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a b s t r a c t
This study tested the hypothesis that adaptation to intermittent hypoxia (AIH) can prevent overproduction of nitric oxide (NO) in brain and neurodegeneration induced by beta-amyloid (Ab) toxicity. Rats were
injected with a Ab protein fragment (25–35) into the nucleus basalis magnocellularis. AIH (simulated altitude of 4000 m, 14 days, 4 h daily) was produced prior to the Ab injection. A passive, shock-avoidance,
conditioned response test was used to evaluate memory function. Degenerating neurons were visualized
in stained cortical sections. NO production was evaluated in brain tissue by the content of nitrite and nitrate.
Expression of nNOS, iNOS, and eNOS was measured in the cortex and the hippocampus using Western blot
analysis. 3-Nitrotyrosine formation, a marker of protein nitration, was quantified by slot blot analysis. Ab
injection impaired memory of rats; AIH significantly alleviated this disorder. Histological examination
confirmed the protective effect of AIH. Degenerating neurons, which were numerous in the cortex of
Ab-injected, unadapted rats, were essentially absent in the brain of hypoxia-adapted rats. Injections of
Ab resulted in significant increases in NOx and in expression of all NOS isoforms in brain; AIH blunted these
increases. NO overproduction was associated with increased amounts of 3-nitrotyrosine in the cortex and
hippocampus. AIH alone did not significantly influence tissue 3-nitrotyrosine, but significantly restricted its
increase after the Ab injection. Therefore, AIH affords significant protection against experimental
Alzheimer’s disease, and this protection correlates with restricted NO overproduction.
Ó 2010 Elsevier Inc. All rights reserved.

Introduction
Multiple studies have demonstrated that adaptation to intermittent hypoxia (AIH) exerts protective effects on the cardiovascular system that reduce ischemic and reperfusion injury [1,2],
hypertension [3] and myocardial infarction [4]. These protective
effects have been attributed to stimulation of self-defense systems
in the body, including those of antioxidants, heat shock proteins,
prostaglandins and other so-called stress-limiting systems [5].
Adaptation to hypoxia also renders protection to nerve cells of
brain. Prior studies have shown that adaptation to AIH in an altitude chamber prevented experimental epilepsy [6,7], and adaptation to high-altitude hypoxia in mountains improved formation
and retention of a conditioned reflex in mice [8–10]. Adaptation
to hypobaric hypoxia was successfully used clinically for treatment
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of patients with schizophrenia and alcohol abuse [9]. In rats, AIH
during chronic ethanol consumption attenuated oxidative damage
to the brain and mitigated behavioral abnormalities during subsequent ethanol withdrawal [11]. AIH was effective against ischemic
brain injury [12–14] and stroke [15] in mice and rats. Finally, AIH
prevented the neurodegenerative process in rat brain during the
development of experimental Parkinson disease [16].
Several classes of drugs are used in the therapy of Alzheimer’s
disease (AD). These include acetylcholine esterase inhibitors, drugs
influencing NMDA and glutamate receptors, drugs affecting the synthesis of beta-amyloid (Ab) and the formation of neurofibrillary tangles, and anti-inflammatory agents [17]. However, the efficacy of
these drugs is limited, since each drug influences only a single step
of the pathogenesis in AD, and these drugs have an effect on both
damaged and normal cells. Thus, major attention is now paid to
non-pharmacological approaches that may mobilize self-defense
systems. Dietary restriction, physical and mental activity [18,19],
or mild stress exposure, such as exposure to light or transcutaneous
nerve stimulation [20] has been reported to reduce both the incidence and severity of neurodegenerative disorders in humans.
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Recently we demonstrated for the first time that adaptation to
intermittent normobaric hypoxia reduced the loss of memory in
rats with experimental AD induced by intracerebral injections of
beta-amyloid (Ab) [21,22]. Mechanisms of this protection remain
unknown, although limited data available from Russian-language
publications suggest that underlying protective mechanisms may
include reduction of toxic reactive oxygen and nitrogen species
[21,23]. The current study tested the hypothesis that adaptation
to intermittent hypoxia can, indeed, prevent NO overproduction
and neurodegenerative damage induced by Ab toxicity in rat brain.
We also sought to identify specific NO synthases responsible for
the Ab-induced NO overproduction and to determine the effects
of AIH on these NO synthases.

ment, one-way, step-through apparatus was used [26]. In the training trial, the rats were placed in the illuminated compartment and
allowed to explore the compartments. The time that elapsed before
the rat stepped into the dark compartment was recorded (preshock latent period 1, LP1). If the rat did not enter the dark compartment by 3 min, the rat was withdrawn from the experiment.
Upon entry into the dark compartment, a mild, unavoidable footshock (1 mA, for 3 s) was delivered through the grid floor, and
the rats were returned to their cages. After 24 h the test was repeated. The rats were placed again in the illuminated compartment, and the latency to step into the dark compartment was
recorded (post-shock latent period, LP2). If the rat did not enter
the dark compartment within 3 min, LP2 was set as 3 min.

Experimental procedures

Histopathological analysis

Chemicals

Five rats of each group were anesthetized intraperitoneally with
chloral hydrate (375 mg/kg body weight; Merck, Germany) and
then perfused intracardially with a mixture of 4% formaldehyde,
glacial acetic acid and 95% ethanol (2:1:7 v/v/v). After this perfusion, the rats were decapitated, and their heads placed in a refrigerator at 4 °C for 20 h. To visualize degenerating neurons, 10 lm
sections of parietotemporal cortex were Nissl-stained with haematoxilin-eosin, acid vanadium fuchsin and cresyl violet. The number
of degenerating neurons within the cortical layer was counted
using a computer-compatible light microscope (BX51, Olympus,
Japan) at x400 magnification and expressed as the number of degenerating neurons per a field of view (0.126 mm2). The software, Cell A,
Version 2.4, was used to photograph neurons. The software, Infinity
Analysis, Verson 4.0, was used to count neurons. The mean number
of degenerating neurons per field of view was calculated for at least
20 sections per each treatment group. The sections were taken from
random parts of the parietotemporal cortex. All assessments of
histological sections were performed blindly.

Reagents were purchased from Assay Designs (Ann Arbor, MI)
or Bio-Rad (Hercules, CA).
Animals
Male Wistar rats weighing 220 ± 50 g at the beginning of the
study were maintained at controlled temperature (22–25 °C) and
humidity (55%). A 12:12 h light–dark cycle was maintained with
lights on between 7:00 AM and 7:00 PM. All animal procedures
were performed in accordance with the National Research Council
Guide for the Care and Use of Laboratory Animals. Protocols were
approved by the Animal Care and Use Committee of the Institute
of General Pathology and Pathophysiology.
Adaptation to hypoxia
Adaptation to hypobaric hypoxia was produced in an altitude
chamber at a simulated altitude of 4000 m above sea level. The total duration of adaptation was 14 days. On the 1st day, rats were
‘‘elevated” to 1000 m and the session lasted for 30 min; on the
2nd day – 2000 m for 1 h; on the 3rd day – 3000 m for 1.5 h; on
the 4th day – 4000 m for 2 h; on the 5th day – 4, 000 m for 3 h;
and on the 6th and subsequent days – 4000 m for 4 h. The rate of
‘‘elevation” to the simulated altitude did not exceed 15 m/s. The
last session was performed 24 h prior to the Ab injection.
Ab injections
Ab (25–35) (Sigma–Aldrich, St. Louis, MO) was dissolved in
physiological saline. Rats were anesthetized intraperitoneally with
chloral hydrate (375 mg/kg body weight; Merck, Germany), and
their heads were fixed in a stereotaxic apparatus. To model AD
[24], animals were injected with 2 ll of solution containing
0.4 nmol Ab protein fragment (25–35), which was injected slowly
into the nucleus basalis magnocellularis at both sides of the brain
(AP-2.0 mm, lat.±3.5 mm, vent. 5.6 mm) [25] with a 10 ll Hamilton
microsyringe. Untreated, control rats received no surgical treatment, while sham-operated rats were anesthetized and received
bilateral injections of 2 ll saline. Behavioral tests were performed
14 days after the Ab injection. All animals were killed by decapitation 30 days after the Ab or saline vehicle injections, and biochemical investigations and histopathological analyses were performed.
Behavioral testing
The passive, shock-avoidance, conditioned response test was
used to evaluate memory function. For this test, a two-compart-

Measurement of nitrite and nitrate in brain tissue
Brain cortex was homogenized in liquid nitrogen, and deionized
water was added to the sampes at 1:1.5 ratio. The samples were
frozen at 80 °C and unfrozen briefly and refrozen three times to
destroy cell membranes. Then the samples were deproteinzed by
adding 1/20th volume of ZnSO4 (300 g/L) and centrifuged at
3000 rpm for 6 min, warmed to 60 °C, and centrifuged again at
13,000 rpm for 30 min. Nitrate was reduced to nitrite in the supernatant using a cadmium reactor in the presence of 0.5 M NH4OH,
pH 9.0, as a buffer (plasma to buffer ratio 9:1, v/v). A sample
aliquot was mixed with an equal volume of Griess reagent
(Sigma-Alrdrich, St. Louis, MO) and incubated for 10 min for color
development at room temperature. Each sample was assayed in
duplicate. The total content of nitrite and nitrate (NOx) was
measured in the supernatant. Calibration curves were made with
sodium nitrite (5–50 lM) in distilled water. Absorbance was
measured at 540 nm by a spectrophotometer. The results were expressed as lmol nitrite/mg tissue.
Western immunoblot analysis
Frozen cortex and hippocampus tissues from each animal were
homogenized in six volumes (wt/vol) of lysis buffer (pH 7.4) composed of 10 mM HEPES, 0.1 mM EDTA, 0.32 mM sucrose, and protease cocktail, 10 ll cocktail per 1 mL of lysis buffer. The protease
cocktail contained 2.5 lg/ml antipain, 2.5 lg/ml leupeptin,
1.74 lg/ml pepstatin A and 0.95 lg/ml aprotinin (Sigma–Aldrich,
St. Louis, MO). The homogenates were incubated for 15 min at
4–8 °C and centrifuged at 4 °C for 25 min at 13,000 rpm. The protein
concentration was determined spectrophotometrically using the

291

A.V. Goryacheva et al. / Nitric Oxide 23 (2010) 289–299

Bradford reagent (Bioquant Protein, Merck, Germany). Crude
homogenate protein (100 lg) from three animals of each group
was heated for 7 min at 96 °C and then loaded on gradient (4–12%)
sodium dodecyl sulfate-tris(hydroxymethyl)aminomethane glycine
polyacrylamide gels. Proteins were transferred electrophoretically
to polyvinylidene difluoride membranes, blocked with 5% nonfat
dry milk, and incubated overnight at 4 °C with polyclonal anti-iNOS,
anti-eNOS, and anti-nNOS antibodies (Assay Designs, Ann Arbor,
MI). HeLa cell lysate was used as a positive control for iNOS and eNOS
proteins, and mouse brain tissue extract was used as a positive
control for nNOS protein (Assay Designs, Ann Arbor, MI). Specific
proteins were detected using horseradish peroxidase-conjugated
anti-rabbit secondary antibodies (Assay Designs, Ann Arbor, MI)
and ECL reagents (Amersham, UK). The blots were scanned with a
Bio-Rad (Hercules, CA) imaging densitometer, and optical densities
of the protein bands were quantified with Photoshop software.
Nitrotyrosine slot blotting
Slot blotting was used to measure 3-nitrotyrosine (3-NT) formation. Crude homogenates of brain cortex and hippocampus
(100 lg, see above) were mixed with equal volumes of sample
buffer, boiled for 5 min, and loaded on nitrocellulose membranes
using a Bio-Rad slot-blotting apparatus. Membranes were then
blocked with 5% nonfat dry milk and probed overnight with primary polyclonal antinitrotyrosine antibody (1 lg/ml) and horseradish peroxidase-conjugated anti-rabbit secondary antibodies
(Upstate Biotechnology, Charlottesville, VA). Nitrotyrosine molecular weight standard (Upstate Biotechnology) was used as positive
control. Specific proteins were detected with the ECL kit, and the
intensity of the slots was evaluated by densitometry, as mentioned
above.

Fig. 1 shows that the Ab injection significantly decreased the latency 24 h after the delivery of a mild foot-shock (LP2), compared
to both sham-operated and control animals (68 ± 8 s for Ab vs.
144 ± 17 or 149 ± 16 s for naïve and sham-operated control rats,
respectively; p < 0.05 for both comparisons). This indicates shortterm impairment of cortical retention mechanisms by Ab injection.
The performance of control and saline vehicle-injected rats did not
significantly differ from each other. AIH alone did not change the
memory retention (133 ± 17 s for adaptation to hypoxia vs.
144 ± 17 or 130 ± 11 s for naïve rats and sham-operated control
rats, respectively, p > 0.05 for both comparisons). However, adaptation to hypoxia significantly alleviated the loss of memory in Abinjected rats; DLP (LP2-LP1) was greater in AIH rats injected with
Ab (93 ± 10 s) than in non-adapted rats injected with Ab (68 ± 8 s,
p < 0.05).

Histolopathological findings
Histological examination confirmed the protective effect of
adaptation to hypoxia (Fig. 2). The total number of visible neurons
(degenerating plus normal) per field of view was slightly less in the
brain of Ab-injected rat but this difference was not statistically significant. Degenerating neurons were not found in rats which did
not receive Ab-injections (Figs. 2A, 2C, 3B). Multiple shrunk, hyperchromic degenerating neurons were present in the parietotemporal cortex of rats injected with Ab (38 ± 6.2 in the field of view)
(Fig. 2D). Neurons with these pathomorphological signs were
essentially absent in the brain of rats injected with Ab after adaptation to hypoxia (3 ± 2 degenerating neurons in the field of view,
p < 0.05; Fig. 2E). Therefore, AIH prevented Ab toxicity-induced
neurodegeneration in the brain.

Statistical analyses

Measurement of NOx in brain tissue

All measurements were performed in duplicate or triplicate,
and mean values were computed for each rat. Data from each rat
were averaged, and these values are presented as means ± SEM.
Student’s T-test was used to identify selected group differences
among plasma and brain tissue NOx concentrations. The non-parametric Wilcoxon paired T-test was used to compare pre- and postshock latencies (LP1 and LP2) and to calculate DLP for each animal
in a group. The non-parametric Wilcoxon–Mann–Whitney U-test
was used to determine significance of intergroup differences in
the passive shock-avoidance conditioned response test. The exact
Fisher test was used to determine significance of differences in
memory retention. Differences were considered significant at
p < 0.05.

Fig. 3 shows that injections of Ab resulted in a significant increase in brain tissue NOx (26.0 ± 2.0 and 29.1 ± 3.9 lmol nitrite/
mg tissue for naïve control and sham-operated rats, respectively,
vs. 44.0 ± 3.3 lmol nitrite/mg tissue for Ab, p < 0.05), which indicated NO overproduction. AIH did not induce any significant
changes in NOx of naïve or sham-operated rats, but completely
prevented NO overproduction in rats injected with Ab (44.0 ± 3.3
for Ab vs. 23.3 ± 4.0 lmol nitrite/mg tissue for adapted rats injected with Ab, p < 0.05).

Results
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marked neurotoxic effects and induced cell death in rat brain after
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and 87% of naïve control and sham-operated control rats remembered the foot-shock, which was evident as increased post-shock
latencies. After the Ab injection, the percentage of rats remembering the foot-shock decreased to 75% (p < 0.05). AIH did not change
the percentage of control and sham-operated rats that remembered the foot-shock, but AIH significantly increased the proportion of Ab treated rats that remembered the foot-shock to 87%.
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Fig. 1. Changes in post-shock latencies (DLP; LP2-LP1) in the 24 h memory
retention trial of the passive avoidance test after Ab injections in the nucleus
basalis magnocellularis. The results are presented as M ± SEM. AIH = adaptation to
hypoxia; SO = sham operation; *less than all other groups, p < 0.05; #greater than
Ab and less than non-Ab rats, p < 0.05.
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Fig. 2. Representative sections of Nissl-stained rat parietotemporal cortex ([400). (A) = naïve control; (B) = sham operation; (C) = adaptation to hypoxia; (D) = effect of Ab
(arrows indicate shrunken and hyperchromic, degenerating neurons); (E) = adaptation to hypoxia + Ab.

Expression of NOS isoforms
Fig. 4 shows changes in nNOS (Fig. 4A), iNOS (Fig. 4B), and eNOS
expression (Fig 4C) in rat brain cortex and hippocampus after AIH
and injection of Ab. Sham operation did not induce any detectable
changes in expression of any of the NOS isoforms. Injections of Ab
resulted in large increases in all three NOS isoforms in both cortex
and hippocampus. The iNOS expression increased to a lesser extent
in the cortex than in the hippocampus of Ab-injected rats. AIH did
not significantly influence eNOS, nNOS, and iNOS expression in the
cortex. The expression of all three NOS isoforms was increased in
the hippocampus of AIH rats, although these increases were considerably smaller than the increases in NOS isoform expression induced by Ab. The most important result of these experiments was
that adaptation to hypoxia significantly blunted the increases in

NOS isoform expression induced by Ab in both cortex and hippocampus. This protection was most pronounced with respect to
nNOS in the hippocampus and to eNOS in the cortex and hippocampus. This protection was most pronounced with respect to
nNOS in the hippocampus and to eNOS in the cortex and
hippocampus.
3-Nitrotyrosine content
Formation of 3-NT was evaluated in the cortex and hippocampus. Fig. 5 shows that Ab injections were associated with increased
3-NT in cortex (96 ± 18%, p < 0.05; Fig. 5A) and in hippocampus
(120 ± 26%, p < 0.05; Fig. 5B). Sham operation also resulted in statistically significant, but milder, increases in 3-NT in cortex
(38 ± 12%, p < 0.05; Fig. 5A) and in hippocampus (25 ± 10%,
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Fig. 3. Effect of adaptation to hypoxia on the nitrite + nitrate (NOx) concentration
(lmol nitrite/mg tissue) in brain tissue of rats with experimental Alzheimer’s
disease. The results are presented as M ± SEM. AIH = adaptation to hypoxia;
SO = sham operation; *greater than all other groups.

Fig. 5B). AIH did not significantly influence tissue 3-NT in the hippocampus, but moderately increased 3-NT in the cortex by 42%
compared to the naïve control (p < 0.05). However, AIH significantly restricted the increases in 3-NT in the cortex and hippocampus of rats injected with Ab.
Discussion
The main findings of this study are that adaptation of rats with
Ab toxicity to intermittent hypobaric hypoxia (AIH) attenuated (1)
NO overproduction by excessively expressed NOS isoforms and the
resulting protein nitration in brain; (2) neurodegenerative processes resulting in loss of cortical neurons; and (3) impairment of
memory retention. Taken together, these data show that AIH affords significant protection against experimental AD. This protection may be mediated by reducing NO overproduction and
resulting protein nitration, one of AD’s important pathogenetic
mechanisms.
AD is characterized by formation of amyloid plaques, intracellular neurofibrillary tangles and pronounced cell death in the brain,
resulting in progressive loss of memory and cognitive ability
[28]. Early steps in the pathogenesis of AD include excessive production of reactive oxygen species and reactive nitrogen species
[29].
Direct neurotoxic effects of excessive NO are mediated by mitochondrial dysfunction and ATP depletion, which lead to the collapse of mitochondrial membrane potential and the release of
mitochondrial proteins. These proteins, including cytochrome c
and Smac, in turn, activate the caspase cascade causing apoptotic
death of neurons [30]. In addition, NO reacts with superoxide anion
(O2 ) to produce peroxynitrite (ONOO ), an extremely strong oxidant that damages lipids, DNA, carbohydrates, and proteins. Both
peroxynitrite decomposition and NO oxidation produce nitrite
which is subsequently oxidized to nitrogen dioxide (NO2) by reactions catalyzed by peroxidases [31–33]. Nitrogen dioxide is a potent nitrating species [34], and it readily nitrates tyrosine to form
3-NT [35]. Nitration of tyrosine affects many important enzymes
and structural proteins, such as, manganese superoxide dismutase,
neurofilament L, actin, and tyrosine hydroxylase [36]. This pathological nitration process is associated with development and progression of several neurodegenerative diseases, including AD, and
3-NT is found in large amounts in affected regions of the brains
of patients with AD [37–39].
Nitrative damage occurs early in the progression of AD and may
be important for transition from mild cognitive impairment to the
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severe impairment characteristic of AD [39]. In the present study,
we observed an increase in total protein nitration of both hippocampus and cortex of rats with experimental AD. The increase in
3-NT was greater in hippocampus than in cortex following injection of Ab, consistent with the suggestion that the hippocampus
is the region more vulnerable to AD [39,40].
Our measurements of the stable NO metabolites, nitrite and nitrate, showed that Ab induced pronounced NO overproduction
resulting from excessive expression of all three NOS isoforms.
Interestingly, we found stronger induction of eNOS than of iNOS,
although a prior report indicated that the iNOS isoform, which is
induced in astrocytes associated with amyloid plaques, is a major
source of NO in AD [41]. More recent evidence, however, has demonstrated also a significant role for eNOS [42,43]. While eNOS is
found in endothelial cells, this NOS isoform had been also detected
in neurons and glial cells [42,44].
Astrocytes with elevated levels of iNOS or eNOS are found in direct association with Ab-deposits, and experimental AD is associated with astrocytosis accompanied by significant increases of
both iNOS and eNOS [43]. Thus, increased expression of these
NOS isoforms contributes to the maintenance and progression of
the neurodegenerative process. Contrary to iNOS, the isoforms
eNOS and nNOS are constitutively expressed, and their activation
does not require new enzyme protein synthesis. However, these
constitutive forms of NOS are also inducible, since synthesis of
new enzyme protein is stimulated by pathological conditions
[45,46].
All three isoforms of NOS, as well as 3-NT, are found in sections
of temporal cortex taken from postmortem brains of patients with
AD [47]. Aberrant expression of nNOS in cortical pyramidal cells
and of iNOS and eNOS in glial cells is highly co-localized with
nitrotyrosine. Therefore, it is likely that increased expression of
all NOS isoforms in astrocytes and neurons contributes to generation of nitrotyrosine and severe damage to brain neurons [48]. Indeed, loss of synaptic contacts is observed early in the brain of
patients with AD [49,50], and this process significantly correlates
with cognitive decline [51]. Damage and shrinkage of neurons
follows, with subsequent selective loss of neurons in the hippocampus, cortex, neocortex and limbic structures [51,52].
The primary site of damage in AD is cholinergic neurons in the
nucleus basalis of Meynert. These neurons project to the cerebral
cortex and to similar neurons located in the diagonal band of Broca
and the medial septum. From there, neurons project to the hippocampus [52,53] and parietotemporal cortex [25,54], the regions
that are most severely affected in the brains of patients with AD
[55]. Thus, in the present study, we used a commonly accepted
rat model of AD: injection of Ab into the nucleus basalis magnocellularis, a structure homologous to the nucleus basalis of Meynert
[56] with subsequent morphological analysis of neurodegeneration
in the parietotemporal cortex. Harkany et al. showed that Ab injection into the nucleus basalis magnocellularis resulted in damage to
cholinergic neurons and concomitant, significant loss of their cholinergic projection fibers in the cortex [57]. These authors then
demonstrated that Ab-induced cholinergic denervation of the rat
cortex closely correlated with NOS activation [58]. They suggested
that NO overproduction and subsequent formation of peroxynitrite
might damage additional cortical neurotransmitter systems. Thus,
increased cortical nNOS activity may be responsible, at least in
part, for both the primary (cholinergic) and secondary (generalized) neurodegeneration of AD.
Dark neurons in brain sections stained by Niesl are known to
represent a typical morphological change indicative of degenerating neurons [59]. Since dark neurons are massively shrunken,
abnormally hyperchromic, and acquire an angular shape, they
can be clearly distinguished from normal neurons [59]. In our
study, we found multiple neurons with these characteristic signs
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Fig. 4. Representative Western blots and diagrams showing expression of nNOS (5A), iNOS (5B) and eNOS (5C) in rat brain cortex and hippocampus. The data are mean ± SEM
(n P 5 each). Results are expressed as relative densitometric units in per cent of the value for naïve control. *greater than control control and/or sham operation, p < 0.05.
#
less than Ab, p < 0.05.

of degeneration in brains of rats injected with Ab. These degenerating neurons, typical for experimental AD, were not observed in
sham-operated control rats.
In this investigation, we confirmed the protective effect of AIH
on the cognitive function of rats, as we had previously reported
[21–23]. Our data suggest that this protective effect on cognitive
function is due to less vulnerability of brain neurons to Ab-induced
neurodegeneration. Thus, more functional neurons were present in
rats with experimental AD and adapted to intermittent hypoxia.

Our results allow speculation about possible mechanisms
responsible for the protective effect of AIH and the role of NOdependent mechanisms in this protection. Although adaptation
to hypoxia per se stimulates NO production [60,61], the current
study shows that this adaptation prevented NO overproduction
in experimental AD and alleviated adverse effects of AD. Severe
hypoxia produced by a simulated altitude of 11,000 m is another
condition that causes brain damage, which is associated with NO
overproduction [62]. Earlier we found that an 8-day program of
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intermittent hypobaric hypoxia prevented subsequent NO overproduction in the brain and prolonged survival when these rats
were then exposed to severe hypoxia [62]. This protection appeared to be related to a moderate, prior increase in NO synthesis
during the adaptation process, since inhibition of NOS during
adaptation abolished the protection. We also demonstrated that
inhibition of NOS blunted AIH-induced improvement in memory
retention of rats with experimental AD, whereas an NO donor
mimicked the protective effect of AIH [22]. Findings of the present
study that AIH reduced expression of NOS isoforms and accumulation of 3-NT support the hypothesis that restriction of NO
overproduction may underlie the neuroprotective effect of AIH in

experimental AD. However, the causal relationship between
restriction of NO overproduction and AIH-induced neuroprotection
remains to be proved.
At least two mechanisms might account for the AIH-induced
restriction of NO overproduction demonstrated is this study. First,
NO overproduction can be directly restricted by NO synthesized
during adaptation by a negative feedback mechanism due to binding of NO to NOSFe2+, which restricts further NO production [63].
Second, adaptation to hypoxia facilitates binding of NO to complexes that form NO stores. Formation of NO stores is apparently
an adaptive mechanism to protect cells from the toxic effects of
excessive NO [64,65]. Indeed, in our previous experiments we have

296

A.V. Goryacheva et al. / Nitric Oxide 23 (2010) 289–299

C (eNOS)
CORTEX

Naïve control Sham operation

Adaptation to
hypoxia

Adaptation +
sham operation

Aβ

Adaptation + Aβ

CORTEX

% 700

*

600
500
400

*#

300
200
100
0

Control

Sham

Adaptation Sham+adapt.

Аβ

Adapt.+ Аβ

HIPPOCAMPUS

Naïve control Sham operation

%

Adaptation to
hypoxia

Adaptation +
sham operation

Aβ

Adaptation + Aβ

HIPPOCAMPUS

*

300
250

*#

200
150
100
50
0

Control

Sham

Adaptation Sham+adapt.

Аβ

Adapt.+ Аβ

Fig. 4 (continued)

demonstrated that the amount of NO stores in blood vessels of hypoxia-adapted rats with experimental AD was significantly greater
than in non-adapted rats [66].
Another important neuroprotective mechanism of adaptation to
hypoxia may involve restriction of oxidative stress in brain tissue
due to the activation of antioxidant defenses. Indeed, it has been
shown that oxidative stress damages the brain during withdrawal
from chronic ethanol consumption [11] or following injection of
iron citrate [67]. Brain content of the oxidative stress marker,
superoxide anion, was reduced by daily AIH in rats withdrawn
from ethanol consumption decreased [11]. Reduced concentrations
of lipid peroxidation products, increased activities of superoxide

dismutase, catalase and glutathione peroxidase were found in red
blood cells of patients with dyscirculatory encephalopathy after
10 days of AIH [68]. These patients also had improved well-being
and memory. In our earlier experiments, adaptation to hypoxia
effectively prevented oxidative stress induced by Ab in rats
[21,23]. AIH may also exert a direct protective and reparatory effect on brain neurons by facilitating the proliferation of neural
stem cells [69].
The hypoxia-inducible transcription factor, HIF-1, may also protect against Ab toxicity [70]. In fact, the rapid dynamics of synthesis and degradation of HIF may be especially important for
adaptation to intermittent hypoxia [71–73]. Therefore, it would
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Fig. 5. Representative slot-blots and diagrams showing expression of 3-nitrotyrosine in rat brain cortex (A) and hippocampus (B). The data are mean ± SEM (n P 5 each).
Results are expressed as relative densitometric units in per cent of the value for naïve control. *greater than control and/or sham operation, #greater than Ab, p < 0.05.

be interesting to investigate in future studies a potential role of
HIF-1 in the neuroprotective effect of adaptation to hypoxia and
any possible interactions between HIF-1 and NO overproduction.
Clearly, by elucidating the protective mechanisms of adaptation
to hypoxia, new, clinically relevant, approaches to prevention
and treatment of AD may be developed.
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