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Abstract. Intermittent hypoxia stimulates the development of adaptive
responses, called preconditioning. This process is partially mediated by
genetic remodeling, via hypoxia inducible factor (HIF), which induces long-
term adaptation processes and is responsible for the increase of levels of
vascular endothelial growth factor (VEGF), erythropoietin (Epo), atrial
natriuretic peptide (ANP), and nitric oxide (NO). The synthesis of brain-
derived neurotrophic factor (BDNF) participates in the control of neural
plasticity after hypoxia. The mechanisms of neuroprotection against hypoxia
may be related to vascular adjustments and to central neurogenic
neuroprotection. Some of the factors known to be involved in the
development of the mechanism of neuroprotection are also present in the
responses to repetitive apneas that occur during sleep in patients with
obstructive sleep apnea (OSA) syndrome, who are frequently exposed to
severe sleep hypoxemia. It appears that OSA syndrome represents a clinical
example of preconditioning and the development of adaptive responses to
intermittent hypoxia.
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INTRODUCTION

The central nervous system is particularly vulnera-
ble to hypoxic conditions; this is due to high-energy
requirements compared to the low energy reserves
(Hossmann 1999). Long-term exposure to severe
hypoxia causes both immediate and delayed functional
and metabolic disturbances and can progress to cell
injury and deterioration (Ceretelli 1992). However,
short-term exposure — as occurs in conditions of
repeated and transient reductions in oxygen tension,
called intermittent hypoxia — may initiate adaptive
responses counterbalancing the effects of oxygen dep-
rivation (Clanton and Klawitter 2001). The develop-
ment of the spectrum of adaptive mechanisms protect-
ing nerve cells from oxygen deprivation in the course
of intermittent hypoxia has been called precondition-
ing; the idea of preconditioning arose in the cardiac lit-
erature (Murry et al. 1986). Subsequently, precondi-
tioning has been found in multiple organs, including
the central nervous system (Clanton and Klawitter
2001, Dirnagl et al. 2003, Vanden Hoek 2002). It has
been shown in numerous experimental models of cere-
bral ischemia that brief episodes of ischemia make the
brain more resistant to following longer ischemic
events (Bergeron et al. 2000, Kirino 2002, Schaller and
Graf 2002, Weih et al. 2001). Neurons can be precon-
ditioned by various mechanisms to resist hypoxia,
ischemic tolerance can be observed in different phases,
and several mediators are implicated in precondition-
ing (Sato et al. 2000, Schaller and Graf 2002, Weih et
al. 2001, Yellon et al. 1998).

GENETIC AND HUMORAL
RESPONSES TO INTERMITTENT
HYPOXIA

Delayed and long-lasting neuroprotection against
hypoxia may involve genetic remodeling with expres-
sion or repression of multiple genes (Golanov and
Zhou 2003, Weih et al. 2001). The adaptations to hypox-
ia are mediated by hypoxia-inducible factor-1 (HIF-1)
(Zhou et al. 2003). HIF-1 is a heterodimeric factor,
composed of HIF-1o and HIF-18 protein subunits, that
senses decreased oxygen availability and — after bind-
ing to promoter/enhancer elements — responds with
enhanced transcription of classic hypoxia-inducible
target genes (Sharp et al. 2001, Zhou et al. 2003). The
genes stimulated by HIF-1 are involved in angiogene-

sis, erythropoiesis, and energy metabolism, thus induc-
ing the long-term adaptation processes (Sharp et al.
2001, Yamakawa et al. 2003, Zhou et al. 2003). HIF-1
upregulates the levels of erythropoietin (Epo)
(Sanchez-Elsner et al. 2004), vascular endothelial
growth factor (VEGF)(Yamakawa et al. 2003), atrial
natriuretic peptide (ANP) (Chun et al. 2003), nitric
oxide (NO) synthase (Jung et al. 2000), glucose trans-
port proteins (Brooks et al. 1991), and glycolytic
enzymes (Sharp et al. 2001).

Epo is a hydrophobic sialoglycoproteic, hematopoiet-
ic growth factor, produced in response to hypoxia by the
kidney, liver, and spleen (Buemi et al. 2002, 2003, Eid
and Brines 2002). The system of Epo and its receptors —
present in neurons, glial cells and brain capillary
endothelial cells — is upregulated in conditions of both
cerebral ischemia and hypoxia (Kalialis and Olsen 2003,
Siren et al. 2001a). Epo has neurotrophic and multiple
neuroprotective effects and is considered a cellular sur-
vival factor in neurons (Juul 2002, Sinor and Greenberg
2000, Siren et al. 2001b). The mechanisms by which
Epo produces neuroprotection include decreased gluta-
mate toxicity, inhibition of apoptosis, reduced inflam-
mation, antioxidant effects, and stimulation of angio-
genesis (Brines et al. 2000, Celik et al. 2002,
Digicaylioglu and Lipton 2001, Grimm et al. 2002, Juul
2002, Olsen 2003, Siren et al. 2001a). Increased Epo
levels in response to hypoxia prevent light-induced reti-
nal degeneration (Grimm et al. 2002). In animal models
exogenous Epo may cause reduction of cerebral infarct
after reversible middle cerebral artery occlusion (Brines
et al. 2000, Siren et al. 2001a). In cultured rat cortical
neurons Epo reduces neuronal cell death from hypoxia
with glucose deprivation (Sinor and Greenberg 2000).

VEGEF is a hypoxia-sensitive glycoprotein stimu-
lating the growth of new capillary vessels
(Jurkovicova et al. 2003, Lavie et al. 2002). In
severely hypoxic patients serum levels of VEGF are
elevated in the relation to the degree of oxygen desat-
uration (Schultz et al. 2002, Teramoto et al. 2003b).
Systemic hypoxia also upregulates VEGF in the
brain (Xu and Severinghaus 1998). The presence of
VEGF has been shown in the brain after moderate
ischemia-reperfusion injury (Mu et al. 2003). VEGF
may play a role in the regulation of oxygen tissue
delivery (Gozal et al. 2002). In the models of hypox-
ic preconditioning, activation of VEGF has neuro-
protective properties (Bernaudin et al. 2002, Mu et
al. 2003, Wick et al. 2002).



Plasma ANP levels increase during hypoxia.
Protection conveyed by ANP may involve the attenuat-
ed activation of pro-inflammatory transcription factors
and the reduced expression of tumor necrosis-factor-o
(Kiemer et al. 2000). ANP has been found to exhibit
a cytoprotective anti-ischemic (preconditioning-like)
function within the heart and coronary circulation
(D'Souza et al. 2004). ANP is present in cerebral cor-
tex and its action is mediated via cGMP production
(Wiggins et al. 2003). ANP may contribute to neuro-
protection, as has been shown in animal studies
(Wiggins et al. 2003).

Endothelial NO, i.e., endothelium-dependent-relax-
ation-factor, synthesized at the intravascular/extravas-
cular interface and released in hypoxic conditions, has
vasodilating properties before it is broken down into
nitrates (Remsburg et al. 1999, Thomas et al. 2001) and
may be implicated in the induction of preconditioning
(Lebuffe et al. 2003). NO enhances tissue cellular res-
piration; gradients of NO, radiating from the vessel,
inhibit mitochondrial respiration in locations of high
partial oxygen pressure, close to the vessel, thus pre-
serving oxygen gradients for mitochondria at greater
distances (Thomas et al. 2001). Hypoxia upregulates
endothelial and neuronal isoforms of NO synthase
(Javeshghani et al. 2000). The results of the animal
studies show that although NO derived from the neu-
ronal isoform of NO synthase promotes an inflamma-
tory response in the cerebrovascular microcirculation
after short-term episodic hypoxia, NO produced by
endothelial isoforms of NO synthase blunts the extent
of this response and exerts neuroprotective effects
(Altay et al. 2004). It has been shown in experimental
studies that preconditioning leads to an increase of
reactive oxygen species production in cultures of car-
diomyocytes (Vanden Hoek et al. 1998). Reactive oxy-
gen species can trigger preconditioning by causing
activation of the ATP channel, which then induces gen-
eration of NO (Lebuffe et al. 2003).

It has been recently shown that intermittent hypox-
ia increases brain-derived neurotrophic factor (BDNF)
synthesis (Baker-Herman et al. 2004). This neu-
rotrophin is known to be involved in the control of
neural plasticity during hypoxia and recovery from
hypoxic injury (Scheepens et al. 2003) and to be able
to prevent and/or reduce neuronal death induced by
hypoxic-ischemic events (Aloe and lannitelli 2001).
The results of animal studies have shown that BDNF
has potent neuroprotective actions, especially in the

Preconditioning and sleep apnea 215

developing brain (Cheng et al. 1997). BDNF induces
the reduction of the proapoptotic protein and counter-
regulates the antiapoptotic protein thus markedly
reducing infarct volume and improving neurological
outcome in a model of temporary cerebral ischemia in
rats (Schébitz et al. 2000). It has been also shown in
the models of neonatal hypoxic-ischemic brain injury
that BDNF inhibits apoptosis and exhibits marked
neuroprotective effects (Han and Holtzman 2000, Han
et al. 2000).

CEREBROVASCULAR REGULATORY
SYSTEM AND CENTRAL
NEUROGENIC NEUROPROTECTION

Powerful cerebrovascular regulatory systems pro-
tect the brain against hypoxia, assuring an increase of
blood flow to compensate for the reduced arterial oxy-
gen content (Hossmann 1999). In clinical settings and
in models of intermittent hypoxia there is an overall
stimulation of the sympathetic outflow, resulting in
systemic hypertension (Fletcher 2000, Narkiewicz et
al. 1999). Epinephrine can have secondary effects on
multiple metabolic pathways (Navegantes et al. 2000).
This system is so efficient that during respiratory
hypoxia brain metabolism is little disturbed as long as
cardiac function does not fail (Hossmann 1999). Only
with declining blood pressure does cerebral blood flow
decline, and brain energy metabolism rapidly collapses
(Hossmann 1999).

Reis and colleagues formulated the principle of cen-
tral neurogenic neuroprotection (Reis et al. 1997).
Central neurogenic neuroprotection constitutes an
independent system, designed to protect the brain from
ischemia (Golanov and Zhou 2003, Golanov et al.
1998, Reis et al. 1997). Conditioned central neurogenic
neuroprotection is mediated by the intrinsic neurons of
the cerebellar fastigial nucleus (Golanov and Zhou
2003, Golanov et al. 1998, Reis et al. 1997). Central
neurogenic neuroprotection exerts long-lasting effects
and is associated with reduced excitability of cortical
neurons and reduced immunoreactivity of cerebral
microvessels (Reis et al. 1997). In experimental stud-
ies electrical stimulation of the cerebellar fastigial
nucleus for 1 h prior to transient four-vessel occlusion
in anesthetized rats salvaged 57% of the CA1 zone of
dorsal hippocampus from delayed neuronal death
(Golanov et al. 1998); 1-hour of stimulation protected
the brain for up to three weeks (Golanov and Zhou
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2003). Electrical stimulation of the cerebellar fastigial
nucleus for 1 h, 48 h before occlusion of the middle
cerebral artery reduced infarct volumes by 45% by
decreasing cellular death in the ischemic penumbra
(Galea et al. 1998). The stimulation of the other brain
structures such as subthalamic cerebrovasodilator area
and dorsal periaqueductal gray matter also produces
long-lasting brain salvage (Golanov and Zhou 2003). It
has been also shown that the excitation of intrinsic
neuronal pathways represented in fastigial nucleus is
not restricted to focal ischemia, but it also protects the
brain against global ischemia (Golanov et al. 1998,
Reis et al. 1997). After global cerebral ischemia,
ischemic tolerance may protect up to 90% of hip-
pocampal CA1 neurons (Weih et al. 2001).

INTERMITTENT HYPOXIA IN
OBSTRUCTIVE SLEEP APNEA
SYNDROME

Obstructive sleep apnea (OSA) syndrome is a com-
mon, although often unrecognized and undiagnosed
illness, estimated to occur in about 5% of adults
(Young et al. 2001). In OSA syndrome the upper air-
way completely or partially collapses despite respira-
tory effort. As a consequence negative intrathoracic
pressure with increased cardiac preload develops and
impaired oxygenation occurs. Arterial oxygen satura-
tion during OSA episodes drops usually by several per-
cent, but sometimes to extremely low levels.
Increasing respiratory effort in association with hypox-
ia or hypercapnia constitute the stimulus to arousal that
results in the ending of the apnea episode (Gleeson et
al. 1990). The episodes of upper airway collapse repeat
frequently — from several to as many as 100 times per
hour of sleep. Frequent partial arousals occur through-
out sleep, leading to sleep fragmentation and sleep
deprivation. The main complaints of OSA patients are
associated with excessive daytime sleepiness (Whyte
et al. 1989). The most important cardiovascular conse-
quences of OSA are related to hemodynamic changes
and repetitive nocturnal hypoxemia during sleep
(Parati et al. 2002). Sleep-related breathing disorder
may contribute to stroke (Mohsenin 2001). However,
most patients with OSA do not develop cerebrovascu-
lar impairment, even in the presence of severe noctur-
nal oxygen desaturations.

Some of the substances involved in the precondi-
tioning have been studied in OSA patients, although

the consequences of intermittent hypoxia on brain oxy-
genation and function remain largely unexplored.

In patients with OSA syndrome Epo levels are high-
er than in normal subjects (Hu et al. 2002). For exam-
ple in the study of Cahan and coauthors (1992) OSA
patients had Epo levels of 45 mU/ml compared with
normal subject's levels of 17 mU/ml. In addition to its
neuroprotective action, the influence of Epo on ery-
thropoiesis may be beneficial in OSA patients, exposed
to repetitive profound hypoxia, as increased red cell
mass may increase tissue oxygen delivery.

Due to nocturnal hypoxemia VEGF concentrations
during sleep are significantly higher in OSA patients
than in normal subjects (Lavie et al. 2002, Teramoto et
al. 2003b). In severely hypoxic patients with OSA the
elevated serum levels of VEGF are related to the
degree of nocturnal oxygen desaturation (Schultz et al.
2002). Additionally, it has been found that in patients
in whom nocturnal hypoxia improves after the current
standard treatment for OSA — continuous positive air-
way pressure (CPAP), VEGF concentrations decrease
(Lavie et al. 2002). Increased VEGF levels in OSA
patients may contribute to the long-term adaptation to
recurrent nocturnal hypoxia and thus may counterbal-
ance the emergence of OSA-related cardiovascular dis-
ease (Lavie et al. 2002, Schultz et al. 2002).

The levels of ANP are increased in OSA patients,
even twofold (Parati et al. 2002). This may be due to
increased cardiac preload and atrial stretch during
apnea episodes (Parati et al. 2002). It has been found in
patients with chronic obstructive pulmonary disease
that ANP levels are increased in pulmonary hyperten-
sion and that ANP may both selectively vasodilate pul-
monary vessels and inhibit pulmonary vascular remod-
eling (Rogers et al. 1994). This action of ANP may also
be beneficial in hypoxic OSA patients, preventing the
development of pulmonary hypertension.

Both the synthesis and breakdown of NO are criti-
cally dependent on the presence of oxygen (Schulz et
al. 2000). Thus, the systemic production and plasma
level of this important vasodilating gas is impaired in
OSA patients (Lavie 2003, Parati et al. 2002, Teramoto
et al. 2003a). The levels of NO are reduced in OSA
patients, sometimes to levels of half those seen in nor-
mal subjects. NO levels correlate negatively with the
severity of hypoxemia (Remsburg et al. 1999).
However, the mechanisms of hypoxic vasodilatation
related to NO appear to be tissue specific and are not
uniform across the vascular bed (Halliwill 2003), so



the exact role of nitric oxide in brain preconditioning
in OSA patients remains unexplored.

Increased BDNF synthesis is involved in the gener-
ation of hypoxia-induced plasticity in the central nerv-
ous system (Mitchell et al. 2001). Plasticity in the cen-
tral neural control of breathing induced by intermittent
hypoxia can be measured as long-term facilitation
(LTF) of phrenic motor output (Mitchell et al. 2001).
LTF is elicited uniquely by intermittent, but not by sus-
tained hypoxia (Baker and Mitchell 2000). This central
neural mechanism is associated with increased BDNF
synthesis (Mitchel et al. 2001). OSA patients, but not
normal control subjects, exhibit ventilatory LTF when
awake (McNamara et al. 1995). This phenomenon dis-
appears during the CPAP treatment that abolishes the
episodes of arterial oxygen desaturation during sleep
(Tun et al. 2000). The specific relevance of enhanced
phrenic LTF following intermittent hypoxia in OSA
patients is not currently known, but in hypoxic condi-
tions LTF may beneficially augment respiratory func-
tion (Baker-Herman et al. 2004).

Hypoxemia (with concomitant hypercapnia) devel-
oping during apnea episode results in chemoreflex
activation with consequent increases in sympathetic
vasoconstrictor traffic to peripheral blood vessels
(Somers et al. 1995). This reflex response results in the
increased levels of circulating catecholamines and
increases in blood pressure (Somers et al. 1995).
Cerebral blood flow velocity measured by transcranial
Doppler sonography increases during obstructive
apnea and decreases after apnea termination concomi-
tant with changes in arterial pressure (Franklin 2002).
This may prevent nocturnal cerebral ischemia, which
could develop in the state of hypoxemia with low cere-
bral blood flow and low arterial pressure.

The phenomenon of central neurogenic neuropro-
tection has not been studied in OSA patients.

CONCLUSIONS

Patients with OSA syndrome, who are nightly
exposed to intermittent hypoxia, exhibit a wide vari-
ety of autonomic, hemodynamic, humoral and neu-
roendocrine responses (Lanfranchi and Somers
2001). The mechanisms of preconditioning described
here protecting the brain against hypoxia may only
partially explain the phenomenon of sometimes well-
tolerated episodes of extreme hypoxia that may occur
in OSA patients and not lead to evident brain injury.
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OSA syndrome represents a clinical situation where,
despite hundreds of events of severe arterial oxygen
desaturation occurring every night, ischemic toler-
ance of central nervous system allows the brain to
avoid immediate injury and enables the survival of
affected patients. However, the interaction of the
above-mentioned factors related to preconditioning
has not been extensively studied and their role in
adaptation of the brain to repetitive hypoxia still
needs further study.
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