those limitations could be reasonably
overcome by designing the control experiments. Quite
importantly, suitable controls like FMC, LPC, and REC
could be carried out to rule out the effects due to non-
specific confound. Details advantages and disadvantages of
this method have been dealt with in earlier reviews [5, 15].
The nerve terminal enriched synaptic-membrane fraction
[63], the synaptosomes, were prepared from REMSD and
control rat brains and used for estimating the Na-K ATPase
activity. We observed increased synaptosomal Na-K
ATPase activity after 96 h of REMSD as compared to
controls, and this increase was mediated by NA acting on
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the a1-AR and not on the B-AR. Thus, the results con-
firmed our earlier findings [5, 28, 61].

Na-K ATPase is a tetramer consisting of o- and -sub-
unit heterodimer, each subunit having many isoforms,
which are expressed in tissue and developmental specific
manner. In brain al-, a2-, a3-isoforms of catalytic o-sub-
unit and P1-, P2-isoforms of regulatory [-subunit are
expressed. Out of theses isoforms the ol- and B1- are
ubiquitous, o2- and B2- are mostly glia specific although
some neurons may also express them [64] and a3-isoform
is restricted to neurons. The o2- and o3-Na-K ATPase
together are known to comprise approximately 67 % of the
total catalytic mRNA population and their inactivation
results in 72-86 % inhibition of total Na-K ATPase
activity in the rat brain [65, 66]. We observed that after
REMSD although there was significant increase in protein
abundance of catalytic al-, o2- and o3-subunits as com-
pared to that of their level in FMC and other controls, no
significant change was seen in the abundance of B1- and
B2-subunits. This increased expression of Na-K ATPase
isoforms was mediated by NA acting on ol-AR. The
involvement of o1-AR was confirmed by the fact that PRZ
prevented this REMSD induced effect. It needs to be
highlighted that the REMSD-induced increase in Na-K
ATPase activity and protein expression both were modu-
lated by NA acting on al-AR.

The results suggest that REMSD differentially regulates
the expression of o- and B-subunit isoforms of the Na-K
ATPase in the rat brain. The functional Na-K ATPase
requires synthesis, assembly and transport of both a- and B-
subunit to the plasma membrane; however, these subunits
are not always synthesized in a coordinated fashion [67,
68]. In our study the B-subunit expression remained unal-
tered after 96 h of REMSD. This can be explained by
earlier reports that the o- and P-subunit isoforms are
encoded by separate genes [69, 70], they mature separately,
assemble in the endoplasmic reticulum (ER) and then are
transported to the target site, the plasma membrane [71].
The mRNA abundance of different Na-K ATPase subunit
isoforms varies during development [65]. Comparative
stoichiometric estimate of total o~ and B-subunit isoform
mRNA levels showed that the latter exceeded by 40-75 %
that of the former in most rat tissues [65].

It has been proposed that possibly adequate amount of
B-subunit exists in intracellular pools that can be used as
reservoirs to form new functional ofi-complexes to form
active Na-K ATPase [72]. Laughery et al. [73] studied in
baculovirus-infected SF9 cells that when o-subunit was
expressed in the absence of B-subunit, the former was
retained in the ER; however, in contrast, if the B-subunit
was expressed in the absence of o-subunit, it was delivered
to the plasma membrane. They also observed fourfold
higher expression of B-subunit in comparison to a-subunit
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in the plasma membrane of wild-type of-expressing SF9
cells. Therefore, it has been proposed that the significant
amount of B-subunit observed in the plasma membrane is
likely to be in free form and not associated as heterodimer
form [73]. Rajasekaran et al. [74] observed that the MDCK
cells expressing ol-subunit expressed low level of
endogenous P1-subunit. This prompted them to suggest
that a low-level expression of B1-subunit was sufficient for
dimerization with the ol-subunit. Based on such observa-
tions it was proposed that possibly sufficient B-subunit was
available to assemble with increased abundance of o-sub-
unit [75, 76] and that supports our findings.

The increased turnover of a-subunit of the enzyme can
be achieved by either or combination of the following; by
inducing its mRNA synthesis, by increasing its translation
efficiency or by increasing surface abundance (up-regula-
tion) of the enzyme molecules. To confirm if the increased
a-subunit expression was due to increased mRNA synthe-
sis, we estimated the relative mRNA level of the a-subunit
isoforms. The qPCR results showed that REMSD did not
affect mRNA expressions of any of the o-subunit isoforms
of the Na-K ATPase. Further, as neither short nor long
period of REMSD (24-144 h) affected the mRNA
expression, it suggests the possibility of increased transla-
tion efficiency, possibly by increasing mRNA stability and/
or decreasing its degradation, which needs to be explored.
Our contention may be supported by earlier report that
although there was twofold induction in the protein level of
o- and B-subunit in the LLC-PK cells incubated in K*
depleted medium, the increase in o-subunit protein level
was not due to increased expression but due to decreased
degradation of the mRNA [76]. It may also be supported by
the observations that increased Na-K ATPase ol-subunit
expression in Bl-overexpressing cells was due to increased
translation efficiency of ol-subunit in the endoplasmic
reticulum (ER). The authors proposed that increased effi-
ciency was by either recruitment of more ribosome or by
retaining already bound ribosome on the o-subunit tran-
script on the ER membrane during its synthesis and thus,
facilitating the efficient synthesis of this polytopic protein
[74]. Additionally, it has been reported that the concen-
tration of synaptosomal (intracellular) Ca®" is reduced
[77], brain NA level is expected to rise after REMSD [5,
78] and this elevated NA reduces Ca?" influx [60].
Therefore, we propose that reduced intracellular Ca** may
have some role to play in reducing the mRNA synthesis
and stabilising the available lot. Our contention may be
further supported by the fact that elevation of Ca*" has
been reported to stimulate mRNA level of Na-K ATPase
ol-subunit in rat kidney, which is partly due to the
enhanced rate of transcription [79].

In summary, we conclude that REMSD induced elevated
NA by acting on the ol-AR differentially modulates
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subunits of Na-K ATPase; increasing expressions of the o-
subunit isoforms, without affecting the B-subunit in the rat
brain. This is likely to be due to stabilization of the mRNA;
however, the molecular mechanism of mRNA stabilization
needs further study. This elevated level of o-subunits of the
Na-K ATPase supports REMSD-associated increased Na-K
ATPase activity and neuronal excitability [28]. This
increased Na-K ATPase in turn modulates the brain func-
tions leading to expression of REMS loss-associated
symptoms, especially under chronic conditions. Thus, the
findings support our hypothesis that REMS maintains brain
excitability and serves as housekeeping function of the
brain [5].
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