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Abstract
Amyloid-β peptide (Aβ) has been shown to cause synaptic dysfunction and can render neurons vulnerable to excitotoxicity 
and oxidative stress. Na,K-ATPase plays an important role to maintain cell ionic equilibrium and it can be modulated by 
N-methyl-d-aspartate (NMDA)–nitric oxide (NO)–cyclic GMP pathway. Disruption of NO synthase (NOS) activity and 
reactive oxygen species (ROS) production could lead to changes in Na,K-ATPase isoforms’ activities that may be detrimental 
to the cells. Our aim was to evaluate the signaling pathways of Aβ in relation to NMDA–NOS–cyclic GMP versus oxidative 
stress on α1-/α2,3-Na,K-ATPase activities in rat hippocampal slices. Aβ1–40 induced a concentration-dependent increase of 
NOS activity and increased cyclic guanosine monophosphate (cGMP), TBARS (thiobarbituric acid reactive substances), 
and 3-Nitrotyrosine (3-NT)-modified protein levels in rat hippocampal slices. The increase in NOS activity and cyclic GMP 
levels induced by Aβ1–40 was completely blocked by MK-801 (inhibitor of NMDA receptor) and L-NAME (inhibitor of 
NOS) pre-treatment but changes in TBARS levels were only partially blocked by both compounds. The Aβ treatment also 
decreased Na,K-ATPase activity which was reverted by N-nitro-l-arginine methyl ester hydrochloride (L-NAME) but not by 
MK-801 pre-treatment. The decrease in enzyme activity induced by Aβ was isoform-specific since only α1-Na,K-ATPase was 
affected. These findings suggest that the activation of NMDA–NOS signaling cascade linked to α2,3-Na,K-ATPase activity 
may mediate an adaptive, neuroprotective response to Aβ in rat hippocampus.
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Abbreviations
Aβ	� Amyloid-β peptide
AD	� Alzheimer’s disease
NMDA	� N-methyl-d-aspartate
NOS	� Nitric oxide synthase Sodium
Na,K-ATPase	� Potassium pump
ROS	� Reactive oxygen species
TBARS	� Thiobarbituric acid reactive substances
3-NT	� 3-Nitrotyrosine
O2

•	� Superoxide anion
ONOO−	� Peroxynitrite anion
OH•	� Hydroxyl radical
sGC	� Soluble guanylyl cyclase
RAGE	� Receptor for advanced glycation end
RSNOs	� S-nitrosothiols
RNNOs	� N-nitrosamines
PDE	� Phosphodiesterase

Introduction

Alzheimer’s disease (AD) is a neurodegenerative disorder 
characterized by extensive synaptic and neuronal loss that 
leads to impaired memory and cognitive decline (Braak and 
Braak 1994; Katzman and Saitoh 1991). The accumulation 
of toxic amyloid-β (Aβ) peptide oligomers and aggregates 
as well as neurofibrillary tangles formed by hyperphospho-
rylated tau protein in AD brain have been proposed to be a 
hallmark of the pathology of the disease (Arriagada et al. 
1992; Selkoe 1994).

Findings from studies in mouse models of AD (Holcomb 
et al. 1998) and AD patients (Morris et al. 1996; Naslund 
et al. 2000) suggest that cognitive decline occurs prior to 
amyloid plaque deposition and neurodegeneration. Thus, 
although Aβ may ultimately kill neurons (Yankner 1996), it 
likely causes alterations in cellular signaling pathways that 
account for synaptic dysfunction well prior to degeneration 
of neurons. Disturbances in neuronal Ca2+ signaling, oxida-
tive stress and changes in Na,K-ATPase activity are prob-
ably linked to the occurrence of impaired neuronal function 
observed in animal models of familial AD and in studies 
of postmortem brain samples from sporadic AD patients 
(Ahmed 2012; Dickey et al. 2005; Hattori et al. 1998; Liguri 
et al. 1990; Mark et al. 1995). In fact, Na,K-ATPase is one 
of the protein complexes in the plasma membrane that plays 
key roles in the regulation of intracellular Ca2+ concentra-
tion, working together with Ca2+-ATPase and the Na+/Ca2+ 
exchanger. The mutations in α2 and α3 isoform genes are 
involved in neurological disorders, such as familial hemiple-
gic migraine type-2 (De Fusco et al. 2003) and rapid-onset 
dystonia Parkinson (de Carvalho Aguiar et al. 2004), and 
genetic variations in Na,K-ATPase are associated with bipo-
lar disorders (Goldstein et al. 2009), suggesting a role of this 

enzyme in the etiology of this disease. It is interesting that 
mouse models targeting a specific α-isoform cause different, 
although still comparable, phenotypes consistent with clas-
sical symptoms and other manifestations observed in these 
patients (Bøttger et al. 2011). In addition, the deficiency in 
Na,K-ATPase α2 and α3 isoform genes induced spatial learn-
ing and memory deficits in mice (Moseley et al. 2007) and 
Na,K-ATPase expression is reduced in patients with AD by 
postmortem examination and in a transgenic mouse model 
of AD (Albensi and Mattson 2000; Dickey et al. 2005; Hat-
tori et al. 1998). Therefore, Na,K-ATPase α isoform plays 
a critical role in the modulation of learning and memory in 
AD (Zhang et al. 2013).

Nitric oxide (NO•) is synthesized from its precursor 
l-arginine by a highly regulated family of enzymes called 
NO synthases (NOS) that utilize O2 and NADPH as co-sub-
strates and generate citrulline as co-product. Three isoforms 
of NOS (types 1–3) encoded by distinct genes have been 
identified. Two of these isoforms, NOS-1 and NOS-3, first 
identified in neurons and endothelial cells, respectively, are 
expressed constitutively and both are stimulated by agonists 
that increase intracellular Ca2+. In contrast, NOS-2 is regu-
lated by transcriptional induction and does not require Ca2+ 
increases for activity (Knowles and Moncada 1994). NO• in 
the presence of superoxide anion (O2

•−) forms peroxynitrite 
anion (ONOO−) leading to the formation of hydroxyl radi-
cal (OH•), one of the responsible factors for cellular death. 
However, NO• produced by Ca2+–calmodulin-dependent 
activation of NOS in neurons can also activate soluble gua-
nylyl cyclase (sGC) with the formation of the second mes-
senger cyclic GMP (Lipton et al. 1993).

Energy deficiency and dysfunction of the Na,K-ATPase 
are common consequences of many pathological insults in 
central nervous system (CNS). Glutamate through N-methyl-
d-aspartate (NMDA)–NOS–cyclic GMP has been shown to 
stimulate α2/3-Na,K-ATPase activity in CNS (Munhoz et al. 
2005; Nathanson et al. 1995), and NMDA signaling cascade 
receptor activation can mediate an adaptive, neuroprotective 
response to Aβ (Kawamoto et al. 2008a). The aim of the 
present work was to evaluate the signaling pathways of Aβ 
in relation to NMDA–NOS–cyclic GMP versus oxidative 
stress and α1-/α2/3-Na,K-ATPase activities in rat hippocam-
pal slices.

Materials and Methods

Animal and Tissue Preparation and Viability Test

Male Wistar rats (240–300 g) (Biomedical Sciences Insti-
tute, University of São Paulo) were euthanized by decapita-
tion following procedure approved by the National Coun-
cil of Animal Experimentation Control (CONCEA). All 
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procedures were also approved by the Ethical Committee 
for Animal Research (CEEA) of the Biomedical Sciences 
Institute of the University of São Paulo. For each replicate, 
ten animals per group were used and a total of 120 animals 
were used for all experiments.

The brain was immediately removed and the hippocam-
pus (approximately 100 mg/rat) was isolated and prepared 
on a Mcllwain tissue chopper (The Mickle Laboratory Engi-
neering Co. LTD.), washed extensively to remove small 
particles, and rapidly resuspended in the same cold (4ºC) 
modified artificial cerebrospinal fluid (aCSF) aerated (95% 
O2/5% CO2) buffer containing 126 mM NaCl, 3.5 mM KCl, 
1.2 mM NaH2PO4, 2.0 mM CaCl2, 1.3 mM MgCl2, 11 mM 
glucose, and 25 mM NaHCO3 (adjusted to pH 7.4 at 37 °C). 
Hippocampus slice suspensions were pre-incubated for 
60 min at 37 °C in the same buffer prior to starting drug 
incubation. At the end of this pre-incubation process, slices 
were transferred to microtubes (five replicates/condition) 
and were pre-incubated again for 3 min at 37 °C. Aβ1–40 
obtained from Bachem (San Carlos, CA) was diluted in dis-
tilled water to 1 mM and incubated at 37 °C for 7 days to 
allow peptide aggregation (Troy et al. 2000). Before use, 
the peptide was diluted in PBS to 0.2 and 2.0 µM. PBS or 
Aβ1–40 (0.2 and 2.0 µM) were added to these tubes that con-
tained 1.0 mL aliquots of the slice suspension, incubated 
for 60 min at 37 °C, and then rapidly transferred to an ice 
bath to terminate the reaction and store at − 80 °C. The 
microtubes containing hippocampus slice suspensions were 
pre-incubated (15 min at 37 °C) with saline, or MK-801 
(1 μM) or LNAME (100 μM) (six replicates for each pre-
treatment), before the addition of saline or Aβ1–40 in half of 
the microtubes of each pre-treatment (three replicates for 
each treatment). The tubes were thawed in ice water, cen-
trifuged (1700×g for 5 min at 4 °C), and the supernatant 
(containing the drug) was removed.

Tissue viability was determined by a modified version of 
the tetrazolium dye 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) assay (Connely et al. 2000). 
The MTT assay is based on the conversion of pale yellow 
MTT into formazan, the reduced form of MTT, which has 
a purple color. The reaction is performed by mitochondrial 
dehydrogenase enzymes, and so the MTT assay provides 
an index of mitochondrial activity (Liu et al. 1997). Tissue 
viability from each group was assayed before and after drug 
incubation using 0.5 mg/ml MTT. The dye was diluted in 
double-distilled water and then 100 μl was added to the slice 
preparation (900 μl buffer pH 7.4 at 37 °C—95% O2/5% 
CO2) followed by 5 min incubation at room temperature. 
The supernatants were removed and slices were incubated 
in water–ethanol solution (1:2) for 15 min room temperature 
to dissolve all blue crystals. After brief sonication, aliquots 
(200 μl) of centrifuged samples were transferred to plates 
and read spectrophotometrically at 570 nm.

Measurement of Na,K‑ATPase Activity

Na,K-ATPase activity was determined by assaying Pi (inor-
ganic phosphate) released from ATP hydrolysis. This inor-
ganic compound forms a complex with molybdate which can 
be read spectrophotometrically at 700 nm (Esmann 1988). 
For this colorimetric ATP assay, the tissue slice pellets were 
resuspended in a buffer containing 0.32 M sucrose, 20 mM 
HEPES, 1 mM EDTA, 1 mM DTT, and 1 mM PMSF, pH 7.4 
and homogenized in a Dounce (glass/glass) homogenizer. 
The particulate fraction (12,000×g for 15 min at 4 °C) was 
resuspended in the same buffer and protein content was 
determined in both supernatant and particulate samples by 
colorimetric assay (Bradford 1976). Na,K-ATPase activity 
was tested by adding 10 μg of the particulate fraction (in 
40 μl of buffer) to 360 μl of buffer containing 3 mM ATP, 
120 mM NaCl, 2 mM KCl, 3 mM MgCl2, and 30 mM histi-
dine (pH 7.2), with or without ouabain (3 μM or 3 mM). The 
Na,K-ATPase activity was measured at 20 min (37 °C). The 
reaction was terminated by the addition of a quenching solu-
tion (0.6 ml) containing 1 N H2SO4 and 0.5% ammonium 
molybdate. Formation of a phosphomolybdate complex 
was determined spectrophotometrically at 700 nm (Esmann 
1988). The total-ATPase, Mg-ATPase, and α1- and α2/3-
Na,K-ATPase activities were linearly related up to 20 min. 
Total Na,K-ATPase activity was measured as the difference 
between ouabain-untreated and ouabain-treated samples. To 
distinguish between α1 and α2,3 activities, ouabain in two 
different concentrations were used according to ouabain-
affinity of the isoforms as described in our previous publi-
cations (Kawamoto et al. 2008b; Kinoshita et al. 2014). The 
fraction of the high-affinity α2,3 isoform was calculated by 
subtracting the activity obtained with 3 μM ouabain from 
total-ATPase activity. To determine the α1 isoform-associ-
ated Na,K-ATPase activity (low-affinity fraction), the Na,K-
ATPase activity measured with 3 μM ouabain was subtracted 
from the activity obtained with 3 mM ouabain. The Na,K-
ATPase activity was expressed as nmol/mg protein x minute.

Measurement of NOS Activity

NOS activity in hippocampal slices was determined by the 
conversion of [3H]arginine to [3H]citrulline, employing an 
radioassay previously described by our group and others 
with minor modifications (Bredt and Snyder 1989; Mckee 
et al. 1994).Briefly, the tissue slice pellets were resuspended 
and homogenized in ice-cold 0.32 M sucrose/20 mM HEPES 
buffer (pH 7.4) containing 1 mM dithiothreitol (DTT) in 
an ice bath for 1 min using a Teflon homogenizer. Each 
homogenate was centrifuged at 10,000×g for 30 min at 4 °C. 
The supernatant was passed through a Dowex AG 50 Wx-8 
(Na+ form) column to remove the endogenous arginine. The 
arginine-free eluent was used to assay the NOS activity. To 
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evaluate NOS activity, the assay reaction medium of 200 μl, 
containing 100 mM HEPES, pH 7.4; 1 mM NADPH; FMN, 
FAD, tetrahydrobiopterin 0.45 mM CaCl2; 80 units of calm-
odulin, 100 µM l-arginine, and 1 μM L-[2, 3-3H]-arginine 
(0.5 μCi), or with no addition of CaCl2 and calmodulin (in 
the presence of 0.425 mM EDTA), and 100 μl of hippocam-
pus cytosolic protein (0.2 μg/μl). The reaction mixture was 
incubated for 30 min at 37 °C and stopped by the addition of 
stop buffer containing 20 mM HEPES at pH 5.5. The entire 
reaction mixture was passed through a column packed with 
Na+ form of Dowex AG 50 Wx-8 resin. The flow through 
fraction containing [3H]-citrulline was counted for radioac-
tivity using a Beckman 6000 liquid scintillation counter. The 
NOS activity was expressed as picomoles citrulline per mil-
ligram protein per minute. Samples of rat cerebellum were 
analyzed simultaneously as a positive control. Inhibition of 
the enzyme was evaluated in all tissues using N-nitro-l-argi-
nine methyl ester hydrochloride (L-NAME: 10−6 to 10−4 M).

Measurement of Cyclic GMP Levels

Cyclic GMP levels in slice hippocampus were determined 
in triplicate by direct, competitive enzyme immunoassay 
kits (Stressgen, Enzo Life Sciences, Inc., USA). Hippocam-
pal slices were homogenized in 0.5 ml 50 mM Tris–HCl 
buffer (pH 8.0) containing 1 mM theophylline and 0.1 mM 
3-isobutyl-1-methylxanthine (IBMX) at 4 °C, followed by 
heating at 90 °C for 5 min and centrifuged at 10,000×g for 
5 min at room temperature. The supernatant was acetylated 
to improve signal detection and samples were run in dupli-
cate. The concentration of cyclic GMP is expressed as fmol/
ml.

TBARS Determination

Measurement of TBARS was employed to determine lipid 
peroxidation as previously described (Vasconcelos et al. 
2015). Thiobarbituric acid reacts with products of lipid per-
oxidation, mainly malondialdehyde, producing a colored 
compound. The tissue slice pellets were resuspended and 
homogenized in saline buffer and precipitated proteins 
were removed by centrifugation at 12,000×g for 10 min. 
The supernatant was mixed with thiobarbituric acid (1% in 
NaOH 50 mM) and HCl 25%. The samples were then heated 
in a boiling water bath for 10 min and, after cooling, were 
extracted with 1.5 ml of butanol. The mixture was centri-
fuged at 12,000×g for 10 min and the absorbance of the 
supernatant was determined.

Immunoblotting

Electrophoresis was performed using a 10% polyacrylamide 
gel and the Bio-Rad mini-Protean III apparatus. In brief, 

the proteins present in the hippocampal slice extract (15 μg) 
were size separated in 10% SDS-PAGE (90 V). The pro-
teins were blotted onto a nitrocellulose membrane (Bio-Rad 
Laboratories, Richmond, CA, USA) and incubated with spe-
cific antibody against 3-Nitrotyrosine (sc-32731; Santa Cruz 
Biotechnology, Santa Cruz, CA, USA). The Ponceau method 
of immunoblotting was used to ensure equal protein loading. 
Proteins recognized by antibodies were revealed by the ECL 
technique, following the instructions of the manufacturer 
(Amersham, Buckinghamshire, England). The membranes 
were exposed to X-ray film. To quantify the immunoblots, 
we used the NIH ImageJ software. Several exposure times 
were analyzed to ensure the linearity of the band intensi-
ties. β-actin antibody (sc-1616; Santa Cruz Biotechnology, 
Santa Cruz, CA, USA) was used as an internal control for 
the experiments. Results were expressed in relation to the 
intensity of β-actin band.

Chemicals and Kits

L-[2, 3, 4, 5-3H]Arginine monohydrochloride (sp. act. 
63.0 Ci/mmol) was purchased from Amersham Interna-
tional (Buckinghamshire, England). Cyclic GMP Enzyme 
Immunoassay kits were purchased from Enzo Life Sciences 
Inc. (Farmingdale, NY, USA). Resin Dowex AG50WX-8 
(H+ form converted to Na+ form using 1 N NaOH), sucrose, 
HEPES, EDTA, DTT, TET, CaCl2, calmodulin, FMN, FAD, 
NADPH, l-arginine, Tris–HCl, and L-NAME were pur-
chased from Sigma Chemical Co. (St. Louis, MO, USA). 
Dizocilpine (MK-801) maleate was obtained from Research 
Biochemicals International (Natick, MA, USA). Protein 
assay dye reagent from Bio-Rad Laboratories (Richmond, 
CA, USA). All solutions were prepared immediately before 
use.

Statistics

The data expressed as mean ± standard error of the mean 
(S.D.) were obtained from three independent experiments. 
In each experiment, three replicate samples were quantified. 
Statistical comparisons were made by one-way analysis of 
variance (ANOVA), followed by the Newman–Keuls test. 
All P values < 0.05 were considered to reflect a statistically 
significant difference.

Results

After 60 min of incubation with Aβ1–40 (0.2 and 2.0 µM), 
rat hippocampal slices demonstrated a concentration-
dependent increase of Ca2+-dependent NOS activ-
ity [F (2, 27) = 49,91, P < 0.0001; P < 0.05 CTR vs Aβ 
0.2/2 and Aβ 0.2 vs Aβ 2] (Fig. 1A) but only the low 
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concentration of Aβ induced an increase in cyclic GMP 
levels [F (2, 21) = 4.368, P = 0.0259; P < 0.05 CTR vs Aβ 
0.2] (Fig. 1B). The pre-incubation of slices with MK-801 
(1 μM) induced a decrease in both NOS activity [F (5, 
28) = 88, P < 0.0001; P < 0.05 MK vs CTR, Aβ] and cyclic 
GMP levels [F (5, 40) = 9.463, P < 0.0001; P < 0.05 CTR 
vs MK] by itself and it completely blocked the increase 
in NOS activity induced by Aβ1–40 (2.0 µM) (P < 0.05 
Aβ vs MK + Aβ). In addition, pre-incubation of slices 
with L-NAME (100 μM) in the absence (P < 0.05 LN vs 
CTR, Aβ) or presence (P < 0.05 Aβ vs LN + Aβ) of Aβ1–40 
(2.0 µM) induced a decrease in both NOS activity and 
cyclic GMP levels when compared to PBS-treated slices 
(control) (Fig. 2A and B).

TBARS and 3-NT determinations showed a similar 
concentration-dependent increase in products of lipid 
peroxidation and nitrotyrosine-modified proteins in hip-
pocampal slices after 60 min of incubation with Aβ1–40 (0.2 
and 2.0 µM) [for TBARS: F (2, 21) = 15,26, P < 0.0001; 
P < 0.05 CTR vs Aβ 0.2/2 and Aβ 0.2 vs Aβ 2. For 3-NT: 
F (2, 7) = 19.25, P = 0.0014; P < 0.05 CTR vs Aβ 0.2/2 and 
Aβ 0.2 vs Aβ 2] (Fig. 1C and D). However, the increase in 
TBARS levels induced by Aβ1–40 (2.0 µM) was only partially 
blocked by pre-incubation of slices with L-NAME (100 μM) 

and MK-801 (1 μM) [F (5, 42) = 26.67, P < 0.0001; P < 0.05 
(Aβ vs MK + Aβ, Aβ vs LN + Aβ)] (Fig. 2C).

The incubation of slices with Aβ1–40 (2.0 µM) caused 
a decrease of the total-ATPase activity [F (5, 18) = 4.413, 
P = 0.0085; P < 0.05 CTR vs Aβ] (Fig. 3A). This effect 
induced by Aβ1–40 (2.0 µM) was specific for ouabain-sensi-
tive activity (Na,K-ATPase) [F (5, 18) = 3.728, P = 0.0172; 
P < 0.05 CTR vs Aβ], as ouabain-insensitive activity was not 
affected [F (5, 18) = 0.07340, P = 0.9955] (Fig. 3B and C). 
Furthermore, the decrease of both total- and Na,K-ATPase 
induced by Aβ1–40 (2.0 µM) incubation of hippocampal 
slices were not blocked by the pre-treatment of the slices 
with L-NAME (100 μM) and by MK-801 (1 μM) either 
(Fig. 3A–C).

The results showed that changes in Na,K-ATPase activ-
ity (P = 0.0011) in hippocampus slice induced by Aβ1–40 
(2.0 µM) were specific for the α1-Na,K-ATPase (P = 0.0091) 
with no changes for the α2,3-Na,K-ATPase activity 
(P = 0.8841) (Fig. 4A, C, and D). Again, the effect of Aβ1–40 
(2.0 µM) was specific to Na,K-ATPase because no change 
was observed in ouabain-insensitive (Mg-ATPase) activity 
(P = 0.9674) (Fig. 4B).

Slice viability (% purple MTT precipitate/slice) was simi-
lar after 60 min of incubation with Aβ1–40 (0.2 and 2.0 µM) 

Fig. 1   Effect of Aβ 1–40 (0.2 or 2.0  µM) on A constitutive NOS 
activity (pmol/mg/min), B cyclic GMP (fmol/mg protein), C TBARS 
(nmol/mg protein), and D 3-Nitrotyrosine levels (relative density of 
western blot autoradiographies bands normalized by β-actin) in rat 
hippocampus. Values are the mean ± S.D. of three individual experi-

ments. Statistical analysis: one-way ANOVA followed by New-
man–Keuls post-test. (a) P < 0.05 vs CTR, (b) P < 0.05 vs Aβ 1–40 
(0.2 µM). A: CTR (n = 13), Aβ 0.2 (n = 9), Aβ 2 (n = 8); B, C: CTR, 
Aβ 0.2, Aβ 2 (n = 8); D: CTR (n = 3), Aβ 0.2 (n = 4), Aβ 2 (n = 3)
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or after MK-801 and L-NAME pre-treatment in the pres-
ence or absence of Aβ (2.0 µM) when compared to control 
group (PBS) [F (8, 48) = 0.4218, P = 0.9023] (Fig. 5). There-
fore, Aβ effect in the presence or absence of MK-801 and 
L-NAME was not due to a tissue death associated with slice 
preparation and/or drug incubation.

Discussion

Although the basic etiology of AD remains unknown, much 
of the progress in elucidating the pathogenesis of this dis-
order has centered on the apparent role of the 25–35, 1–40, 
and 1–42 residues of Aβ in neurodegenerative process. In 
the present study, we further evaluated the signaling path-
ways of Aβ in relation to NMDA–NOS–cyclic GMP versus 
oxidative stress on α1-/α2,3-Na,K-ATPase activities in rat 
hippocampus slices.

In this report, we demonstrated that 60 min of incuba-
tion of Aβ1–40 induces a decrease in Na,K-ATPase activ-
ity in rat hippocampal slices. Several studies have already 
shown that different fragments of Aβ, such as 1–40, 1–42, 
and 25–35, can affect Na,K-ATPase in cortical cultures and 
in hippocampal slices, but they may involve different mecha-
nisms since this effect can occur in some situations prior to 
cell death as well as they behave differently in various tissue 
preparations (Bores et al. 1998; Mark et al. 1995). Our data 
confirmed that Aβ1–40 effect on Na,K-ATPase occurs without 
tissue death based on MTT studies and it is not linked to a 
direct action on Na,K-ATPase because enzyme activity was 
not inhibited when membranes were prepared first and then 
challenged to Aβ (data not shown) (Bores et al. 1998).

Several lines of evidence show that dysfunction in Ca2+ 
homeostasis is associated with AD. In fact, studies per-
formed in different neuronal culture models revealed that 
Aβ treatment causes progressive intracellular Ca2+ increase 

Fig. 2   Effects of MK-801 (MK-1  μM), an antagonist of the NMDA 
receptor, and L-NAME (LN-100  μM) an antagonist of NOS on Aβ 
1–40 (2.0  µM)-induced activation of A constitutive neuronal NOS 
activity (pmol/mg/min) and increase in B cyclic GMP (fmol/mg pro-
tein) and C TBARS (nmol/mg protein) levels in rat hippocampus. 
Values are the mean ± S.D. of three individual experiments. Statisti-
cal analysis: one-way ANOVA followed by Newman–Keuls post-test. 
A: (a) P < 0.05 vs CTR, (b) P < 0.05 vs Aβ, (c) P < 0.05 vs MK and 

MK + Aβ, (d) P < 0.05 vs LN and LN + Aβ. B: (a) P < 0.05 vs CTR, 
(b) P < 0.05 vs Aβ. C: (a) P < 0.05 vs CTR, MK and LN, (b) P < 0.05 
vs MK + Aβ, (c) P < 0.05 vs LN + Aβ. A: CTR (n = 9), Aβ (n = 7), 
MK (n = 4), MK + Aβ (n = 3), LN (n = 6), LN + Aβ (n = 5); B: CTR 
(n = 6), Aβ (n = 8), MK (n = 8), MK + Aβ (n = 8), LN (n = 8), LN + Aβ 
(n = 8); C: CTR (n = 8), Aβ (n = 8), MK (n = 8), MK + Aβ (n = 8), LN 
(n = 8), LN + Aβ (n = 8)
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and elevated response to excitatory amino acids (George-
Hyslop et al. 1987; Koh et al. 1997; Mattson et al. 1992, 
1991). Early effects of Ca2+ influx include the activation 
of Ca2+-dependent enzymes and generation of reactive 
oxygen species (ROS) (Varadarajan et al. 2000; Wang and 
Robinson 1997). The increase in O2

• production would lead 
to an accumulation of intracellular Ca2+ and activation of 
Ca2+-dependent enzymes, like neuronal NOS, which is 
responsible for the formation of NO• (Harman 1995). In fact, 
in the CNS, NO synthesis seems predominantly regulated 
by the influx of Ca2+ through receptor-dependent channels, 
in particular following postsynaptic stimulation of NMDA 
receptors by the excitatory neurotransmitter, glutamate 
(Bredt and Snyder 1989; Garthwaite 1991).

Our data confirmed that Aβ1–40 activates this pathway 
increasing Ca2+-dependent NOS activity, as well as cyclic 
GMP and TBARS levels. Aβ-induced NOS activation 
and increase in cyclic GMP levels were linked to NMDA 

receptor as pre-incubation of slices with MK-801 (1 μM) 
completely blocked these effects.

Although increased glutamate levels are not observed in 
AD (Carlson et al. 1993; Hyman et al. 1987), such mecha-
nism of excitotoxicity can occur in the presence of additional 
pathological factors, particularly in highly susceptible areas 
such as the parahippocampal gyrus and the entorhinal cor-
tex (Arias et al. 1998; Guo et al. 1999). Recent evidence 
showed that Aβ can promote abnormal release of astrocytic 
glutamate in hippocampal neurons, which may contribute to 
dysregulation of extra synaptic NMDA receptors signaling 
in neurons (Brito-Moreira et al. 2011; Talantova et al. 2013).

The involvement of NMDA receptor in the Aβ-effect just 
confirmed previous evidence of glutamate-mediated cell 
death in the presence of this peptide (Mattson 1994). How-
ever, part of this effect can also be mediated by Aβ interac-
tion with a cell surface receptor for advanced glycation end 
(RAGE) products as well as by its reaction with molecular 

Fig. 3   Effect of Aβ 1–40 (2.0  µM) in the presence or absence of 
MK-801 (MK-1 μM) or L-NAME (LN-100 μM) in A Total-ATPase, 
B Mg-ATPase, and C Na,K-ATPase activities (µmol/mg/min) in rat 
hippocampus. Values are the mean ± S.D. of three individual experi-

ments. Statistical analysis: one-way ANOVA followed by Newman–
Keuls post-test. (a) P < 0.05 vs CTR. A–C: CTR (n = 4), Aβ (n = 4), 
MK (n = 4), MK + Aβ (n = 4), LN (n = 4), LN + Aβ (n = 4)
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oxygen to produce superoxide radical and hydrogen peroxide 
(Behl et al. 1994). Recent studies also suggest that Aβ pep-
tides induce chloride channel activity in isolated microglia 
and increase the production of ROS (Milton et al. 2008).

Our data showed that the decrease of Na, K-ATPase activ-
ity induced by Aβ1–40 (2.0 µM) in hippocampal slices seem 
not to be mediated by ROS produced by activation of NOS 
since it was not blocked by pre-treatment of the slices with 
L-NAME. Moreover, it was not mediated by NMDA recep-
tor either as MK-801 (1 μM) was unable to revert the Aβ1–40 
effect on Na, K-ATPase activity. In fact, NMDA receptor 
blocker pre-treatment only partially reverted the Aβ1–40 
-induced ROS production in hippocampal slices confirming 
that ROS non-mediated by NMDA receptor can also act on 
Na,K-ATPase activity.

Several studies showed that NO• protector or deleterious 
effect is based on its redox status. NO• donors or synthe-
sized endogenously after NMDA receptor activation can 
lead to neurotoxicity (Yu 1996). The NOS–ROS metabo-
lism is much more complex than addressed in the present 
work. Although O2

•− and NO• play important roles in sev-
eral aspects of cellular signaling and metabolic regulation, 
in the inflammatory environment, the concentrations of 
these radicals can drastically increase, and the antioxidant 
defenses may become overwhelmed. A complex interplay 
also exists between iron metabolism and NOS–ROS since 
iron deficiency (anemia) is associated with oxidative stress, 
but its role in the induction of nitrosative stress is largely 
unclear (Koskenkorva-Frank et al. 2013).

Fig. 4   Effect of Aβ 1–40 (2.0  µM) on A Na,K-ATPase and Mg-
ATPase, B α1-Na,K-ATPase and α2,3-Na,K-ATPase activities in 
rat hippocampus. Values are the mean ± S.E.M. of three individual 
experiments. α2/3-Na,K-ATPase activity was measured by subtract-
ing the activity obtained with 3 μM ouabain from total Na,K-ATPase 
activity. To determine the α1 subunit-associated Na,K-ATPase activ-
ity, the Na,K-ATPase activity measured with 3 μM ouabain was sub-
tracted from the activity obtained with 3 mM ouabain (Mg-ATPase). 
Results are expressed as µmol of Pi released/mg/min protein 
(mean ± S.D.) from three individual experiments. Statistical analysis: 
Student T test. (a) P < 0.05 vs CTR. A, B: CTR (n = 6), Aβ (n = 4)

Fig. 5   Effect of Aβ 1–40 (2.0  µM) in the presence or absence of 
MK-801 (MK-1  μM) or L-NAME (LN-100  μM) on tissue viability. 
MTT reduction assay data are expressed as percentage of the mean 
value of control (vehicle alone). Values are the mean ± S.D. of five 
separate experiments. Statistical analysis: one-way ANOVA followed 
by Newman–Keuls post-test

Fig. 6   Schematic representation of the hypothetical molecular mecha-
nism model for Aβ-induced toxicity. Aβ can bind to RAGE, which 
in turn produces hydrogen peroxide, reacts with molecular oxygen 
to produce ROS such as superoxide radical and hydrogen peroxide 
and also can cause damage do lipid bilayer increasing ion permeabil-
ity such as Ca2+. Aβ can induce NO production by disrupting Ca2+ 
homeostasis and subsequent increase in intracellular Ca2+ (nNOS and 
eNOS-mediated NO release). NO is a free radical and can produce 
peroxynitrite. These ROS can induce a variety of neurotoxic mecha-
nisms, including DNA/protein alterations, lipid peroxidation, and 
impairment of α1-Na,K-ATPase activity. Aβ induced-NMDA activa-
tion can also activate cyclic GMP pathway which in turn can emerge 
as a neuroprotective signaling involved in modulating α2,3-Na,K-
ATPase
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Evidence suggests that part of the physiological NO• 
effects occurs mainly through stimulation of soluble gua-
nylate cyclase (GC), with a consequent increase in levels 
of cyclic GMP (Chiavegatto et al. 1998). The cyclic GMP, 
in turn, may act on ion channels or activate protein kinases 
(Garthwaite and Boulton 1995) mediating their intracellular 
[Ca2+] lowering and excitoprotective effects on target neu-
rons (Barger et al. 1995) and increasing α2,3-Na,K-ATPase 
which plays an important role in this process (Nathan-
son et al. 1995). In addition, the interaction of NO• and 
NO•-derived metabolites to form S-nitrosothiols (RSNOs), 
N-nitrosamines (RNNOs), and nitrosyl-heme, respectively, 
also are important physiologically as the activation of cyclic 
GMP by NO• in signaling functions in physiological and 
pathophysiological processes (Ahern et al. 2002; Bogdan 
2001).

Thus, we further investigated the signaling pathways of 
Aβ in relation to NMDA–NOS–cyclic GMP versus oxida-
tive stress on α1-/α2,3-Na,K-ATPase isoforms activities in rat 
hippocampal slices. Results demonstrated the first evidence 
that Aβ1–40 induced an isoform-specific decrease in the 
enzyme activity since only α1-Na,K-ATPase was affected. It 
is interesting that Aβ1–40 increased cyclic GMP levels, which 
can balance the increase in ROS production and avoid the 
decrease in α2,3-Na,K-ATPase activity induced by amyloid 
peptide effect on α2,3-Na,K-ATPase.

These results therefore suggest that NO• produced in 
excess after Aβ treatment is not activating only the soluble 
GC, which may be due to the increase in ONOO− produc-
tion. Previous data from our laboratory also showed an age-
related decrease in cyclic GMP contents and an increase 
in both NOS activity in platelets and TBARS levels in 
erythrocytes as well as in hippocampus and frontal cortex 
of rats (Kawamoto et al. 2013). In fact, previous studies 
have already shown an age-related reduction in the levels 
of cyclic GMP in the cerebral cortex, striatum, cerebellum, 
hippocampus, and hypothalamus of rats (Chalimoniuk and 
Strosznajder 1998; Kawamoto et al. 2008b; Puri and Volicer 
1981; Scavone et al. 2005; Schmidt and Thornberry 1978).

Changes induced by Aβ in the presence or absence of 
MK-801 and L-NAME were not linked to any tissue death. 
The relevance of impaired NO•-dependent cyclic GMP 
production to long-term amyloid exposure is unknown at 
present but it might predispose or potentiate an effect of 
specific factor(s) in the manifestation of age-related degen-
erative disorders. The aberrant NO•–cyclic GMP cascade 
is not only observed in neurodegenerative diseases but 
also in several other disease states, such as hypertension, 
atherosclerosis, and diabetes, which have been linked 
to cognitive deficits. Experimental data suggest that the 
hippocampal-prefrontal network can participate in the for-
mation and consolidation of memories (Dégenètais et al. 
2003; Laroche et al. 1990). Therefore, changes observed in 

NOS activity and TBARS/cyclic GMP levels during aging 
process and the characteristics of the excitatory synaptic 
transmission in the hippocampal-prefrontal cortex path-
way support the existence of a cooperative relationship 
between two structures known to be involved in higher 
cognitive processes.

Taken together, the results suggest that Aβ’s inhibition of 
Na,K-ATPase by ROS and 3-NT-modified protein produc-
tion may initiate a cascade of detrimental effects that lead to 
cell death. However, the activation of NMDA–cyclic GMP 
signaling cascade linked to α2,3-Na,K-ATPase activity may 
mediate an adaptive, neuroprotective response to Aβ in rat 
hippocampus (Fig. 6).
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