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SUMMARY

Increasing data support a connection between obstructive sleep apnea (OSA) and cognitive
impairment but a causal link has yet to be established. Although neuronal loss has been linked to
cognitive impairment, emerging theories propose that changes in synaptic plasticity can cause
cognitive impairment. Studies demonstrate that disruption to the blood—brain barrier (BBB), which
is uniquely structured to tightly maintain homeostasis inside the brain, leads to changes in the
brain’s microenvironment and affects synaptic plasticity. Cyclical intermittent hypoxia is a
stressor that could disrupt the BBB via molecular responses already known to occur in either OSA
patients or animal models of intermittent hypoxia. However, we do not yet know if or how
intermittent hypoxia can cause cognitive impairment by mechanisms operating at the BBB.
Therefore, we propose that initially, adaptive homeostatic responses at the BBB occur in response
to increased oxygen and nutrient demand, specifically through regulation of influx and efflux BBB
transporters that alter microvessel permeability. We further hypothesize that although these
responses are initially adaptive, these changes in BBB transporters can have long-term
consequences that disrupt the brain’s microenvironment and alter synaptic plasticity leading to
cognitive impairment.
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Introduction

The study of obstructive sleep apnea (OSA) is important because its incidence and
prevalence is likely to be increasing and because OSA is associated with many chronic
diseases. Obesity is the major risk factor for OSA in middle-aged adults'~* and with obesity
rates increasing, it is likely that the prevalence and incidence rates of OSA in the general
population are also increasing.>® OSA is associated with cardiovascular and metabolic
diseases but its association with cognitive impairment is less well studied. In the last decade,
studies have shown an association of OSA to various cardiovascular diseases,’ metabolic
disorders®9 and an increased risk of cancer mortality.10 Studies are showing an association
of OSA to cognitive impairment. Surprisingly, 70-80% of patients with Alzheimer’s
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dementia meet the criteria for OSA (OSA defined as apnea hypopnea index (AHI) >5) with
38-48% of this population having an AHI >2011-14 compared to 5.4% OSA in age-matched
controls without Alzheimer’s.13 In elderly women, the prevalence of OSA (AHI > 15) was
found to be associated with increased risk of future development of dementia or mild
cognitive impairment.1® This association between OSA and seemingly different classes of
diseases-cardiovascular, metabolic, cancer and neurodegenerative diseases-raises the
possibility of a common underlying pathogenetic mechanism that links OSA primarily or
secondarily to these chronic diseases. Common underlying mechanisms include chronic
intermittent hypoxial®16 and sleep fragmentation.17-21

Cognitive impairment can be the consequence of intermittent hypoxia causing neuronal loss
in the hippocampus?2 and wake-active neurons.23 But frank neuronal loss may not be
essential for cognitive impairment to occur. Changes in the brain’s 1014 synaptic
connections is what allows us to learn, form memories and respond to environmental
stimuli.2# Dendritic spines are the structural basis of these synaptic connections and their
structure is regulated in response to synaptic plasticity (the strength of a synapse, or
connection, between two neurons that changes in response to its history of use or disuse).2>
It has also been argued that toxins (like AR accumulation)2® impair structural and functional
plasticity of these synapses. Therefore, we propose that intermittent hypoxia causes changes
at the BBB, and although this has not yet been described, we know that sustained hypoxia
causes changes at the BBB.27 In this review, we identify mechanisms whereby intermittent
hypoxia may alter blood—brain barrier permeability, causing changes in synaptic plasticity
and consequently, cognitive impairment.

To address these concepts, this review will be divided into three main sections. The first
section will outline the structure and function of the blood-brain barrier (BBB) while the
second section will review how cyclical intermittent hypoxia can generate reactive oxygen
species (ROS), stabilize and activate oxygen sensors and perpetuate the state of chronic
inflammation (see Fig. 1). In the third section we discuss how cyclical intermittent hypoxia
might alter microvessel permeability by: 1) changing the expression of influx and efflux
transporters at the BBB due to increased nutrient and oxygen demand but also possibly
through 2) an acute leak through the tight junctions of the BBB or 3) a leak through vascular
pores during angiogenesis.

The blood-brain barrier

The structure of the BBB gives rise to a uniquely resistant and highly regulated barrier. This
unique barrier is able to maintain homeostasis within the brain, different from other organs,
all the while dynamically responding to regional increases in metabolic demand within the
brain. This first part of this review will be further divided into two sections:1)structure of the
BBB; and 2)the normal function of the BBB.

Structure of the BBB: the sum is greater than its parts

The BBB is composed of blood vessel endothelial cells, pericytes and astrocytes. Elegant
three-dimensional reconstructions by Mathiisen et al.28 shows the BBB to have a tight
overlap of pericytes and astrocytes around capillary endothelial cells in the brain (see Fig.
2). The BBB is unique from other blood—organ barriers due to the presence of astrocytes and
the special composition of the tight junction, which, collectively contributes to a high
electrical resistance at the blood-brain barrier — as high as 8000 €2 cm? in certain regions of
the brain2® (for comparison, electrical resistance levels of 500-3500 2 cm? have been
measured in the blood barrier in other tissue but varies widely based on what tissue/organ
and condition is studied39:31),
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Endothelial cells

Pericytes

Astrocytes

Endothelial cells form an extensive network of cells estimated to have a vascular surface of
117.40 cm?/g of brain tissue.32 An average human adult brain is 1300-1400 g. Thus, the
estimated total surface area of endothelial cells in the adult human brain is 16.44 m? (for
reference, a badminton court is = 40.87 m2). Endothelial cells are joined together via tight
junctions that are particularly unyielding compared to tight junctions outside of the brain.
One reason why the tight junction at the BBB is particularly unyielding is that it has a higher
density and more continuous distribution of the protein occludin.33 Interestingly, occludin is
also the most redox sensitive protein at the tight junction, meaning it responds readily to a
stimulus that changes its oxidation state as a result of free radicals and antioxidants, which
are both increased in cyclical intermittent hypoxia, akin to that which occurs in obstructive
sleep apnea.3* Therefore the combination of charge and structural barriers, forces water and
solutes to normally move from blood to brain via the path of least resistance, specifically,
via transcellular transport (e.g., movement through the cell), rather than taking a paracellular
pathway (e.g., movement in between cells through the tight junctions).2® Subsequently,
transcellular transport itself adds an additional layer of BBB regulation as there are more
than 20 transporters and channels at the BBB that can be separated into three major
categories: 1) blood to brain influx transporters; 2) ATP binding cassette transporters; and 3)
brain-to-blood efflux transporters. Each transporter is responsible for different compounds,
e.g., amino acids, neurotransmitters, organic anions, and drugs.3®

Pericytes are the least understood cells in the BBB but may be the most fascinating cells in
the BBB when considering impaired oxygenation.3¢ Compositionally, they resemble smooth
muscle cells3” leading to the theory that pericytes may contract to constrict capillaries and
regulate blood flow. Structurally, beautiful work done by Harrison et al.38 visualize
pericytes to resemble tendrils that are intermittently spaced on capillaries and post-capillary
venules (see Fig. 3), which supports a function for pericytes as regulators of blood flow. In
addition to a possible role of regulating blood flow, there are much data describing pericytes
to have a prominent role in angiogenesis. Pericytes have three functions in angiogenesis: 1)
initiation; 2) sprout extension and connection; and 3) termination or maturation of newly
formed vessels.39 Pericytes have a pluripotent nature, and depending on trophic factors, can
differentiate along either the mesenchymal or neuronal lineages.*® They also can release
vascular endothelial growth factor-A (VEGF-A)*! and urokinase receptor (UPAR),*2 both
profoundly involved in the remodeling of blood vessels during angiogenesis. Currently it is
difficult to directly study the role of pericytes in blood flow regulation, but as technology
advances, it will be interesting to see if and how pericytes respond to chronic intermittent
hypoxia.

Astrocytes enjoy an intricate symbiotic relationship with neurons and physically sit between
neurons and blood vessels. They relay messages from the neurons to blood vessels to
increase blood flow,*3 when neurons increase their demand for oxygen and nutrients.
Conversely, astrocytes protect neurons by absorbing toxic protein and mineral deposition
(e.9., alb}114min, excessive metals) that may come from the blood that would be detrimental to
neurons.

Function of the blood—brain barrier as a whole

Two main functions of the BBB are: 1) to maintain homeostasis within the brain while
concurrently; 2) respond to increased regional metabolic demand (termed angiodynamics) in
response to stimuli.
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Homeostasis

Maintaining homeostasis in the brain requires controlling and directing many different
substances and reactions in the right space at the right time. Therefore the BBB is a busy
space that is responsible for: i) water balance via aquaporins 1-94 as indiscriminate water
movement will lead to brain edema and herniation; ii) ion inward and outward channels,
(e.g., potassium, sodium, or calcium) as abnormal ion concentrations in the brain’s
extracellular space will adversely affect action potentials,*’ the fundamental basis of neural
activity; iii) transporting glucose-the primary source of energy for the brain®8; iv)
transporting essential amino acids??; v) keeping large proteins like albumin,®0 excessive
iron®1 and fibrinogen®2 from crossing the BBB as they may create a toxic environment
within the brain; vi) preventing most bacteria®3 and viruses®® from crossing the BBB; vii)
keeping drugs and other substances like chemotherapeutic agents®® and pesticides®® from
crossing the BBB and creating a toxic environment, but conversely, may be the basis of drug
resistance; viii) regulating leukocytes to cross or not to cross the BBB, a normal process if
the brain is fighting an infection, but can be abnormal when there is an uncontrolled
response as seen in inflammatory disorders like multiple sclerosis®’; ix) maintaining pH
within the brain.58

Angiodynamics

Angiodynamics in its simplest terms is the process of supply (e.g., increasing and decreasing
delivery via capillary density) and demand (e.g., cellular need for oxygen/glucose).39:59
Blood-oxygen level dependent functional magnetic resonance imaging (BOLD fMRI)
reveals the brain to be continuously active-with certain regions of the brain showing activity
during wake and other regions showing activity during sleep.59 Activity of different regions
of the brain necessitates alterations in blood flow to accommodate increases in metabolic
demand (i.e., oxygen and glucose) to that region.81 Pathological processes may lead to
unexpected blood flow; for example, patients with OSA have a different blood flow pattern
on BOLD-fMRI while performing a cognitive task compared to controls.52 Not only does
angiodynamics occur during pathological states like hypoxia, but angiodynamics can occur
during normal activities such as motor learning.63 Although it is unknown what pathological
processes induce a different blood flow, one plausible explanation could be vascular
remodeling of brain capillaries in response to hypoxia,64 including angiogenesis.
Angiogenesis (an increase in the number of capillaries) in response to hypoxia has been
demonstrated in the cortex of rats® and arteriogenesis (an increase in diameter of
capillaries) in response to hypoxia has been demonstrated in the cerebrum of rats.56
Angiogenesis is discussed in more detail later in this review.

Can obstructive sleep apnea switch an adaptive homeostatic response to
one that breaks down and becomes disruptive?

Homeostasis is a fundamental principle of physiology. The editors of Pathologic Basis of
Disease eloquently describe homeostasis:

“Just as we live in a constantly changing world, so do the cells and tissues survive
in a constantly changing microenvironment. The ‘normal’ or ‘physiologic’ state
then is achieved by adaptive responsesto the ebb and flow of various stimuli
permitting the cells and tissues to adapt and to live in harmony within their
microenvironment. Thus, homeostasis is preserved. It is only when the stimuli
become more severe, or the response of the organism breaks down, that disease
results — a generalization as true for the whole organism as it is for the individual
cell.”

S.L Robbins, RS. Cotran, V.K. Kumar5”
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Obstructive sleep apnea changes the microenvironment of the entire body during sleep but
organ systems, tissue, or populations of cells that have the highest oxygen demand will
likely be the most sensitive to these changes. OSA creates a subtle injury pattern that must
be differentiated from intermittent hypoxia due to ischemia/ reperfusion injury (e.g., trauma,
stroke) and high altitude. Intermittent hypoxia seen in OSA is likely to cause molecular
changes that are initially an adaptive homeostatic response in the form of altered
microvessel permeability (to be reviewed below) that is unlike a response seen in more frank
injury. However, in long standing OSA, we argue that this complex adaptive response can,
in susceptible patients, result in adverse effects at the BBB. Susceptibility, which will not be
discussed in this review, is likely the result of a combination of nature (e.g., relevant genetic
polymorphisms) as well as nurture (e.g., co-morbid conditions e.g., obesity/adiposity and
epigenetic influences).

Mechanisms by which cyclical intermittent hypoxia could induce changes at the BBB:
oxidative stress, oxygen sensors and increased inflammation

The characteristics of cyclical intermittent hypoxia in OSA can be described in terms of
frequency of cycles, (i.e., number of cycles of hypoxia—hormoxia), amplitude, nadir and
duration (e.g., chronicity of every night during sleep for years to decades). It is important to
note that although pulse oximetry is routinely measured during a polysomnogram, this does
not tell us about tissue oxygenation (see Fi9- 4)88 or the fact that cyclical intermittent hypoxia
varies from tissue to tissue5® and is likely related to tissue blood flow. So, a key question is,
how do the characteristics of intermittent hypoxia alter downstream events like oxidative
stress, changes in Hif levels and inflammatory responses?

Much of our current knowledge of consequences of cyclical intermittent hypoxia,
specifically its effects on oxidative stress, changes in Hif proteins, and chronic
inflammation, come from extreme conditions in in vitro and animal models that are not
applicable to the majority of patients with OSA. Also, routinely used measures of OSA
poorly assess the precise nature of cyclical intermittent hypoxia in individual patients.
Currently, severity of OSA is based on the AHI, which does not take into account tissue
oxygenation. On one end of the spectrum, there are patients with moderate—severe OSA
whose oxygen desaturation to less than 90% are minimal. On the other end are moderate—
severe OSA patients whose oxygen saturation nadir reaches 60-80% every 30-60 s. Based
on what we know about how oxidative stress is generated, it would seem that the degree of
oxidative stress is associated with the re-oxygenation to normoxia. However, whether using
an oxygen desaturation index (ODI) of 3% or 4% is adequate to determine severity of
oxidative stress generation is debatable since oxygen dissociation curves suggest that
oxygen desaturations from 98% to 94% are not the same as oxygen desaturations of 91%
to87% from the perspective of tissue oxygenation. And, an oxygen desaturation of 10-20%
is most likely to affect tissue oxygenation differently than an oxygen desaturation of 4%.
Also, based on what we know about how oxygen sensors like hypoxia inducible factors are
activated,’? the speed of oxygen desaturation in OSA patients may be a factor with further
studies needed to understand how changes in oxygen desaturation and oxygen resaturation
correlates to oxidative stress. Thus, oxygen saturation nadir and percentage of time with
oxygen saturation less than 90% seem inadequate to describe the nature of cyclical
intermittent hypoxia in individual patients. If we believe cyclical changes in tissue
oxygenation seen in our patients with OSA are an important link to metabolic, cancer,
cardiac and neurodegenerative diseases, then does the AHI adequately convey the severity
of tissue hypoxia? And without a more accurate representation of tissue hypoxia severity in
OSA patients, it is difficult to simulate a more accurate animal model to study the
pathological effects of cyclical intermittent hypoxia. Collectively, this is a major reason why
there is difficulty in translating results from animal studies to clinical practice.
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Oxidative stress

Oxidative stress is the result of either increased production of reactive oxygen species (ROS)
and reactive nitrogen species (RNS) or inadequate clearance of the ROS/RNS by anti-
oxidants like glutathione, superoxide dismutase or catalases or a combination of both. In
stroke and traumatic brain injury patients, where hypoxia and reperfusion injury is severe,
the immense production of ROS/RNS is largely responsible for ensuing brain pathology, as
the brain is unable to produce enough antioxidants to clear the oxidative stress burden.
Although patients with OSA also have a process akin to hypoxia-reperfusion injury it is to a
more subtle degree (e.g., smaller amplitude of hypoxia—normoxia), characteristically has a
much higher frequency, and is of longer duration. Nevertheless, there is evidence that
chronic intermittent hypoxia, as occurs in OSA, results in increases in ROS and RNS and
overall oxidative stress.’1:72

What is less clear are the specific downstream effects of oxidative stress, and why some
organs seem to be affected while some are protected. And even within one organ like the
brain, why are some brain regions protected while other regions are more susceptible? A
review by Manukhina et al.”® discusses studies that demonstrate the favorable and beneficial
effects of intermittent hypoxia and how the cardiovascular, immune and other systems
adapt. In short, when the production of ROS and RNS are increased, antioxidants like
superoxide dismutase (SOD), catalase and glutathione are also upregulated. Therefore, an
OSA patient may experience cyclical intermittent hypoxia in tissues just enough to generate
protective antioxidants or be severe enough to acquire the detrimental effects of intermittent
hypoxia. If there is an increase in ROS generation then it reacts instantly and
indiscriminately with whatever molecules they come in contact, making it difficult to predict
the specific downstream effects of oxidative stress with any accuracy. ROS not only produce
direct effects on protein function but can also do the following: 1) activate the redox
sensitive transcription factor, nuclear factor kappa B (NFkB) as well as activator protein-1
(AP-1)74; 2) activate the unfolded protein response due to aberrations in protein folding,
processing or degradation from the oxidative stress’?; and 3) can lead to apoptosis (e.g.,
programmed cell death) or autophagy (e.g., degradation of cell’s own components through
lysosomal machinery). These mechanisms can lead to cognitive impairment (see® for details
regarding the unfolded protein response, apoptosis and autophagy).

Molecular oxygen sensor, the hypoxia inducible factors (Hifs)

Besides oxidative stress, another way intermittent hypoxia can alter cellular function is via
molecular oxygen sensors. Although there are many cellular oxygen sensors, we will limit
this review to hypoxia inducible factors — a family of transcription factors that respond to
cellular levels of oxygen. Currently six members of this family have been identified- Hifla,
Hif1p, Hif2a, Hif2p, Hif3a, and Hif3p. Hifla and Hif2a (also known as EPAS-1-
endothelial PAS domain-containing protein 1) are known to heterodimerize with Hif1f (also
known as ARNT - aryl hydrocarbon receptor nuclear translocator) although little is known
about Hif3a, Hif2p and Hif3p. The half life of Hifla protein is about 4-6 min’6 making it
difficult to measure outside an in vitro model. The half-life of Hifla mRNA, however, is
about 7.5 h (http://Igsun.grc.nia.nih.gov/mRNA/index.html) making it much easier to
measure, although this does not necessarily translate to protein stabilization and function.

Hifs are oxygen sensors’ in that they normally degrade in the presence of normal levels of
oxygen,78 but under hypoxic conditions, the Hif protein stabilizes’® and is then able to
move to the nucleus and function as a transcription factor. More specifically, during
normoxia the Hif alpha subunits are hydroxylated at proline residues by Hif prolyl-
hydroxylases. Then these sites are ubiquitinated by the VHL E3 ubiquitin ligase leading to
degradation by the proteasome.8% However, during sustained hypoxic conditions, oxygen is
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utilized as a cosubstrate whereby Hif alpha subunits become stabilized®! and can then act as
a transcription factor at hypoxia responsive elements (HRE) in promoters that contain the
sequence RCGTG.82 Although Hifla and Hif2a have many similarities, there are notable
differences between Hifla and Hif2a. First, during sustained hypoxia (e.g., as seen in solid
cancers), both Hifla and Hif2q, are stabilized.83 However, during intermittent hypoxia in
rodent models alternating from 15 s of sustained 5% inspired O, and 5 min of room air, 8 h/
d for 10 d, Hifla protein is stabilized in carotid bodies and adrenal glands, but Hif2a protein
undergoes calpain-dependent degradation.84

Although we know how Hif proteins are stabilized in the context of sustained hypoxia, it has
not been well studied in the context of intermittent hypoxia. Furthermore, the actual
mechanism of how cells sense oxygen levels is still not understood. Data from a cell culture
model of sustained hypoxia demonstrates Hifla stabilizes acutely to changes in decreased
oxygen, but this effect is relatively short lived (how “short” may depend on how fast or how
slow the rate of oxygen decreases, as well as how low the oxygen decreases t0).7%:8% This is
in comparison to Hif2 a that demonstrates a slower response to sustained hypoxia but one
that persists for a longer period of time.88 Also, variants in the Hif2a haplotype (and
specifically not Hifla) in Tibetans (when compared to Han Chinese) are associated with a
tolerance to high altitude, revealed by a genome-wide study.8” Therefore, Hifla may be
considered an “acute” responder to sustained hypoxia and Hif2a a “chronic” responder to
sustained hypoxia. It will be important to determine how different frequencies, amplitudes,
nadirs and durations of cyclical intermittent hypoxia (i.e., “dose response curve”) affect
levels of Hifla and Hif2a’s both short- and long-term.

Once Hifla is stabilized, it acts as a transcription factor that activates hundreds of target
genes that contain hypoxic response elements,88 ranging from glucose metabolism to
stimulating erythropoietin8 and angiogenesis,®® and can be seen as adaptive responses to
hypoxia. Although downstream gene targets of Hifla overlap with downstream gene targets
of Hif2a, there are gene targets that are unique to Hif2a (for a partial list comparing
downstream targets of Hifla and Hif2a, see Fi9-5°). Another notable difference is that
Hifla is ubiquitous and found in almost every cell type whereas Hif2a is largely found in
endothelial cells and is not equally distributed from organ to organ®! but is expressed in
brain endothelial cells.?2 Therefore, the distribution of Hifla and Hif2a , different RNA
expression levels, as well as varying protein degradation rates, all contribute to Hif1a and
Hif2a having different physiological roles.83 The specific roles of these transcription factors
in OSA patients are still undetermined. This is an area of research opportunity.

Chronic inflammation

Lastly, we will address how chronic inflammation may occur at the BBB in response to
cyclical intermittent hypoxia and how its persistence can act as another mechanism leading
to cognitive impairment. Cyclical intermittent hypoxia leads to activation of NFkB, AP-174
and other transcription factors involved in inflammation in monocytes, % and neutrophils.%®
Once these transcription factors are activated in various cells, there is an up-regulation of
downstream targets including: cytokines, chemokines, immune receptors, adhesion
molecules and other mediators of inflammation.”# Whether intermittent hypoxia activates
these inflammatory pathways in endothelial cells of the BBB remain to be seen.

In whatever way inflammation is initiated there are two major outcomes — it can either
resolve, or it can persist, and it is the persistent chronic inflammatory state that is associated
with cognitive impairment. Although there are increasing data supporting the view that
chronic inflammation is part of the pathophysiology of dementia and Alzheimer’s
disorder,% how chronic inflammation causes cognitive impairment is unclear. Chronic
inflammation may lead to cognitive impairment by the following mechanisms: 1) cytokines
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affect gene expression of growth factors, important in synaptic plasticity®’ and critical to
memory; 2) persistent microglial activation (the resident macrophage of the brain)?’ leads to
neuronal damage®; 3) inflammation changes neuronal morphology, specifically by re-
organizing neuronal dendritic spines in susceptible regions of the brain.®” Milatovic et al.
proposes that changes in neuronal morphology are the predominant mechanism, not cell
death, that explains behavioral changes.?° Although the literature well substantiates chronic
inflammation to be a major participant in cognitive impairment, study of post-mortem brains
is needed to link chronic inflammation to cognitive impairment in OSA patients.

While there is evidence of a chronic inflammatory state in patients with OSA,100 it is
difficult to determine how much obesity, a major risk factor for OSA, contributes to this
inflammatory state. Reinke et al. provide insight into this issue when they measured tissue
oxygen partial pressure in liver, skeletal muscle and epididymal fat, then measured many
markers including tumor necrosis factor- a (TNF-a).%9 They report that not only did each
tissue have different swings in oxygenation when exposed to sustained or intermittent
hypoxia, but that obesity overwhelmed the effects of hypoxia when assessing TNF-a levels
in epididymal fat. Levels of TNF-a in fat were not augmented by cyclical intermittent
hypoxia in obese animals, who had very high levels even in controls, but intermittent
hypoxia did increase TNF-a in fat tissue in lean animals. Drager et al., 101 from the same lab,
reported a higher baseline of TNF-a protein and macrophage inflammatory protein-2
(MIP-2) in the liver of obese mice compared to lean mice and interestingly, the liver in
obese mice did demonstrate an increase in TNF-a and MIP-2 proteins when exposed to IH
that did not occur in lean mice. These two studies highlight that obesity can play a more
significant role than intermittent hypoxia, but only in certain tissues. In other tissues, the
effect of intermittent hypoxia on pro-inflammatory cytokines can be augmented by obesity.
In human studies, Arnardottir et al. reported that in OSA patients, severity of sleep
disordered breathing as assessed by oxygen desaturation index, hypoxia time, and minimum
oxygen saturation, is an independent predictor of inflammation (IL-6 and C-reactive
protein), but this was found only in obese patients with OSA (not in those with BMI <30 kg/
m?).102 Collectively, these studies demonstrate an undeniable interaction between obesity
and OSA when measuring inflammation that seems to be quite complex.

Although the expression of pro-inflammatory cytokines in the serum of OSA patients has
been extensively studied, there are studies showing that in the setting of intermittent hypoxia
there is an increase in leukotrienes, and this has been implicated in vascular remodeling as
well as transforming monocytes to activated macrophages.1%3 Another interesting
perpetrator of the chronic inflammatory state is likely to be prostaglandins (PG), also found
to be increased in the setting of intermittent hypoxia and implicated in memory
impairment.104 Interestingly, leukotrienes and PG can also perpetuate an inflammatory state
by serving as ligands for the subfamily of nuclear factor receptor family called the
peroxisome-proliferator-activated receptors (PPAR). PPARs form a heterodimer with
retinoid X receptor (RXR) and may collectively bind to either a co-activating ligand or co-
repressor ligand.19% The PPAR subfamily is made up PPAR-a, PPAR-B/S and PPAR-
&upsih;, all of which can bind to the peroxisome proliferator response element (PPRE),106
and activate many downstream genes involved in chronic inflammation, metabolism and
angiogenesis.19° Interestingly, PPAR-y was significantly decreased in alveolar macrophages
of obese patients with OSA compared to obese patients without OSA,197 although the reason
is unclear. What we do know is that transcription factors from the CCAAT/enhancer binding
proteins (C/EBP) family and early B-cell factor (EBF) family108 regulate expression of
PPAR. Also, recent data implicate diet (e.g., dietary -3 polyunsaturated fatty acids
(PUFAS)) can increase or decrease PPAR). However, most PPAR regulation studies focus
on how different ligands repress or activate PPAR complexes, 199 and there are many
different natural ligands, including free fatty acids, 110 inflammatory markers (e.g.,
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leukotrienes and PG)!1 and hormones like estrogen12 not to mention many synthetic
ligands (e.g., drugs).113

Effects of intermittent hypoxia on BBB microvessel permeability — could
this disrupt brain homeostasis enough to change neuronal morphology
and/or synaptic function?

Oxidative stress, oxygen sensors and chronic inflammation have a plethora of downstream
effects, but we will focus on mechanisms specific to altered microvessel permeability at the
BBB. We will further break down altered microvessel permeability into three subsections—
the first deals with a discriminating microvessel permeability via transporters/channels at the
BBB. The second subsection discusses a somewhat indiscriminate leak through the tight
junction via a paracellular mechanism, which is frequently studied in trauma, ischemia-
reperfusion injury and stroke. The third subsection discusses altered regulation of vascular
pores in the setting of angiogenesis.

Alterations in BBB transporters may alter microvessel permeability

Although the human brain is only 2% of the total body mass, it utilizes 25% of total body
glucose and consumes 20% of total body oxygen!14 and is very dependent on cerebral blood
flow to deliver a constant supply of glucose and oxygen.11% This massive energy
requirement is largely used to maintain ionic gradients.}16 We know that sudden drops in
glucose and oxygen leads to failure of ATP-dependent pumps, uncontrolled depolarization
and a release of excitatory neurotransmitters like glutamate all leading to neurotoxicity and
neuronal death within minutes.116 Thus even during homeostasis, the brain’s rigid,
continuous need for high levels of energy to maintain these ionic gradients requires equally
rigid control of microvessel permeability of ions and water, nutrients and cells moving into
the brain and toxins moving or staying out of the brain.117 With over 20 transporters and
channels at the BBB, chronic changes in the overall concentration and regulation of BBB
transporters may have significant clinical implications such as increasing disease risk of
Alzheimer’s.118 Although a subtle insult like chronic intermittent hypoxia would not cause a
sudden drop in blood flow, it does alter blood flow as seen with BOLD-fMRI, and by its
very nature creates an environment that is not normoxic thus increasing the demand for
more oxygen and most likely, glucose.

Intermittent hypoxia and transporters

Several studies address changes in transporters/channels in response to intermittent hypoxia.
Dopp et al. demonstrated an increase in Abcbla mRNA (Abcbl is the gene that codes for p-
glycoprotein) expression in the heart and liver of mice exposed to 2 wks of cyclical
intermittent hypoxia.119 Gong et al. showed cerebral ischemic preconditioning with
intermittent hypobaric hypoxia increases glutamate transporter 1 in neurons of the
hippocampus of rats.120 But expression of other transporters is decreased. Wang et al.
reported monocarboxylate transporter 2 (MCT2) to decrease by RT-PCR in cortical neurons
in a rat model of sleep apnea.>8 Baronio et al. report higher overall brain water and lower
levels of aquaporin 1 (by ELISA) in the hippocampus and cerebellum of mice exposed to
chronic intermittent hypoxia.121 Although no studies have specifically addressed the effect
of intermittent hypoxia on transporters in endothelial cells of the BBB, it is reasonable to
propose this because oxidative stress and/or Hifs regulate several BBB transporters
including: i) p-glycoprotein, a glycoprotein that is part of the ATP-binding cassette
transporter family, that effluxes substances like glutamate and xenobiotics22; ii) multidrug
resistance protein 1 (MRP1) an ABC transporter that effluxes glutathione, leukotrienes and
Ap 123.124- i) aquaporin-1, a channel for water, but recently implicated in gaseous diffusion
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including oxygen and carbon dioxidel2; iv) sulfonylurea receptor 1 (SUR1), an ABC
transporter that couples a cell’s metabolic state to membrane potential by assisting in
potassium influx126:127; v/) the breast cancer resistance protein (BCRP1) an ABC transporter
that effluxes urate and A 128 :vi) glucose transporters, such as GLUT1 that influxes
glucosel??; vii) monocarboxylate transporters (MCT), that influxes lactate when glucose is
in short supply but can also efflux out lactate30; viii) norepinephrine transporter (NET) that
effluxes out norepinephrine3!; ix) gamma-aminobutyric acid transporter 2 (GAT2) that
effluxes out GABA, a chief inhibitory neurotransmitter'32; x) excitatory amino acid
transporters (EAAT) that effluxes out anionic amino acids like glutamate®33; xi) serotonin
transporter (SERT) that effluxes out serotonin34; and xii) .-cystine/.-glutamic acid
exchange transporter that influxes in amino acids cystine and glutamic acid.?3> Some of
these transporters are also downstream targets of PPARs including: ATP-binding cassette
transporter A1 (ABCA1)136 important in cholesterol efflux and breast cancer resistance
protein (BCRP1).137 While cyclical intermittent hypoxia could alter expression of
transporters at the BBB, this is not known and would be an important area for future
research.

Increases in influx and efflux transporters — short-term benefit but long-term adverse
consequences?

Increases in influx transporters like GLUT1 produce short-term benefits by increasing
energy delivery. But are there adverse long-term consequences? Increases in GLUT1 have
been associated with increased inflammation138 which has been associated with cognitive
impairment. Increases in efflux transporters (moving molecules from brain to blood) also
has obvious short term benefits as they function to clear the brain of toxic molecules like
amyloid-beta peptides,139 excitatory amino acids,140-142 neurotransmitter metabolites such
as homovanillic acid, a major metabolite of dopamine,143.144 and keep toxic molecules like
amyloid-beta peptides4® and xenobiotics3® out of the brain. On the other hand, a long-term
consequence of increases in efflux transporters may result in therapeutic drug resistance,
seen in OSA patients with hypertension.146 This phenomenon of drug resistance has been
extensively studied by pharmaceutical companies and more than 200 xenobiotics have been
associated with specific efflux transporters. Whether cyclical intermittent hypoxia influences
drug resistance would be clinically very significant but remains to be determined.

With respect to adverse consequences, there is an emerging body of literature examining
neuronal behavior after BBB disruption with the area of epilepsy being well studied.14’ The
underlying concept is that a compromised BBB alters the microenvironment around neurons
and glia by allowing an “infiltration of cells, ions or molecules that initiate, amplify,
procrastinate repair or further disrupt a CNS response.” One way a disrupted BBB affects
cell metabolism, resting membrane potential and membrane conductance is by altered ion
homeostasis. For example, potassium is maintained within a very narrow range because the
brain cannot tolerate surges of potassium from the blood as it not only causes persistent
depolarization (with toxic build up) but itself, causes large reductions in blood flow further
affecting homeostasis by decreasing metabolic support of neurons and glia. Thus, disruption
of ion homeostasis has a direct impact on synaptic function and plasticity. Other ways a
disrupted BBB affects brain function is that it cannot deliver enough products to assist in
function, or it cannot clear toxic metabolites fast enough.

Leak through the tight junctions

Another way that the BBB can be altered is by a paracellular leak, an indiscriminate BBB
leak of solutes, cells and water (e.g., movement of solutes paracellularly through the tight
junctions). Leakage that does occur through the tight junctions would mean a breakdown in
the unique structural (e.g., occludin) and charge barriers as well as the loss of protection
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from astrocytes and pericytes. Therefore, a BBB leak is generally a direct result of an insult
that opens the tight junction. Such insults include: traumatic brain injury (e.g., forceful
impact or penetrating trauma that sever capillaries); sustained ischemia (e.g., ligation or
embolus of major blood vessels); high altitude cerebral edemal48 and huge shifts in osmotic
pressure (e.g., supratherapeutic doses of mannitol that shrink endothelial cells and “rips”
open the tight junctions). Currently it is unknown whether a paracellular leak through the
tight junction occurs in response to cyclical intermittent hypoxia.

Leaking through vascular pores during angiogenesis

Another effect of cyclical intermittent hypoxia on the BBB is angiogenesis, i.e., the process
of growing new blood vessels from pre-existing vessels in response to increased oxygen
demand. On one hand, angiogenesis allows an increase in delivery of oxygen and nutrients,
a critical response for normal development and wound healing. On the other hand,
angiogenesis itself can consume large amounts of oxygen and nutrients causing metabolic
shifts to occur as well as allow leakage through vascular pores.

In human subjects with OSA, Wahlin-Larsson et al. demonstrated increased angiogenesis
(i.e., proliferating capillaries) in skeletal muscles compared to healthy, age-matched (but not
BMI-matched) controls.14® They demonstrated that the increases in angiogenesis correlated
with increased immunofluorescence staining of VEGF-A in skeletal muscle.2%0 In rodent
models of cyclical intermittent hypoxia, there has been demonstration of both angiogenesis
in the cerebral cortex and hippocampus!®! as well as arteriogenesis (enlargement of the
vascular size of the blood vessels) in the carotid body.152

The pathological significance of angiogenesis is largely unknown. Since angiogenesis
coexists with an increased chronic inflammatory state (e.g., activated microglia), it is
difficult to tease out which of these processes is detrimental and which is the innocent
bystander. The evidence supports the co-occurrence of angio-genesis and chronic
inflammation.123 When cells are exposed to hypoxia, endothelial cells release angiogenic
factors such as cytokines and growth factors that orchestrates and controls angiogenesis; but
the same signals concurrently recruit monocytes/ macrophages to the same site.154 Thus,
there are common mechanisms.

Examples of uncontrolled angiogenesis linked to disease progression include the following:
angiogenesis in pannus formation as in rheumatoid arthritis and psoriasis'®3; cancers1%°;
cardiovascular disease®®; and Alzheimer’s disease.1>” Although there is evidence of
angiogenesis in patients with OSA, the clinical significance of this remains to be revealed.
For example, in susceptible individuals with OSA, can cyclical intermittent hypoxia
influence the aggressiveness of cancer progression?

Role of VEGF in angiogenesis

Sustained hypoxia (e.g., as in the environment of tumors)1°8 as well as intermittent
hypoxial9:160 stapilizes Hifla and stimulates downstream gene targets, one particular
target being VEGF,18 a ligand protein of VEGF receptors, important in angiogenesis.
VEGF binds to VEGF receptors on endothelial cells, triggering a tyrosine kinase pathway
leading to angiogenesis. Angiogenesis, when stimulated by hypoxia, is largely mediated by
growth factors including basic fibroblast growth factor (b-FGF) and VEGF, both of which
are downstream targets of Hifla. The subsequent complex interaction of VEGF with a host
of other molecules involved in angiogenesis is well worked out.161 In support of this role of
VEGF, Elson et al. demonstrated in transgenic mice with overexpression of Hifla a 13-fold
increase in VEGF and a 66% increase in dermal capillaries.162
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In human subjects with OSA, changes in molecular oxygen sensors have not yet been
measured, but their downstream target, VEGF, has been used as an endpoint in many
studies. VEGF-A protein (by ELISA) has been demonstrated to be elevated in patients with
OSA by Lavie et al. (in plasma),163 Gozal et al. (in serum)164 and Schulz et al. (in
serum).165 It is notable that Lavie et al.163 demonstrated that patients with OSA have an
increased VEGF-A protein before falling asleep, with increasing VEGF levels throughout
the night, and VEGF levels returning back to pre-sleep values by the morning. Thus, VEGF-
A protein levels remain elevated during the day despite being exposed to intermittent
hypoxia only at night. Several investigators have demonstrated that normalization of OSA
by continuous positive airway pressure (CPAP) results in a decrease of VEGF-A protein in
blood.163.166 | avie et al.163 demonstrated that 90 d of CPAP resulted in a decrease in
VEGF-A levels, while Cifti et al.166 demonstrated a similar decrease after 12 wks of CPAP
(although values did not reach levels seen in normal controls). Interestingly, Teramoto et al.
demonstrated that one night of supplemental oxygen decreased VEGF-A levels in patients
with OSA 167

Studies with cyclical intermittent hypoxia in rodents have measured levels of molecular
oxygen sensors Hifla and Hif2a as well as some of their downstream targets including
VEGF-A. Peng et al.1%8 demonstrated a two-fold increase in Hifla protein in cerebral cortex
(relative to Hif2a protein) in mice in response to 10 d of chronic intermittent hypoxia (CIH).
Li et al. demonstrated a 4-fold increase in VEGF mRNA in liver of wild type (WT) mice
after 5 d of CIH and no increase in VEGF in Hifla heterozygous mice (low levels of Hifla
as Hif1a knock-out mice are lethal).269 Nanduri et al. used a rodent model of intermittent
hypoxia and found that Hif1a protein stabilizes and increases in response to CIH in the
carotid body and adrenal glands, but Hif2a protein, which has a higher baseline level in
normoxia, surprisingly decreases significantly in response to CIH.84 They determined the
decrease in Hif2a was due to increased degradation — interestingly, not by prolyl
hydroxylases and proteosomal degradation, but by calpain degradation. It is unclear why
Hif2a protein is targeted by calpains during intermittent hypoxia and Hifla is not. Further
exploration of the interactions between the Hifs and their downstream targets in intermittent
hypoxia is another area of research opportunity.

Role of DLL4 in angiogenesis

Sustained and intermittent hypoxia also influences Hif2a and its downstream gene targets,
one particular target being DLL4,170 a notch ligand, also important in angiogenesis.®1 Work
by Skuli et al. compared a conditional Hif2a VE cadherin-Cre mouse endothelial cells (i.e.,
a mouse that has conditionally knocked down levels of Hif2a in only endothelial cells) to
control mouse endothelial cells, and demonstrated Hif2a mRNA and protein to be increased
in control mice when exposed to hypoxia but decreased in the conditional mouse with
knock-down of Hif2a%1 When exposed to hypoxia, control mice show an induction of DLL4
expression but in conditional Hif2a endothelial cells DLL4 is not significantly increased. In
an ischemia model, Skuli et al. went on to further demonstrate that Hif2a is required for
angiogenesis.1’! They also provide clear evidence that DLL4/Notch signaling is a key target
of Hif2a171 by rescuing the phenotype of Hif2a deficient endothelial cells with DLL4
(using DLLA viral transgene expression) and restoring angiogenesis. The effect of
intermittent hypoxia on Hifla influencing VEGF and Hif2a influencing DLL4 remains to
be investigated in patients with OSA.

Leak through vascular pore during angiogenesis

Angiogenesis can lead to microvessel permeability changes through vascular pores. Our
understanding of vascular pores has come from seminal studies done by the laboratories of
Dvorak and Dvorak. Specifically, they demonstrated VEGF-A causing a vascular leak!72
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through vascular pores, during a specific phase of angiogenesis called the Mother Vessel
Phase. This is when the basement membrane undergoes the most amount of degradation and
is at its thinnest and is therefore the most permeable. This may be relevant to OSA because
angiogenesis does occur in response to intermittent hypoxia. Dvorak and Dvorak used 3-D
reconstructions to describe vesicle-vacuolar organelles (VVO), which are small vesicles
conjoined together (i.e., about 150-300 of them) to form a pore. This pore transects the
endothelial cell providing a path for substances to cross in a transcellular manner and is
regulated by small diaphragms72 that may be regulated by VEGF.173 Although their work
is done largely in skin, work done by other labs have shown that sustained hypoxia?’ as well
as intracranial injections of VEGF-A174 also increase BBB “leak.” Whether these vascular
pores appear in response to cyclical intermittent hypoxia is currently unknown. But since
intermittent hypoxia upregulates VEGF and promote angiogenesis, it is conceivable that
over weeks and months a small subtle “leak” through the pores during the mother vessel
phase may occur at the BBB. But whether the rate of angiogenesis is significant enough to
cause changes in the brain’s microenvironment remains to be determined.

Conclusion

In conclusion, our understanding of how obstructive sleep apnea affects cardiovascular,
metabolic and neurodegenerative disease has evolved rapidly over recent years. We have
presented data demonstrating that chronic intermittent hypoxia during sleep not only
increases oxidative stress, but may activate oxygen sensors Hifla and Hif2a, and contribute
to a persistent, chronic inflammatory state. We have emphasized the possibility of these
mechanisms at the blood-brain barrier. Although an adaptive response like altered
microvessel permeability at the blood—brain barrier may be initiated to maintain homeostasis
in response to intermittent hypoxia, in susceptible individuals, chronic intermittent hypoxia
may lead to adverse consequences. Specifically, altered microvessel permeability can
change the concentration of solutes, cells and water thereby altering neuronal morphology
and synaptic plasticity and causing cognitive impairment. Another unintended consequence
of altered microvessel permeability is brain-related drug resistance, with more than 200
drugs already associated with BBB transporters. Although we know there is a high
prevalence of OSA in patients with drug-resistant hypertension,1”®> whether intermittent
hypoxia alters the regulation of transporters at the BBB or elsewhere is unknown.

Our review raises many questions about changes that may take place in the blood-brain
barrier of OSA patients and what role this might play in cognitive impairment. This is a new
and exciting area of inquiry and one where further studies are needed.
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gamma-aminobutyric acid transporter 2
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multidrug resistance protein 1
norepinephrine transporter
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prostaglandins

peroxisome-proliferator activated receptors
peroxisome proliferator response element
polyunsaturated fatty acids

reactive nitrogen species

reactive oxygen species

real-time polymerase chain reaction

Seep Med Rev. Author manuscript; available in PMC 2015 February 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lim and Pack

RXR
SERT
SOD
SUR1
TNF-a
uPAR
VEGF
VVO

Glossary of terms

Mild cognitive
impair ment

Homeostasis

Oxidative stress

Céllular oxygen
sensor

Chronic
inflammation

Angiogenesis

L eak

Microvessel
per meability

References

Page 15

retinoid X receptor

serotonin transporter

superoxide dismutase
sulfonylurea receptor 1

tumor necrosis factor-alpha
urokinase receptor

vascular endothelial growth factor

vesicle-vacuolar organelles

definition from the National Institute of Ageing — a condition in
which people have memory or other thinking problems greater than
normal for their age and education, enough to be noticed and
measured, but not compromising a person’s independence

the ability for a biological system to maintain its internal
environment while continuously interacting with and adjusting to
stimuli originating from within or outside the system

a net overproduction of reactive species as well as non-radical
species (e.g., hydrogen peroxide, lipid peroxide) that leads to damage
of specific molecules and consequential injury to cells and/or tissue

molecules that respond to the mismatch of oxygen demand and
supply and attempts to maintain an optimal oxygen partial pressure

inflammation that is characterized by its persistence and lack of
resolution

formation of new blood vessels from pre-existing vessels to supply
oxygen and nutrients;

increased passage of molecules (e.g., ions, water, glucose) in a
pericellular manner (through tight junctions)

the ability of blood vessels to allow small molecules (e.g., ions,
water, glucose) and cells (e.g., leukocytes) to pass in a transcellular
manner (through transporters, pores and channels)
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Fig. 1.

Intermittent hypoxia generates increased oxidative stress, can activate molecular oxygen
sensors, and induce a chronic inflammatory state at the blood-brain barrier. In OSA patients
that are susceptible (e.g., genetic polymorphisms and co-morbidities/epigenetics) this can
lead to further effects on the blood—brain barrier, specifically, alterations in microvessel
permeability.
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Fig. 2.

Elegant three-dimension reconstruction of the blood—brain barrier28: the sum is greater than
its parts. Four endfeet of astrocytes (denoted as pve I1-1V), pericyte (pe), and probably a
microglial cell process (pvcp) is the tight peripheral sheath surrounding the endothelial tube
(not reconstructed in this image). Bar = 1 pm. Reprinted by permission from John Wiley &
Sons Inc: Glia, Mathiisen et al. copyright 2010.
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Fig. 3.

Scanning electron micrograph image of resin filled vascular pericytes surrounding pre-
capillary arterioles in the cortex of a chinchilla. Bar = 10 pm. Reprinted by permission from
Oxford University Press: Cerebral cortex, Harrison et al., University of Toronto, copyright
2002.38
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Fig. 4.

Although we breathe room air, by the time oxygen diffuses to the tissue, there is a relative
hypoxia in the tissue, and the amount of hypoxia varies from tissue to tissue as well as the
distance of the cells from capillaries. Reproduced by permission from Macmillan Publishers
Ltd: Nature Reviews Immunology, Sitkovsky and Lukashev copyright 2005.176
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ADRP, adipose differentiation-related protein; ALDA, fructose-bisphosphate aldolase A; ARG, Abelson-related gene protein;

CA, carbonic anhydrase; DLL4, delta-like 4; EC, endothelial cell; ESC, embryonic stem cell; GLUT1, glucose transporter 1;

IL, interleukin; iNOS, inducible nitric oxide synthase; LDHA, lactate dehydrogenase A; NO, nitric oxide; NOS, nitric oxide synthase;
NSCLC, non-small-cell lung cancer; PGK1, phosphoglycerate kinase 1; PLIN2, perilipin 2; RCC, renal cell carcinoma, TGF,
transforming growth factor; VEGFA, vascular endothelial growth factor A.

Fig. 5.

Downstream target genes of Hifla and Hif2a. This is a representation of shared and unique
target genes regulated by Hifla and Hif2a. Reproduced by permission from Macmillan
Publishers Lt: Nature Reviews Cancer, Keith et al. copyright 2011.83
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