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Abstract Na?,K?-ATPase is a membrane protein which

plays a key role in the maintenance of ion homeostasis that

is necessary to neuronal excitability, secondary transport

and neurotransmitter uptake. Mild hyperhomocysteinemia

leads to several clinical manifestations and particularly

cerebral diseases; however, little is known about the

mechanisms of homocysteine on cerebral Na?,K?-ATPase.

In the present study, we investigated the effect of mild

hyperhomocysteinemia on the activity, the immunocontent

of catalytic subunits (a1, a2, and a3) and the gene expres-

sion of this enzyme. We used the experimental model of

mild hyperhomocysteinemia that was induced by homo-

cysteine administration (0.03 lmol/g of body weight)

twice a day, from the 30th to the 60th postpartum day.

Controls received saline in the same volumes. Results

showed that mild hyperhomocysteinemia significantly

decreased the activity and the immunocontent of the a1 and

a2 subunits of the Na?,K?-ATPase in cerebral cortex and

hippocampus of adult rats. On the other hand, we did not

observe any change in levels of Na?,K?-ATPase mRNA

transcripts in such cerebral structures of rats after chronic

exposure to homocysteine. The present findings support

that the homocysteine modulates the Na?,K?-ATPase and

this could be associated, at least in part, with the risk to the

development of cerebral diseases in individuals with mild

hyperhomocysteinemia.
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Introduction

Na?,K?-ATPase, or Na?, K? pump, is an integral mem-

brane protein that regulates neuronal signaling, ion

homeostasis, muscle contraction, and substrate transporta-

tion of most animal cells [1]. This enzyme transports 3 Na?

from within the cell in exchange for 2 K? from outside the

cell using the energy derived from hydrolysis of one

molecule of ATP [2]. Structurally, Na?,K?-ATPase con-

sists of three subunits, a (110 kDa), b (31 kDa), and c
(7–17 kDa) [2, 3]. The a subunit is responsible for the

catalytic activity of the enzyme and contains the binding

sites for Na?, K?, ATP, and allosteric sites for inhibitors

and activators [4, 5]. The role of the b subunit seems to be

associated with the facilitation of the insertion of a subunit

into the plasma membrane. The c subunit apparently

modulates the activity of Na?,K?-ATPase [6].

It has been identified four isoforms of the a subunit

(a1, a2, a3, and a4) and three isoforms of the b subunit

(b1, b2, and b3) of the Na?,K?-ATPase: a1 and b1 are

ubiquitously expressed; a2 is expressed mainly in skeletal

muscle and brain (astrocytes), a3 is expressed by neurons

and heart cells, while a4 is expressed only in testes [1, 2, 7];

b2 is expressed by neurons and muscle and b3 by lung,

liver, and testes [8, 9]. The different associations between

the Na?,K?-ATPase subunits contribute to the formation
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of multiple isoforms of the enzyme in tissues and cells

[1, 10, 11].

Disturbance in Na?,K?-ATPase may induce significant

damage on brain function. The inhibition of its activity is

found in various diseases that affect the central nervous

system (CNS), including schizophrenia [12], cerebral

ischemia [13], Alzheimer’s disease [14], and animal

models of inborn errors of metabolism [15–18], depression

[19] and mania [20].

Mild hyperhomocysteinemia, characterized by an ele-

vated plasma homocysteine [Hcy] concentration between

15 and 30 lmol/L [21], is a common condition in many

populations since it can be caused by vitamin deficiencies,

such as vitamin B6, vitamin B12, and folate, impaired renal

function, smoking, alcohol consumption, stress, drug

treatment, and others [22–25]. Several studies support an

association between mild hyperhomocysteinemia and

cerebral diseases, but the mechanisms mediating Hcy-

induced cerebral alterations are not completely defined.

Considering that the Na?,K?-ATPase plays an crucial

role in maintenance of cerebral homeostasis and that

alterations in its function can lead to several disorders in

CNS, the objective of this study was to investigate the

effect of mild hyperhomocysteinemia on activity, immu-

nocontent, and gene expression of catalytic subunits (a1, a2

and a3) of the Na?,K?-ATPase in cerebral cortex and

hippocampus of adult rats.

Experimental procedure

Animals and reagents

Wistar rats (30 days old) were obtained from the Central

Animal House of Biochemistry Department, Institute of

Basic Health Sciences, Federal University of Rio Grande

do Sul, Porto Alegre, Brazil. Animals were divided into

two experimental groups: control treated with saline 0.9 %

(n = 18) and Hcy-treated (n = 18) and were maintained

on a 12:12 h light/dark cycle (lights on 07:00–19:00 h) in

air conditioned constant temperature (22 ± 1 �C) colony

room, with free access to water and 20 % (w/w) protein

commercial chow. Animal care followed the ‘‘Principles of

Laboratory Animal Care’’ (NIH publication 85-23, revised

1996) and was approved by the Ethical Committee of the

Universidade Federal do Rio Grande do Sul, Brazil

(#19634).

Chronic mild hyperhomocysteinemia

DL-Hcy (0.03 lmol/g of body weight) was administered

subcutaneously twice a day from the 30th to the 60th day of

life of rats; control rats received saline solution in the same

volumes (0.5 ml/100 g of body weight). Plasma Hcy con-

centration in rats subjected to this treatment achieved levels

similar to those described in the plasma of patients with

mild hyperhomocysteinemia (30 lM) [26]. The animals

were killed by decapitation 12 h after the last injection of

Hcy and the cerebral cortex and hippocampus were

removed.

Tissue preparation

The cerebral cortex and hippocampus were homogenized

in 10 volumes (1:10, w/v) of 0.32 mM sucrose solution

containing 5.0 mM HEPES and 1.0 mM EDTA, pH 7.5.

The homogenates were centrifuged at 1,0009g for 10 min;

the supernatants were removed for Na?,K?-ATPase

activity determination.

Determination of Na?,K?-ATPase activity

The reaction mixture for Na?,K?-ATPase activity assay

contained 5.0 mM MgCl2, 80.0 mM NaCl, 20.0 mM KCl,

and 40.0 mM Tris–HCl, pH 7.4, in a final volume of

200 ll. After 10 min of pre-incubation at 37 �C, the

reaction was started by the addition of ATP to a final

concentration of 3.0 mM and was incubated for 20 min.

Controls were carried out under the same conditions with

addition of 1.0 mM ouabain. Na?,K?-ATPase activity was

calculated by the difference between the two assays [13].

Released inorganic phosphate (Pi) was measured by the

method of [27] and enzyme specific activity was expressed

as nmol Pi released per min per mg of protein.

Western blot analysis

Cerebral cortex and hippocampus of rats were homogenized

in a lysis solution containing 2 mM EDTA, 50 mM Tris–

HCl, pH 6.8, and 4 % SDS. For electrophoresis analysis,

samples were dissolved in 25 % (v/v) of a solution con-

taining 40 % glycerol, 5 % mercaptoethanol, and 50 mM

Tris–HCl, pH 6.8. Equal protein concentrations were loaded

onto 7.5 % polyacrylamide gels and analyzed by SDS-

PAGE according to the discontinuous system of Laemmli

(1970). The gels were transferred (Trans-blot SD semidry

transfer cell, BioRad) to nitrocellulose membranes for 1 h

at 15 V in transfer buffer (48 mM Trizma, 39 mM glycine,

20 % methanol, and 0.25 % SDS). The blot was then

washed for 10 min in Tris-buffered saline (TBS) (0.5 M

NaCl, 20 mM Trizma, pH 7.5), followed by a 2-h incuba-

tion in blocking solution (TBS plus 5 % bovine serum

albumin, fraction V). After incubation, the blot was washed

twice for 5 min with blocking solution plus 0.05 % Tween-

20 (T-TBS) and then incubated overnight at 4 �C in

blocking solution containing one of the following
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monoclonal antibodies: anti-b actin diluted 1:500, mono-

clonal anti-Na?,K?-ATPase (a1 subunit) antibody clone

M8-P1-A3 diluted 1:1,000 obtained from Sigma (St. Louis,

MO, USA), Na?,K?-ATPase a2-isoform diluted 1:1,000

from Millipore (Millipore, Billerica, MA, USA) and

monoclonal anti-Na?,K?-ATPase (a3 subunit) antibody

clone XVIF9-G10 obtained from Sigma (St. Louis, MO,

USA). The blot was then washed twice for 5 min with

T-TBS and incubated for 2 h in antibody solution contain-

ing peroxidase-conjugated anti-mouse IgG or peroxidase-

conjugated anti-rabbit IgG diluted 1:2000. The blot was

washed twice again for 5 min with T-TBS and twice for

5 min with TBS. The blot was developed using a chemi-

luminescence ECL kit (Amersham, Oakville, Ontario).

Analysis of gene expression by semi-quantitative

RT–PCR

The analysis of Na?,K?-ATPase catalytic subunits

expression were carried out by semi-quantitative reverse

transcriptase polymerase chain reaction (RT–PCR) assay.

The cerebral cortex and hippocampus were dissected and

immediately frozen in liquid nitrogen for storage in -80 �C

freezer. The total RNA extraction was performed using

TRIZOL� reagent (Invitrogen) in accordance with the

manufacturer instructions. The cDNA species were

synthesized with the ImPRO-II Reverse Transcriptase for

RT–PCR from 1 lg of total RNA and oligo (dT) primer

following the suppliers’ instructions. cDNA (1 lL) was

used as a template for PCR with the specific primers for

Na?,K?-ATPase catalytic subunits (Table 1). b-actin–PCR

was carried out as an internal standard. PCR reactions were

performed with a total volume of 25 lL using a final con-

centration of 0.08 lM of each primer indicated below,

1.6 mM of MgCl2, and 0.5 U Taq Platinum Polymerase in

the supplied reaction buffer. Conditions for Na?,K?-ATP-

ase catalytic subunits PCR were as follows: initial 2 min

denaturation step at 94 �C; 1 min at 94 �C, 1 min annealing

step at 62 �C, 1 min extension step at 72 �C for 30 cycles,

and a final 10 min extension at 72 �C. Conditions for

b-actin PCR were as follows: initial 1 min denaturation step

at 94 �C, 1 min at 94 �C, 1 min annealing step at 58.5 �C,

1 min extension step at 72 �C for 35 cycles, and a final 10

min extension at 72 �C. PCR products were analyzed on

an electrophoresis 1 % agarose gel containing GelRed�

(Biotium). The relative abundance of each mRNA versus

b-actin (enzyme/b-actin) was determined by densitometry

using the freeware ImageJ 1.37 for Windows.

Protein determination

Protein was measured by the Coomassie Blue method

according to [28] using bovine serum albumin as standard.

Statistical analysis

Data were analyzed by Student’s t test. All analyses were

performed using the Statistical Package for the Social

Sciences (SPSS) software in a PC-compatible computer.

Differences were considered statistically significant if

p \ 0.05.

Results

Initially, we investigated the influence of Hcy on Na?,

K?-ATPase specific activity in cerebral cortex and hippo-

campus of rats submitted to chronic mild hyperhomocy-

steinemia (Fig. 1). Statistical analyses revealed that Hcy

significantly inhibited Na?,K?-ATPase specific activity in

cerebral cortex [t(10) = 7.053; p \ 0.001], and hippo-

campus [t(10) = 5.151; p \ 0.001] of adults rats when

compared to control.

In order to investigate whether the decrease in Na?,

K?-ATPase activity caused by mild hyperhomocystein-

emia was due to a reduction in the levels of enzyme mol-

ecules, we measured the immunocontent of the catalytic a1,

a2, and a3 subunits of the Na?,K?-ATPase in cerebral

Table 1 PCR primers sequences of Na?,K?-ATPase catalytic subunits and b-actin

Gene Sequence (50–30) PCR product (bp) Annealing temperature (�C) Cycles

Alpha1 Sense TCTATGGACGACCATAAACTCAGCCTGG 297 62 30

Antisense AGCAGACAGCACGACCCCGAGGTAC

Alpha2 Sense ACCAAGTGGATCTGTCCAAGGGCCTC 292 62 30

Antisense GCTTCCTGGTAGTAGGAGAAGCAGCCAG

Alpha3 Sense AAAGATGACAAGAGCTCGCCCAAGAAG 538 62 30

Antisense TGATCTCCACCAGGTCCCCGACCAC

Actb Sense TATGCCAACACAGTGCTGCTGG 210 58.5 35

Antisense TACTCCTGCTTCCTGATCCACAT
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cortex and hippocampus of adult rats. As reported in Fig. 2,

the mild hyperhomocysteinemia significantly decreased the

immunocontent of the a1 and a2 subunits of the Na?,K?-

ATPase in cerebral cortex [t(8) = 6.165; p \ 0.001;

t(9) = 3.793; p \ 0.01], and hippocampus [t(10) = 4.007;

p \ 0.01; t(10) = 3.662; p \ 0.01], respectively. On the

other hand, the immunocontent of a3 subunit was not

altered by Hcy treatment.

Finally, we analyzed the relative expression of the

Na?,K?-ATPase catalytic a1, a2, and a3 subunits after

chronic exposure to Hcy by semi-quantitative RT–PCR. As

shown in Fig. 3, the relative expressions of the isoforms a1,

a2, and a3 of the Na?,K?-ATPase were not altered by mild

hyperhomocysteinemia in cerebral cortex [t(6) = 0.062;

p [ 0.05; t(6) = 1.300; p [ 0.05; t(6) = 0.180; p [ 0.05]

and hippocampus [t(6) = 1.395; p [ 0.05; t(6) = 0.083;

p [ 0.05; t(6) = 1.906; p [ 0.05], respectively.

Discussion

Na?,K?-ATPase activity has been related to pathological

conditions that affect the CNS because it controls the ionic

environment essential for neuronal activity and neuro-

transmitter uptake [29], consuming about 40–50 % of the

ATP generated in the brain [30]. On the other hand, the

brain is vulnerable to high plasma Hcy levels because this

amino acid is uptake by membrane transporter leading to

intracellular accumulation [31]. Moreover, the brain lacks

two major metabolic pathways for Hcy elimination: betaine

remethylation and transsulfuration [32]. It has been

reported that rats subjected to experimental severe hype-

rhomocysteinemia, where plasma Hcy levels (±500 lM)

are similar to those found in human classical homocysti-

nuria, present significant inhibition of Na?,K?-ATPase

activity in hippocampus, parietal, prefrontal, and cingulate

cortices [16, 33].

Mild hyperhomocysteinemia (15–30 lM Hcy) has been

considered a risk factor to cognitive disabilities and neu-

rological disorders such as Alzheimer’s disease, age-related

dementias, and Parkinson’s disease, whose mechanisms

have been extensively investigated [34–38]. However, up to

now, there is no evidence of effect of mild hyperhomocy-

steinemia on Na?,K?-ATPase. In this work, we initially

demonstrated that chronic mild hyperhomocysteinemia

significantly reduces Na?,K?-ATPase activity in cerebral

cortex and hippocampus of adult rats.

It is well described that Na?,K?-ATPase activity is highly

vulnerable to oxidative insult through of disruption of

phospholipid microenvironment of the enzyme, since

Fig. 1 Effect of chronic homocysteine administration on Na?,K?-

ATPase specific activity in homogenates from cerebral cortex and

hippocampus of adult rats. Results are expressed as mean ± SD for 6

animals in each group. Different from control, ***p \ 0.001

(Student’s t test)

Fig. 2 Effect of chronic homocysteine administration on immuno-

content of the a1, a2, and a3 subunits of the Na?,K?-ATPase in

homogenate of cerebral cortex (a) and hippocampus (b) of rats. All

lanes received equivalent amounts (50 lg) of total protein from cell

extract. The blots were developed using an ECL kit. Uniformity of gel

loading was confirmed with b-actin as the standard since its level is

not affected by the experimental treatment. Representative immuno-

logical reactions are shown below. Results are expressed as

mean ± SD for 4–7 animals in each group. Different from control,

**p \ 0.01; ***p \ 0.001 (Student’s t test)
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Na?,K?-ATPase is a membrane-embedded protein, or direct

damage to enzyme by reactive oxygen species and/or lipid

peroxidation products [39–41]. Indeed, previous study from

our group showed that rats subjected to mild hyperhomo-

cysteinemia presented increase in reactive oxygen species

and thiobarbituric acid reactive substances [TBARS] levels,

an index of lipid peroxidation, in cerebral cortex [26].

Therefore, it is plausible to suggest that the oxidative damage

promoted by Hcy may alter the activity of this enzyme.

Differences in expression profiles of the a subunits of

the Na?,K?-ATPase together with specific characteristics

in affinities for Na?, K?, cardiotonic steroids, and in

voltage sensitivity, indicate varied physiological roles of

the different isoforms [42, 43]. The a1, a2, and a3 isoforms

are found in different cell types of the brain; in contrast to

the a4 isoform that is not CNS-related. Neurons are the

principal sources of the a3, whereas glial cells preferen-

tially express a2 subunit [44, 45]. Considering that the

chronic mild hyperhomocysteinemia inhibits Na?,K?-

ATPase activity, we extend our study and investigated

whether the Hcy could alter the immunocontent and gene

expression of the catalytic subunits of the enzyme in the

cerebral cortex and hippocampus of adult rats. Results

showed that the immunocontent of a1 and a2 isoforms were

significantly decreased, while a3 was not altered in these

cerebral structures. On the other hand, the gene expression

pattern of the catalytic subunits of the Na?,K?-ATPase

was not affected by mild hyperhomocysteinemia, sug-

gesting that other factors could affect the relation between

mRNA and protein expression, such as protein degradation

rate and posttranscriptional mRNA modifications.

Na?,K?-ATPase is modulated by different mechanisms

activated in response to changing cellular requirements [1].

There is evidence that isoform-specific regulation of

activity may occur under the influence of neurotransmitters

[46, 47], and through regulatory phosphorylation [48].

Studies show that the amount of enzyme at the plasma

membrane can be modified by alterations in the rate of

synthesis or degradation of the individual polypeptides, as

well as by mobilization of enzyme molecules from the

endosomal pools to the cell surface [1, 49]. In addition,

Lima et al. [50] demonstrated a significant correlation

negative between the decrease in Na?,K?-ATPase a1

subunit with the increase in TBARS and protein carbonyl

content after traumatic brain injury. In this context, we

suggest that the oxidative stress promoted by mild hype-

rhomocysteinemia could lead to conformational changes

on this enzyme, altering the immunoreactivity of a1 and a2

Na?,K?-ATPase subunits. The reduction in the content of

catalytic subunits could decrease the levels of available

enzyme molecules and consequently their activity.

Given its important role, there is evidence suggesting

that Na?,K?-ATPase activity alterations may be associated

with neurotoxic mechanisms [51, 52]. Pump inhibition

causes an increase in the cellular Na? concentration, which

can lead to changes in intracellular pH (via the Na:H

exchange system), or intracellular Ca?2 concentration

through the Na:Ca exchanger [2]. These alterations can

have profound effects on neuronal excitability, secondary

transport, and neurotransmitter signaling in brain. Na?,K?-

ATPase dysfunction has also been associated with the

impairment in spatial learning impairment and anxiety-

related behavior [53]. Furthermore, clinical studies have

linked changes in the enzyme activity with depressive [54]

and mood disorders [55].

It has been reported that in astrocytes the a2 isoform of

the Na?,K?-ATPase is co-localized with different gluta-

mate transporters forming a protein-complex. These

transporters are sodium dependent proteins, using electro-

chemical sodium gradient generated by pump activity to

drive the uphill transport of glutamate [56]. On the other

hand, the glutamatergic excitotoxicity appears to be asso-

ciated with brain damage caused by Hcy [57]. In vitro

experiments have shown that the exposure of cultured

cortical and hippocampal neurons to Hcy increases their

vulnerability to excitotoxicity [58, 59]. Thus, we believe

that the decrease in a2 subunit immunocontent might be

Fig. 3 Gene expression of a1, a2, and a3 subunits of the Na?,K?-

ATPase and b-actin after homocysteine administration in cerebral

cortex (a) and hippocampus (b) of rats. Results are expressed as

mean ± SD for 4–5 animals in each group
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associated with the glutamatergic excitotoxicity caused by

Hcy, resulting in accumulation of glutamate in the synaptic

cleft. Consistent with these findings, we previously showed

that severe hyperhomocysteinemia reduces glutamate

uptake in parietal cortex [60] and hippocampus of rats [61].

To our knowledge, this study was the first demonstration

that experimental mild hyperhomocysteinemia inhibits

Na?,K?-ATPase and reduces immunocontent without

altering the gene expression of catalytic subunits of this

enzyme in cerebral cortex and hippocampus of adult rats.

Based on these, it is plausible to suggest that the associa-

tion of Hcy with cerebral diseases may be related, at least

in part, to injury on Na?,K?-ATPase.
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