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The rats with neurodegenerative brain disorder induced by administration of a toxic
fragment of β-amyloid demonstrate weakened endothelium-dependent dilation of cere-
bral vessels, which attested to impaired production of endothelial NO. At the same time,
toxic β-amyloid fragment induced the formation of NO depots in the walls of cerebral
vessels, which indirectly attests to NO overproduction in the brain tissue. Preadaptation
to hypoxia prevented endothelial dysfunction and improved the efficiency of NO stor-
age. Our results suggest that adaptation to hypoxia protects the brain from various
changes in NO production during neurodegenerative damage.
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NO stress induced by massive NO overproduction
in the microglia and astrocytes largely contributes
to the development of neurodegenerative processes
in the brain [5]. On the other hand, NO deficiency
in the endothelium of cerebral vessels leads to im-
pairment of blood supply to brain cells and increa-
ses the severity of neurodegenerative processes [12].
Alzheimer’s disease (AD) is a vascular injury with
neurodegenerative complications [12]. NO can ser-
ve as a neurotoxic or neuroprotective factor in vari-
ous neurodegenerative diseases, including AD and
Parkinson’s disease. Therefore, it is important to
develop new methods for stimulation or inhibition
of NO production.

The most effective approach to NO modulation
is adaptation to hypoxia stimulating NO synthesis
and preventing not only NO deficiency and endo-
thelial dysfunction, but also NO overproduction
[9]. Adaptive protection from NO overproduction
is based on two mechanisms: prevention of NO
overproduction is related to prestimulation of NO
synthesis and accumulation by the negative feed-
back mechanism; various types of adaptation are
accompanied by the formation of NO stores in the
vascular wall, presented by NO-containing com-
plexes, mainly dinitrosyl iron complexes (DNIC) and
nitrosothiols [2]. NO stores play an important role in
adaptation of the cardiovascular system, because they
serve as an additional nonenzymatic source of NO
compensating for NO deficiency and binding excess
NO under conditions of NO overproduction [2,9].

The role of free and stored NO in adaptation
of the peripheral vascular system to hypoxia was
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extensively studied [9]. The role of NO in adap-
tation to brain hypoxia is less understood, but there
are published data on the existence of NO-depen-
dent mechanisms for brain adaptation to hypoxia.
It was shown that adaptation to hypoxia stimulates
NO synthesis in the brain [8], while NO synthesis
inhibitors prevent adaptation under conditions of
long-term intermittent hypoxia or hypoxic precon-
ditioning of various disorders, including severe
cerebral ischemia [14], experimental epileptogene-
sis [4], sublethal hypobaric hypoxia [8], and cog-
nitive dysfunction in rats with experimental AD [1].

Here we studied NO-dependent changes in ce-
rebral blood flow during experimental neurodege-
nerative disorder of the brain (AD). We also eva-
luated the possibility of preventing these distur-
bances using adaptation to hypoxia and analyzed
the role NO depots in the formation of adaptive
protection of the brain.

MATERIALS AND METHODS

Experiments were performed on male Wistar rats
weighing 250-280 g. The animals were divided into
5 groups (1 control group and 4 experimental groups).
The animals of experimental group 1 received an
NO donor. Group 2 animals were adapted to hypo-
xia. AD was modeled in group 3 rats. Group 4
comprised hypoxia-adapted rats with AD.

The formation of NO stores in rat cerebral ves-
sels was induced by administration of an NO donor
(DNIC) 3 h before the start of the experiment [4].

Adaptation to hypobaric hypoxia was carried
out in an altitude chamber by “elevation” to an alti-
tude of 4000 m above sea level (4 h per day, 14
days). The last adaptation session was performed
24 h before AD modeling. AD was induced by bi-
lateral stereotactic administration of the neurotoxic
peptide fragment (25-35) of β-amyloid (Aβ) (2 µl
Aβ (25-35) solution in a concentration of 0.4×10—9

M) into the n. basalis magnocellularis. The study was
performed 30 h after Aβ administration.

The rats were anesthetized with chloral hydrate.
A hole was drilled in the parietal region to get ac-
cess to the parietal cortex. Local cerebral blood
flow (LCBF) was continuously recorded using an
ALF-21 laser Doppler flowmeter. Endothelium-
dependent dilation of cerebral vessels was studied
after stabilization of LCBF (increase in response to
injection of 10—5 M acetylcholine into the carotid
artery). Variations in LCBF were expressed in per-
cents of the basal level.

NO stores were detected by the method based
on studying the vascular response to N-acetylcys-
teine (N-AC). This compound destroys NO stores

releasing vasoactive products [3,4]. The rats were
pretreated with NO synthase inhibitor Nω-nitro-L-
arginine (L-NNA, 50 mg/kg intraperitoneally) to
exclude the influence of de novo synthesized NO
on LCBF. N-AC at a concentration 10—3 M was
injected into the carotid artery toward the head after
20 min. The increase in LCBF was expressed in
percents of resting LCBF.

The results were analyzed by Student’s t test.
The data are presented as M±SEM.

RESULTS

The method of laser Doppler flowmetry is exten-
sively used in LCBF monitoring to study the NO-
depended response of cerebral vessels, including
endothelium-dependent vasodilation to acetylcho-
line and endothelium-independent reaction to NO
donors [10]. This method adequately reflects rela-
tive changes in LCBF [7]. Previous validation stu-
dies revealed a linear dependence between the va-
lues of LCBF estimated with labeled microspheres
and laser Doppler flowmetry [11]. We used this
method for evaluation of the endothelium-depen-
dent vasodilation and NO stores in cerebral vessels.

Basal LCBF in rats pretreated with DNIC was
much higher compared to the control (45.6±6.3
and 25.7±52.0 arb. units, respectively, p<0.05).
Endothelium-dependent vasodilation did not differ
in control and DNIC-treated rats (Fig. 1). NO stores
were not detected in control animals (Fig. 2). It can
be hypothesized that NO stores in cerebral vessels
are absent under basal conditions. Otherwise, the
volume of NO stores is beyond the lower limit of

Fig. 1. Effect of dinitrosyl iron complex (DNIC), adaptation to
hypoxia, treatment with Aβ (25-35), and Aβ (25-35) administration
after preadaptation to hypoxia on the formation of NO storage in
cerebral vessels. Ordinate: increase in cerebral blood flow in
response to N-acetylcysteine (% of the basal level). Here and on
Fig. 2: 1) control; 2) DNIC; 3) adaptation; 4) Aβ; 5) adaptation+Aβ.
*p<0.05 compared to the control.
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method sensitivity. The latter assumption is most
likely, since NO stores in the control basilar artery
were revealed using a highly sensitive myograph.
Administration of N-AC to DNIC-treated rats cau-
sed a transient increase in LCBF by 58.2±18.3%.
These changes reflected the presence of NO stores
in the vascular wall.

Previous studies showed that NO depots in the
vascular walls play a protective role in cardiovas-
cular diseases (e.g., hypertension and hyperthermia)
[2]. For example, electron paramagnetic resonance
study revealed NO stores in the brain [3] and isola-
ted basilar artery. However, functional role of NO
stores in cerebral vessels remained unknown. We
used an experimental approach demonstrating the
presence of NO stores in the wall of isolated vessels
and whole organism in vivo [3]. This method is
based on physiological assessment of the vascular
response to NO release during store destruction.
The method allows us not only to reveal NO stores
in cerebral vessels, but also to evaluate the influ-
ence of this compound on LCBF.

Endothelium-dependent dilation of cerebral ves-
sels in rats 4-fold decreased after Aβ administration
(4.8±1.7 vs. 15.3±1.2%, p<0.05). Our results are
consistent with published data that experimental
AD is accompanied by endothelial dysfunction of
cerebral vessels [10]. Basal LCBF significantly in-
creased after adaptation to hypoxia. It should be
emphasized that NO donor DNIC induced a similar
increase in LCBF. It can be assumed that the in-
crease in LCBF under both conditions is related to
increased NO concentration. LCBF in rats preadap-
ted to hypoxia also increased after Aβ administra-
tion. These changes probably prevent cerebral hypo-

perfusion. Adaptation had no effect on endothe-
lium-dependent dilation, but completely prevented
Aβ-induced dysfunction.

N-AC increased LCBF in rats adapted to hypo-
xia (by 29.5±10.2%, Fig. 2), which reflects the
release of NO from stores [2]. Our findings are
consistent with published data that adaptation to
hypoxia is accompanied by the formation and pro-
gressive increase in the volume of NO stores in other
vessels [2]. NO stores were also found in Aβ-treated
rats. However, the volume of NO stores in these ani-
mals was relatively low. Overproduction of NO in-
duced by Aβ was probably followed by storage of
excess NO. The volume of NO store in rats adapted
to hypoxia before Aβ administration was much
higher compared to unadapted Aβ-treated animals.

Aβ plays an important role in the pathogenesis
of AD. This compound initiates various neurotoxic
mechanisms, including excitotoxicity, impairment
of Ca2+ homeostasis, free radical processes, NO
overproduction, and neuroinflammation [5,12]. NO
overproduction is probably associated with hyper-
activation of nNOS after long-term stimulation of
glutamate receptors. These changes can also be
related to hyperactivation of iNOS and induction of
this isoform in microglial cells and astrocytes under
the influence of cytokines. NO directly induces
nitrosylation, which is followed by dysfunction of
major proteins with iron-sulfur clusters and thiol re-
sidues. Moreover, NO inhibits key enzymes of the
Krebs cycle, mitochondrial respiratory chain, and
Ca2+ metabolism and produces damage to DNA [5].

NO plays a protective role in AD. A permanent
decrease in the expression of cerebrovascular eNOS
and inhibition of NO production contribute to vas-
cular dysfunction and cerebral hypoperfusion. It is
related to impairment of vascular responses and
change in the release of metabolites and toxins from
the extracellular space. Regional metabolic dys-
function is followed by cognitive disorders and
progressive neurodegeneration [12].

Endothelial dysfunction of cerebral vessels plays
an important role in impairment of LCBF autoregu-
lation, which is observed in Aβ-treated animals and
transgenic animals with Aβ overexpression. A posi-
tive correlation was revealed between the severity
of endothelial dysfunction and Aβ concentration in
the brain [10]. The decrease in endothelium-de-
pendent dilation impairs the reaction of cerebral
vessels to transmural pressure drop. These changes
make the brain highly susceptible to blood pressure
variations even within the normal range and aggra-
vate damage induced by ischemia and occlusion of
cerebral vessels [13]. It should be emphasized that
Aβ-induced endothelial dysfunction precedes neuro-

Fig. 2. Effect of dinitrosyl iron complex (DNIC), adaptation to
hypoxia, treatment with Aβ (25-35), and Aβ (25-35) administration
after preadaptation to hypoxia on the formation of NO stores in
cerebral vessels. Ordinate: increase in cerebral blood flow in
response to N-acetylcysteine (% of the basal level).
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degenerative changes in the brain [10] and, there-
fore, serves as an important pathophysiological me-
chanism of AD.

Little is known about the possibility of preven-
ting neurodegenerative processes in the brain by
adaptation to hypoxia. Previous studies showed that
adaptation to hypoxia prevents behavioral disorders
associated with neurodegenerative processes during
experimental Parkinson’s disease [6]. We showed
that adaptation to hypoxia improves cognitive func-
tion in rats and prevents the decrease in the con-
centration of nitrites and nitrates in the plasma in-
duced by Aβ [1].

Prolonged moderate stimulation of NO synthe-
sis by endothelial NO synthase during adaptation
to hypoxia probably underlies prevention of endo-
thelial dysfunction and blood pressure elevation.
Complexes of excess NO are formed during adap-
tation and accumulated in the vascular wall. Be-
sides this, the ability of vessels to accumulate NO
increases under conditions of adaptation to high
concentration of NO. This mechanism contributes
to vascular protection under conditions of NO over-
production [9].

We showed for the first time that adaptation to
hypoxia has a dual protective effect during distur-
bances in cerebral blood flow induced by a neuro-
toxic peptide Aβ. This adaptation prevents endo-
thelial dysfunction of cerebral vessels, provides the
adaptive response to NO overproduction, and in-
creases binding of excess NO with the formation
of stable complexes. Our results indicate that non-
pharmacological adaptive prevention of disturban-
ces in cerebral blood flow holds much promise in
the therapy of patients with AD.
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