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Abstract

Sleep Apnea Impairs Hippocampal Function and Adult Neurogenesis

Chelsea M. Pagan

Chair of the Supervisory Committee:
Professor Jan-Marino Ramirez
Neuroscience

Sleep apnea is a respiratory disorder characterized by periods of sleep during which
no effective breaths are taken. Recurrent episodes of apnea caused by upper airway
obstruction and/or cessation of central respiratory signaling results in repeated bouts of
hypoxemia. Sleep apnea is quite common, affecting approximately 10% of adults in western
nations, but a large proportion of patients remain undiagnosed and untreated. Continuous
positive air pressure devices, or CPAP therapy, are effective therapeutics to maintain upper
airway patency and prevent apneas, but are not universally available nor tolerated by sleep
apnea patients. Obesity, the single biggest risk factor for the development of sleep apnea, is
even more common and its prevalence is expected to rise. Therefore, sleep apnea represents
a considerable health burden for the world population.

Patients with sleep apnea have a greater risk of developing cardiovascular

complications, such as hypertension and stroke, and as a result, much research has focused
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on the mechanisms of damage to the cardiovascular system. However, OSA is also known to
impact the central nervous system. Some proportion of sleep apneas are generated by a
failure of the central respiratory network to signal properly. Furthermore, patients with
untreated sleep apnea experience mild cognitive impairments and are reported to have
alterations in the activity of a number of brain regions. Even so, the mechanisms by which
sleep apnea affects the central nervous system remain largely unknown.

As both a critical regulator of learning and memory and one of only two structures in
the mammalian brain capable of adult neurogenesis, the hippocampus may be particularly
at risk in untreated sleep apnea. Indeed, individuals with sleep apnea experience mild
cognitive impairment associated with changes to the hippocampus. Although oxygen
homeostasis is a well-recognized factor that can influence multiple hippocampal processes,
the impact of intermittent hypoxia (IH), a principal consequence of sleep apnea, on
hippocampal neurophysiology remains unclear. I hypothesized that intermittent hypoxia
would cause dysfunction in multiple stages of adult neural development to impair circuit
function of the dentate gyrus (DG), thus contributing to injury of the hippocampus.

The studies related in this dissertation utilize behavioral, electrophysiological, and
immunohistological techniques to describe the effects of chronic intermittent hypoxia (IH)
exposure on the neurophysiology of the murine hippocampus. IH impaired spatial memory
in the Barnes maze apparatus and correlated with attenuated long-term potentiation (LTP)
in the DG. Immunohistological analyses revealed that IH differentially perturbs adult
neurogenesis by decreasing the number of new-born neurons, while simultaneously
increasing neuroprogenitor cell proliferation. Although administration of the superoxide

anion scavenger antioxidant, MnTMPyP, mitigated LTP suppression and prevented adult

iv



born neuron loss, IH-dependent proliferation of neuroprogenitor cells was unaffected. These
data demonstrate that IH disrupts multiple processes in the DG that are both dependent on,
and independent of, reactive oxygen species (ROS). These novel findings identify IH-induced
changes in cellular and functional correlates of hippocampal learning and memory that likely
contribute to cognitive deficits in sleep apnea. Further work is required to determine the
non-ROS-mediated mechanisms that affect the neural progenitor pool of the hippocampus

and whether either mechanism could serve as a future target for sleep apnea therapeutics.
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Chapter 1

Introduction

Obstructive Sleep Apnea (OSA) is a highly-prevalent type of sleep-disordered
breathing defined by upper respiratory obstruction that leads to recurrent episodes of
hypoxia (Burwell et al., 1956; Quan et al., 1997). OSA affects approximately 10% of the U.S.
adult population, and is anticipated to rise along with its highest risk factor, obesity (Young
et al., 2009; Bhattacharjee et al., 2012). Since one third of Americans are considered obese,
OSA represents a considerable health burden for the American population (Watson, 2016).
Patients with this disorder have a higher risk of developing cardiovascular, metabolic,
psychological and neurophysiological complications (Somers et al., 2008). Patients self-
report daytime somnolence, and demonstrate mild cognitive deficits when OSA is left
untreated (Dewan et al., 2015). Cognitive deficits indicate a potential loss of active neurons
within one or more brain circuits located throughout the cerebrum. In the few brain
regions capable of adult neurogenesis, neuronal loss could be attributed to injury or a
failure to generate newly-born neurons in sufficient number for optimal circuit function
(Wang et al,, 2012). The experiments described in this dissertation examine the
neurophysiological effects of intermittent hypoxia, a principle consequence of OSA, on

adult hippocampal neuron development, activity, and function.



1.1 Definition and History of Sleep Apnea

Sleep is essential for healthy neurological development and function. We spend
approximately one third of our lives sleeping, yet a majority of surveyed adults report
difficulties in initiating or maintaining sleep at least a few nights a week (The National
Sleep Foundation, 2014). In 2015, approximately half of American adults surveyed also
reported that daytime somnolence interfered with their normal activities at least a few
days a month (The National Sleep Foundation, 2015). The long-held notion of sleep as a
passive and uniform state has been upended as research demonstrates the complex cyclical
periods of electrical activity, memory consolidation, and behavior (Alhola and Polo-
Kantola, 2007; Pelayo and Dement, 2011). Although it is commonly accepted that sleep is
important, it is not often given a high level of priority in adult life (Barnes and Drake,
2015). Parents of young children report reduced number of hours of sleep and great
daytime somnolence, which was more severe if the parent was also working (Gay et al,,
2004; Sinai and Tikotzky, 2012). Insufficient sleep leads to reductions in memory,
executive function, and attentional capacity that can negatively affect mood, emotion, and
even interpersonal relationships (Alhola and Polo-Kantola, 2007). Sleep disorders are
highly-prevalent in western adult populations (Peppard et al., 2013), and presentations are
expected to increase as the population ages. While often accepted as normal by clinicians
and members of the general public alike, sleep disorders among older adults are often a
result of, and contributor to, a variety of medical and psychological comorbidities (Bloom
etal, 2009).

Sleeping troubles in patients can be due to many different causes. A primary care

physician could diagnose anything from insomnia, circadian rhythm sleep disturbances,



and restless legs syndrome to narcolepsy, REM sleep behavior disorders, or sleep
disordered breathing (SDB) (Panossian and Avidan, 2009). SDB is a major contributor to
sleep problems, consisting of distinct and overlapping syndromes of hypoventilation,
central sleep apnea, and obstructive sleep apnea (OSA) (Panossian and Daley, 2013). All
disorders under the SDB umbrella are primarily characterized by pauses in airflow during
sleep. Defined by obstruction in the upper airway, OSA results in periods of sleep during
which no effective breaths are taken and periodic hypoxemia is recorded (Burwell et al.,
1956; Quan et al., 1997).

The earliest clinical descriptions of OSA occurred in 1965 simultaneously by Gastaut
and Jung (Gastaut et al., 1965; Jung and Kuhlo, 1965). Both groups report obese patients
with hypoventilatory responses during sleep that result in daytime somnolence,
hypoxemia, and bradycardia. However, several earlier reports deserve mention. Back in
1836, Charles Dickens described the physical characteristics that would come to be
associated with OSA in the depiction of his character Joe, the fat boy, in The Posthumous
Papers of the Pickwick Club (Dickens, 1836). As the nickname suggests, Joe is overweight,
but also constantly sleepy; he often does not respond to his name being called because he
has fallen asleep, which is recognized by his companions by both his inattention and
snoring. When a business executive presented at Peter Bent Bingham Hospital in 1956 with
obesity, fatigue and somnolence, Burwell and colleagues were so struck by the similarities
to Dicken’s Joe that they named his physical manifestations a “Pickwickian syndrome”
(Burwell et al., 1956). Burwell determined that his patient had low arterial oxygen
saturation and elevated arterial carbon dioxide tension, which were partially alleviated by

enforced weight reduction. This study failed to acquire data specifically during sleep and



associated the somnolence specifically with hypercapnia, thus missing the opportunity to
discover sleep apnea. In 1960, a group from Heidelberg University Hospital in Germany
described a patient who complained of recurring morning headaches (Gerardy et al., 1960).
By polygraphy taken during a nap, they demonstrated pauses in sleep respiration
associated with loud recovery snores, but did not define this as sleep apnea. A similar
report was published by Drachman and Gumnit in 1962, when an obese and somnolent
patient at the National Institutes of Health (NIH) in the USA was evaluated by
electroencephalography (Drachman and Gumnit, 1962). They identified repetitive pauses
in air exchange despite persistent movements of the abdominal and thoracic cavities and
also enforced strict weight reduction to resolve the daytime somnolence. These data were
best integrated in “the sleep apnea syndromes” by Guilleminault in 1976 (Guilleminault et
al,, 1976). This seminal text defined apneas by length of air flow disruption, the syndrome
by number of apneas per hour of sleep, and described three distinct forms of the syndrome.
Beginning with common clinical symptoms, Guilleminault and colleagues systematically
describe the pathological changes found in sleep apnea patients, with detailed focus on
both respiration and cardiac function. Since then, multiple definitions of obstructive sleep
apnea were used within the field until the American Academy of Sleep Medicine Task Force
standardized the definition in 1999 along with European Respiratory Society, Australasian
Sleep Association, and American Thoracic Society (Anon, 1999). The accepted definition of
obstructive sleep apnea is the complete (apnea) or partial (hypopnea) obstruction of the

upper airways during sleep.

1.2 Diagnosis and Epidemiology of Obstructive Sleep Apnea



Obstructive sleep apnea is highly-prevalent in the general population. Three large
cohort studies of American’s sleep quality completed in the late 1980s and early 1990s
reported the prevalence of sleep-disordered breathing to be about 8% in women and 24%
in men, although the ranges were quite broad (Young et al., 1993; Quan et al.,, 1997; Bixler
etal, 2001). In 2013, the rates were revised based on more recent epidemiological data of
known risk factors to result in a 26% prevalence among American adults (Peppard et al,,
2013). Other recent studies completed on non-American cohorts in France, Saudi Arabia
and Switzerland produced qualitatively similar results (Fuhrman et al,, 2012; Heinzer et al,,
2015; Wali et al., 2017). A recent review of the literature that excluded repeat studies,
small cohorts, and out-of-date methodologies reports that OSA prevalence ranged from 9-
38% of the general population (Senaratna et al., 2017). If over a third of adults are
potentially suffering from OSA, screening for common OSA symptoms must become routine
during visits to primary care physicians.

There are three cardinal symptoms of OSA that clinicians consider when evaluating
patients in the primary care setting: loud snoring, daytime somnolence, and recurrent
episodes of apneas during sleep (Epstein et al., 2009). As most people are not fully aware of
their behavior when they themselves are asleep, a discussion with the patient’s significant
other or bed partner is often helpful. In fact, a mnemonic commonly-used by clinicians is
the three S’s: snoring, sleepiness, and significant other report. Definitive diagnoses typically
require polysomnography to be completed overnight to detect the frequency of apneic and
hypopneic events. The average number of events per hour of sleep is known as the apnea-
hypopnea index (AHI) and is used to determine presence and severity of OSA. An AHI

greater than 15 is definitively indicative of OSA, while an AHI between 5 and 15 requires



the presence of associated symptoms, such as daytime somnolence or fatigue, to earn the
same title (Park et al., 2011). An AHI greater than 30 is considered to be a severe
representation of OSA. Overnight sleep studies to exclude OSA diagnosis are relatively
inconvenient for patients, and are therefore only recommended to patients exhibiting
cardinal OSA symptoms along with known risk factors.

OSA prevalence in the general population has proved difficult to definitively tie
down, although studies in smaller, sub-populations have been informative (Fuhrman et al,,
2012; Kleisiaris et al., 2014; Acker et al.,, 2017; Alonderis et al., 2017; Hein et al., 2017;
Senaratna et al,, 2017). There are several groups that are known to have higher rates of
OSA, and their prevalence within the general population must be taken into account when
making predictions across an entire population (Peppard et al.,, 2013). The most widely
accepted non-diagnostic feature of OSA is excessive weight, as noted by the earliest
Pickwickian syndrome reports. Indeed, obesity is a significant risk factor for OSA that
clinicians should be aware of. During the Wisconsin Sleep Cohort Study, researchers
identified a 4-fold increase in OSA prevalence for every standard deviation increase in body
mass index (BMI) (Young et al., 1993). Since then, many groups have demonstrated
increases in OSA prevalence in accordance with the severity of obesity (Bixler et al., 1998,
2001; Peppard, 2000; Duran et al.,, 2001). Using data from the Wisconsin Sleep Cohort
Study and national epidemiological information, Peppard and colleagues estimated the
prevalence of SDB in the adult US population based on sex, age, and BMI (Peppard et al,,
2013). They reporta 1.4% and 7% prevalence of SDB in young women and men,
respectively, with normal/underweight BMIs of less than 25; the rates nearly double for

every increase in BMI of > 5, corresponding with increasing level of obesity severity. Nearly



80% of males under the age of 50 with a BMI > 40 are predicted to suffer from SDB. Change
in weight over time is directly correlated with OSA severity (Peppard, 2000; Tishler et al.,
2003; Newman et al., 2005). Following participants of the Sleep Heart Health Study,
Newman and colleagues demonstrated that weight gains of >10kg in men, or
approximately 22 pounds, result in 5.2-fold increase in the odds of OSA severity escalation.
This data confirms earlier reports from the Cleveland Family Study demonstrating
increased AHI score along with increased BMI, and data from the Wisconsin Sleep Cohort
Study, which showed a 10% gain in weight predicted a 32% increase in OSA severity
(Peppard, 2000; Tishler et al., 2003). With a hopeful eye toward the reduction of OSA
prevalence and severity, these reports have also demonstrated that opposite changes in
BMI can reduce OSA severity. Enforced weight loss in the earliest of OSA presentations,
AKA Pickwickian syndrome, showed the potential for a reduction in the severity of
symptoms and has been the recommended treatment of OSA since at least 1985 (Burwell et
al., 1956; Drachman and Gumnit, 1962; Smith et al., 1985). Newman and colleagues
demonstrated that weight loss slowed the OSA progression in the Sleep Heart Health Study,
while a more recent small study by the Kuopio Sleep Apnea Group in Finland documents an
80% reduction in the progression of OSA in a successful weight loss group as compared to
an unsuccessful group (Newman et al.,, 2005; Tuomilehto et al., 2014). Tuomilehto and
colleagues in Finland focused on an important aspect of the clinical setting: failure to
induce and maintain weight loss. Despite known health complications related to obesity,
the rate of US adult obesity has held steady at 35% from 2003-2012, suggesting that more
invasive techniques may be necessary for a reduction in OSA prevalence (Ogden et al.,

2014). Grunstein and colleagues demonstrated that bariatric-surgery induced weight loss



of approximately 23% resulted in a 15% reduction in the frequency of apneas that was not
observed in non-surgical controls (Grunstein et al., 2007). This data is consistent with
earlier reports from several small cohort studies (Fritscher et al., 2007). A more recent
meta-analysis of common OSA treatments also demonstrated that weight loss reduces the
severity of OSA (Iftikhar et al.,, 2017). Taken together, these studies demonstrate the role
that weight plays on the prevalence and severity of OSA. Interestingly, other size-related
measurements have been poor predictors of OSA prevalence and severity (Punjabi, 2008).
Researchers from the Sleep Health Heart Study report that increased neck and waist
circumference, measurements of relative fat distribution, are independently associated
with moderate to severe OSA, although the use of these factors separate from BMI remains
controversial (Young et al.,, 2002).

Another long-ago recognized distinction in the development of OSA was an
increased susceptibility in males. Clinical studies have shown that between 5 and 8 times as
many men are referred to sleep studies than women (Wilhoit and Suratt, 1987; Redline et
al,, 1994). Follow-up epidemiological studies suggest that the ratio of men to women is
closer to 2 or 3:1, but confirm a disparity nonetheless (Young et al., 1993; Bixler et al,,
2001; Duran et al., 2001; Wahner-Roedler et al., 2007; Basoglu and Tasbakan, 2017; Foster
etal, 2017; Senaratna et al., 2017). Several explanations are possible for this disparity.
First, many of the characteristics of OSA as a syndrome were defined in male patients, and
female patients may present with slightly different symptoms. Indeed, it has been reported
that women with OSA are more likely to describe fatigue and lack of energy as their
primary symptom than men (Chervin, 2000; Shepertycky et al.,, 2005; Wahner-Roedler et

al., 2007). Second, since clinical presentation is often dependent upon the report of



witnessed apneas by a significant other or bed partner, there may be a differential in
recognition by the significant other of the female patient. In one study, female bed partners
of OSA patients described lower sleep and life quality for themselves than male bed
partners of OSA patients, suggesting that the female bed partners are more sensitive to
their partners’ sleeping habits than male bed partners (Breugelmans et al., 2004). Thirdly,
lower female prevalence of OSA may be due to a failure of clinicians to recognize common
symptoms in females, since it is known that OSA is more common in males, a sort of self-
fulfilling diagnosis (Lindberg et al., 2017). In any case, the under recognition of OSA is
important for public health as delayed diagnosis and treatment in women can contribute to
increased morbidity and treatment costs (Banno et al., 2006; Knauert et al., 2015).

An additional explanation for the disparity in OSA prevalence is hormonal
influences. The potential role that testosterone plays in increasing OSA has been
recognized for at least 30 years, supported by studies which reported that AHI increased in
hypogonadal men after testosterone administration (Matsumoto et al.,, 1985). More recent
clinical trials demonstrated that testosterone administration exacerbated OSA in older men
(Liu etal, 2003; Hoyos et al., 2012). Similarly, women with polycystic ovarian syndrome,
characterized by increased testosterone levels, are more likely to OSA than reproductively
healthy women (Fogel et al., 2001; Vgontzas et al,, 2001; Yang et al., 2009; Mokhlesi et al.,
2012). In fact, OSA severity in these women is directly correlated with serum and unbound
testosterone levels (Fogel et al., 2001). Complementary, reproductively healthy women
with moderate to severe OSA are reported to have lower levels of the female sex hormones
estradiol and/or progesterone (Netzer et al,, 2003). Disease prevalence is also greater in

post-menopausal women that have reduced estrogen levels (Bixler et al., 2001).



Furthermore, hormone replacement therapy of estrogen/progesterone has been associated
with lower OSA prevalence in post-menopausal women (Bixler et al,, 2001; Shahar et al,,
2003). The influence of sex hormones may also affect the presentation of different
secondary sexual characteristics in the anatomy of the upper airway of men, thus inhibiting
airflow to induce apneas or hypopneas (Jordan and McEvoy, 2003).

In addition to sex-related differences in prevalence, sleeping and breathing patterns
differ between male and female OSA patients. After controlling for variances in BMI, men
display increased OSA severity, as demonstrated with greater AHI levels (O’Connor et al.,
2000; Ware et al., 2000; Walker et al., 2001; Youn et al., 2015; Leppénen et al., 2017).
Contributing to this difference is that AHI is greater in men, generally in the supine
position, during non-rapid eye movement (non-REM) despite similar AHI in REM sleep
(O’Connor et al., 2000; Gillman et al,, 2012; Youn et al,, 2015). Tashkandi and colleagues
report that AHI during non-REM is elevated in men primarily due to an increase in apneic
events without a change in hypopneic events (Tashkandi et al., 2005). Complementary,
disruptive sleep events tend to be shorter, easier to recognize during REM sleep, and result
in less oxyhemoglobin desaturation in women (O’Connor et al.,, 2000; Ware et al., 2000; Koo
et al., 2008). Interestingly, the differences in OSA prevalence and severity between the two
sexes is greatest at relatively younger ages, becoming indistinguishable after the age of 50
(Tishler et al., 2003; Koo et al., 2008; Youn et al,, 2015).

Sleep-related difficulties become increasingly common with advancing age (Vaz
Fragoso and Gill, 2007). Common complaints consist of difficulty falling asleep, difficulty
maintaining sleep, and reduced total amount of night-time sleep obtained (Ford and

Kamerow, 1989; Gislason et al,, 1993; Foley et al,, 1995; Vaz Fragoso and Gill, 2007).
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Epidemiological studies reveal that more than half of senior aged adults have some form of
chronic sleep-related complaints (Foley et al., 1995). As such, the prevalence of OSA in
older populations is consistently greater than that in younger populations, and the risk of
developing OSA or increasing the severity of OSA increases over time (Senaratna et al.,
2017). Newman and colleagues demonstrated that, even in the absence of weight gain,
between 10 and 20% of Sleep Heart Health Study participants developed moderate to
severe OSA during the 5-year period of observation (Newman et al., 2005). The group
attributed these changes primarily to the increase in age, as weight gain was controlled for.
A small cohort study conducted in San Diego in the early 1990s reported that, of patients
65-99 years old, 70% of men and 56% of women displayed moderate to severe OSA
(Ancoli-Israel et al., 1991). Follow-up studies later in the decade also show OSA prevalence
to increase with age, starting as low at 3.2% for a 20-44-year-old age group and increasing
stepwise to 18.1% for a 61-100 year old age group (Bixler et al.,, 1998). More recent meta-
analysis of world-wide general population OSA prevalence confirms both the increased
prevalence and increased severity reported with advancing age (Senaratna et al., 2017).
Heinzer and colleagues report that the advanced age groups of the HypnoLaus Study in
Switzerland displayed prevalence as high as 84% overall and 90% in aged men (Heinzer et
al,, 2015). Moderate to severe OSA is approximately twice as prevalent in aged versus
young populations, at 36% and 17% respectively (Tufik et al,, 2010; Lee et al., 2014;
Heinzer et al,, 2015). Interestingly, while OSA severity increases along with age, severe OSA
is most prevalent in middle aged men and elderly women (Bixler et al., 2001; Li et al,,
2015). Of post-menopausal women, OSA prevalence is the greatest in those that are not on

hormone replacement therapy, suggesting that reduced estrogen and/or progesterone is a
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potential contributor to this sex discrepancy in aged women (Bixler et al., 2001). An
additional caveat to this data on OSA and age is that it may not be able to correct for the
impact of co-morbidities with age. Recent evidence supports independent association
between intermittent hypoxia, a cardinal symptom of OSA, and diseases common with
increased age: diabetes mellitus, dyslipidemia, metabolic syndrome, and hypertension
(Trzepizur et al.,, 2013; Tkacova et al,, 2014; Heinzer et al., 2015; Torrella et al.,, 2015). For
these reasons, advanced age should be considered a considerable risk factor for OSA.

Until recently, most of the population-based studies on the prevalence of OSA were
focused on populations in North America, Europe, and Australia. The last decade has seen
these studies extended to China, India, Korea, Brazil, and Saudi Arabia (Ip etal., 2001, 2004;
Kim et al., 2004; Udwadia et al., 2004; Tufik et al., 2010; Lee et al., 2014; Wali et al., 2017).
These studies demonstrate that the prevalence of OSA in Asian, Middle Eastern, and South
American communities is comparable to North American and European communities.
Interestingly, while obesity is less prevalent in Asian populations, OSA prevalence is just as
great as in the West. Within the United States, a few studies have attempted to breakdown
OSA prevalence amongst various racial sub-groups. OSA prevalence amongst middle-aged
African-Americans has been reported to be comparable to that of other racial groups, but
African American young adults and seniors have increased prevalence, after controlling for
BMI (Redline et al., 1994; Ancoli-Israel et al., 1995; Young et al., 2002). A more recent,
larger cohort study reports an increase in sleeping disturbances across all age groups of
African Americans, and a particularly increased risk of OSA in African-American women
(Fulop et al,, 2012). There are also caveats to consider with regard to this data: in the US,

much of the African American population is in a lower socioeconomic bracket, has reduced
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access to medical care, and has slightly greater prevalence of obesity. Follow-up studies are
needed to determine whether race may be a surrogate for other predisposing features and
whether the additional risk would disappear if confounding factors were addressed.

In addition to weight, sex and race, there are mechanical properties of the upper
airway that could increase its propensity to collapse during sleeps, thus affecting the
prevalence of OSA. Several common imaging modalities have been used to demonstrate
skeletal and soft-tissue structural abnormalities in patients with OSA. Features such as
tonsillar hypertrophy, enlarged tongue or soft palate, overbite, inferiorly positioned hyoid
bone, and decreased posterior airspace can narrow the dimensions of the upper airway to
promote the occurrence of apneas and hypopneas (Cistulli, 1996). Even without obvious
clinically relevant craniofacial abnormalities, subtle differences in maxillary or mandibular
size could increase susceptibility to OSA. In fact, a meta-analysis of studies on OSA and
craniofacial risk factors indicated that the length of the mandible is an important measure
associated with increased OSA risk (Miles et al., 1996). In a series of small cohort studies,
children born with craniofacial microsomia have been reported to have between 7 and
67% OSA prevalence, supporting the idea that skeletal structural abnormalities affect OSA
risk (Caron et al., 2015). Recent studies suggest that tooth loss may increase OSA
prevalence and that differences in craniofacial features between Asian and European
populations may explain why OSA is equally prevalent despite decreased obesity
prevalence in Asian populations (Li et al,, 2000; Lam et al., 2005; Sanders et al., 2016).
Collectively, these studies support the idea that craniofacial abnormalities are important in

the development of OSA. Clinicians should take craniofacial differences into account along
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with obesity, sex, and age when determining risk for OSA and deciding whether to refer

patients to overnight polysomnography for diagnosis.

1.3 Sequelae of Obstructive Sleep Apnea

Periodic breathing cessation during OSA results in a multitude of physiological
responses (Dempsey et al,, 2010). The most common are recognized as presenting
symptoms to clinicians: snoring, daytime sleepiness, obesity, and poor sleep. OSA patients
suffer from disturbances in both REM and NREM sleep (Guilleminault et al., 1976; Carreras
et al, 2014; Gabryelska et al,, 2017). However, OSA also contributes to a wide range of
serious medical problems (Marshall et al., 2014). In its severe form, OSA increases risk for
premature mortality, cardiovascular disease, and neurological disorders (Marshall et al.,
2008; Punjabi, 2008). OSA has also been shown to increase the severity of pre-existing
conditions (Gottlieb et al., 2010). The effects of sleep apnea on the body can be divided into
two separate, yet interrelated, categories discussed below: cardiovascular and neurological

manifestations.

1.3.1 Cardiovascular and Metabolic Manifestations

Large epidemiological studies of SDB and OSA repeatedly demonstrate that
untreated OSA is an independent cardiovascular risk factor (Shahar et al., 2001; Marin et
al,, 2005; Young et al., 2008). Compared to the general population, the prevalence of OSA is
greater for people with cardiovascular conditions, such as hypertension (Fletcher et al.,
1985; Logan et al., 2001; Mokhlesi et al., 2014; Muxfeldt et al., 2014), ischemic heart

disease (Peker et al., 1999; Mooe et al,, 2001; Won et al.,, 2013; Zhao et al,, 2014), heart
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failure (Ferrier et al., 2005; Javaheri, 2006; Geib et al.,, 2015; Arzt et al,, 2016), and stroke
(Bassetti and Aldrich, 1999; Kaneko et al., 2003; Brown et al., 2014; Chang et al., 2014; De
Lott et al., 2014). Severe OSA can contribute to the emergence of these same co-morbidities
as well (Shahar etal., 2003; Chang et al,, 2014; Brown et al., 2015).

Effort has been made to relate the mechanism of OSA to the associated increased
cardiovascular disease risk. Unfortunately, OSA is not a simple disease but rather
heterogeneous, characterized by multiple mechanisms such as intermittent hypoxemia,
intermittent hypercapnia, decreases in intrathoracic pressure, and repeated arousals from
sleep. Intermittent hypoxia caused by OSA is believed to be the major contributor to
cardiovascular disease onset, with changes to intrathoracic pressure and sleep
fragmentation playing smaller roles in disease progression (Kumar et al., 2006; Baguet et
al,, 2009; Johansson et al., 2011; Linz et al., 2011; Yamamoto et al,, 2013; Gonzaga et al.,
2015). The repeated periods of desaturation and re-saturation of hemoglobin partly
explain the presence of hypertension since this pattern increases activity of the
sympathetic nervous system, renin-angiotensin-aldosterone pathway, and peripheral
vasoconstriction (Fletcher et al., 1992; Carlson et al.,, 1996; Kumar et al., 2006; Somers et
al,, 2008). In NREM sleep, healthy patients will experience decreased respiratory rate,
blood pressure, and heart rate (Tzivoni and Stern, 1973). In congruence, respiratory rate,
blood pressure and heart rate all rise during REM sleep (SNYDER et al,, 1964). The
relationship between sleep and cardiac arrhythmias is well defined, with clear sleep-wake
patterns in both atrial and ventricular arrhythmias and state dependent heart rate
alterations (GASSEL et al., 1964; Baust and Bohnert, 1969; Verrier et al., 1996).

Approximately 40% of paroxysmal atrial fibrillations and 15% of fatal ventricular
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arrhythmias occur during sleep (Brodsky et al., 1977; Lavery et al.,, 1997; Yamashita et al.,
1998). OSA patients have a greater risk of sudden cardiac death and are more likely to die
at night as compared to those without OSA who are more likely to die in the morning (Gami
etal, 2005, 2013; Kuniyoshi et al., 2008). Using a multivariate analysis, the independent
predictors of atrial fibrillation and sudden death identified were not AHI number, but
rather the oxygen desaturation index, indicating that hypoxemia plays an important role in
arrhythmogenesis and cardiac death in OSA (Gami et al., 2007; Ghias et al., 2009).
Decreased oxygen saturation during sleep is associated with increased likelihood of ST
segment depression, a common EKG marker of cardiac ischemia, further supporting this
idea (Mooe et al,, 2000). Animal studies have also attempted to identify the mechanism by
which OSA contributes to cardiac morbidity. Brooks and colleagues demonstrated that
obstructive apneas increased night time blood pressure and persisted into the daytime,
while arousals from sleep also increased night time blood pressure, but without alteration
to daytime blood pressure (Brooks et al.,, 1997). Tkacova and colleagues recently showed
that nocturnal oxygen desaturation predicts prevalent hypertension in the European Sleep
Apnoea Database study (Tkacova et al,, 2014 ). These studies also suggest that nocturnal
hypoxemia, and not arousals, is the primary contributor to OSA-related hypertension.

In addition to hypertension and cardiac arrhythmias, OSA affects cardiovascular
pathologies through hormonal and metabolic dysfunction. Decreased circulating nitric
oxide levels and increased endothelin-1 signaling in OSA result in systemic
vasoconstriction (Carlson et al., 1996; Ip et al., 2000; Kato et al., 2000; Gjgrup et al.,, 2007;
Caimi et al,, 2015). Multiple studies demonstrate that the carotid body also mediates

vasoconstriction in OSA via increased adrenal catecholamine secretion (Semenza, 2000;
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Peng et al,, 2001; Elmasry et al,, 2002; Souvannakitti et al., 2009). Catecholamine hormones
increase blood pressure via vasoconstriction, but also by accelerating the uptake of low
density lipoprotein into and reducing cholesterol efflux out of atherosclerotic plaques
(Born, 1991; Xu et al,, 2015). Dyslipidemia is highly prevalent among OSA patients,
increasing the risk of vascular events due to the atherosclerotic plaque rupture (Quintero
etal, 2013; Nadeem et al,, 2014; Nagayoshi et al., 2016). OSA is also associated with
hypercoagulability by increases in prothrombotic factors, fibrinogen, and platelet
activation (von Kéanel et al., 2007; Somers et al., 2008; Tosur et al,, 2014). All of these
elements contribute mechanistically to an increased risk of myocardial infarction and
stroke in OSA patients.

Separate from the cardiovascular complications of OSA, there are metabolic
syndromes associated with OSA as well. Impaired glucose tolerance is common in OSA
patients and is independently associated with AHI > 5 after adjusting for BMI (Ip et al,,
2002; Punjabi et al,, 2002). Exposing healthy patients to acute intermittent hypoxia
decreases insulin secretion, insulin sensitivity, and glucose tolerance, laying the
groundwork for developing metabolic syndrome (Oltmanns et al., 2004; Louis and Punjabi,
2009). Heart rate was also increased in the healthy volunteers, suggesting increased
sympathetic drive. The Sleep Heart Health Study showed an independent association
between OSA severity and the development of type 2 diabetes mellitus, after adjusting for
abdominal girth (Punjabi et al., 2004). A more recent large cohort study from St Michaels
Hospital in Toronto, Canada demonstrated a qualitatively similar association between OSA
severity and diabetes onset over the course of 15 year data collection (Kendzerska et al.,

2014). Nakata and colleagues recently demonstrated an association between the severity of
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SDB and the glycemic variability observed in diabetes patients as well (Nakata et al., 2017).
Multiple other studies show a similar correlation, but either do not correct for obesity
levels or lose the correlation when corrected, indicating that obesity is an important
confounding variable (Reichmuth et al., 2005). Obesity may be a shared risk factor for both
OSA and cardiometabolic dysfunction, increasing the severity of either disorder when
present. Additionally, OSA patients have been reported to have increased systemic markers
of oxidative stress, which affects multiple metabolic pathways and could worsen a variety

of co-morbidities (Drager et al., 2013; Caimi et al., 2015; Lavie, 2015).

1.3.2 Neurophysiological and Psychological Manifestations

Several consequences of OSA indicate that the nervous system is affected by the
disease. The fact that OSA occurs only during sleep while the presence of common risk
factors remain throughout both wakefulness and sleep indicates that the autonomic
nervous system is negatively impacted during OSA. Indeed, the cardiovascular
abnormalities observed during OSA and described above also implicate aberrant nervous
activity as heart rate and the neuronal control of breathing are closely linked. Respiratory
sinus arrhythmia, when heart rate is increased during inspiration and slowed during
expiration, is observed in normal and augmented breathing patterns of healthy patients
during both sleep and wakefulness (George and Kryger, 1985; Galletly and Larsen, 1998;
Kabir et al,, 2013; Sola-Soler et al., 2015). The coupling of respiration and heart rate is
important for homeostatic regulation of blood gases and for critical nervous system
functions, such as arousal (Hayano et al., 1996; Ben-Tal et al., 2012). Sighs, and associated

respiratory sinus arrhythmia, commonly occur at the onset of arousal, and are believed to
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play a role in the recovery of airway patency after an obstruction (Remmers et al., 1978;
Roberts et al., 1986; Wulbrand et al., 2008). During healthy sleep, the cardiovascular
system is in a state of relaxation, where metabolic rate, heart rate, and input from the
sympathetic nervous system are all reduced (Somers et al.,, 1993). In OSA patients,
intermittent hypoxemia causes repeated arousal responses that disrupt the normal
cardiovascular relaxation during sleep and result in a persistent increase in sympathetic
tone during wakefulness (Gastaut et al., 1966; Bradley and Floras, 2003a, 2003b, 2009;
Somers et al., 2008). Arousal and increased sympathetic input is beneficial during an
obstructive event as it prevents a sustained period of hypoxemia, but the type of chronic
repeated arousals observed in OSA lead to an imbalance between the sympathetic and
parasympathetic branches of the autonomic nervous system (Bradley and Floras, 20033,
2003Db). Such imbalances are also observed in other breathing disorders such as apneas of
prematurity, Sudden Infant Death Syndrome, Familial Dysautonomia, and Rett Syndrome,
as well as hypertension and heart failure (Kahn et al., 1988; Meny et al., 1994; Franco et al,,
1998, 2003; Weese-Mayer et al.,, 2006; Triposkiadis et al., 2009; Kishi, 2012; Garcia et al,,
2013; Carthy, 2014; Bhardwaj and Dunlap, 2015).

While it is generally agreed that central apneas and apneas of prematurity result
from imbalances in autonomic signaling, OSA patients also suffer from failures of the
autonomic nervous system. Inconsistent respiratory rhythms are commonly observed in
patients with severe OSA (Ramirez et al., 2013). Intermittent hypoxia has been recently
reported to increase irregular output from the preBotzinger complex, a brainstem network
critical for breathing and inspiratory rhythm generation (Lieske et al., 2000; St-John et al,,

2007; Tan et al,, 2008; Ramirez, 2011; Schwarzacher et al., 2011; Koch et al,, 2013). This
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study also demonstrated intermittent hypoxia changes the input-output relationship
between the preBotzinger complex and the hypoglossal motor nucleus, leading to periodic
transmission failure of the hypoglossal nerve. Temporary cessation in hypoglossal activity
triggers pharyngeal collapse to create an upper respiratory obstruction (Remmers et al.,
1978). Several other factors contribute to the cessation of hypoglossal activity such as
reduced sensory input, increased arousal threshold, and failures in motor neuron output
(Horner, 2007; Prabhakar et al.,, 2007; Chamberlin, 2013). This and the presence of enteric
nervous system irregularities indicates that OSA negatively impacts the nervous system
(Anon, 1999).

In addition to alterations in the autonomic nervous system, OSA also impacts central
nervous system function (Dewan et al., 2015). Patients with untreated OSA report a variety
of daytime cognitive symptoms such as difficulty concentrating, changes in mood, memory
difficulties and excessive daytime sleepiness (Barnes et al., 2004; Torelli et al., 2011;
Olaithe and Bucks, 2013). Children with OSA demonstrate reduced academic performance
when compared to healthy sleeping peers (Gatica et al., 2017). Analysis of memory,
cognitive and psychomotor function in OSA patients has been heterogeneous, with a
patchwork of different tests utilized and a mix of conclusions reached, but the majority
coalesce around mild central nervous system impairment such as reduced executive
function (Naegele et al., 1995; Saunamaki and Jehkonen, 2007; Canessa et al., 2011; Torelli
etal, 2011; Gozal et al., 2012; Sforza and Roche, 2012; Csabi et al.,, 2014; Djonlagic et al.,
2014). A recent meta-analysis by Leng and colleagues identified sleep disordered breathing
as an independent risk factor for developing cognitive impairment and reduced executive

function (Leng et al., 2017). The severity of sleep disturbance and hypoxemia in OSA is
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positively associated with the level of impairment in executive functions (Jones and
Harrison, 2001; Hoth et al,, 2013; Aoki et al., 2014). Meta-analyses confirm that deficits in
attention, long-term visual and verbal memory, visuospatial abilities, and working memory
are more common in OSA patients than in healthy sleepers (Bucks et al., 2013). The
presence of co-morbidities with OSA, such as stroke or age-related cognitive deficit,
increases the severity of measured cognitive impairment, while prevalence of psychological
disorders, like depression and anxiety, is also increased in OSA patients (Schréder and
O’Hara, 2005; Kumar et al.,, 2009; Djonlagic et al., 2014; Aaronson et al., 2015; Acker et al,,
2017).

At least two primary nocturnal abnormalities occur during OSA that may contribute
to cognitive impairments: sleep fragmentation and intermittent hypoxia. While sleep
fragmentation is considered the primary driver of daytime sleepiness in OSA, the majority
of cognitive impairments appear to be due to intermittent hypoxia (Jackson et al., 2011).
Dementia in elderly women with OSA and mild cognitive impairment in the apnea positive
pressure long-term efficacy study (APPLES) has been correlated with severity of hypoxia as
well (Quan et al,, 2011; Yaffe et al., 2011). Deficits in attention and verbal episodic memory
are also more pronounced in hypoxic patients as compared to non-hypoxic patients
(Findley et al., 1988). Animal models have also demonstrated that impaired learning and
memory is more closely associated with intermittent hypoxia than sleep fragmentation
(Gozal et al,, 2001; Polotsky et al., 2006). However, studies inducing sleep fragmentation in
healthy adults in the absence of hypoxemia have resulted in daytime sleepiness and
reduced sustained attention as well (Martin et al., 1996, 1999). Cognitive impairments in

elderly patients with SDB have also been shown to associate with the severity of SDB, but

21



not the level of hypoxemia (Cohen-Zion et al.,, 2004). A recent study limiting the obstruction
and intermittent hypoxemia of OSA to periods of REM sleep only demonstrated a reduction
in spatial navigational memory, indicating the importance of REM sleep to memory in OSA
patients, but could not separate the effects of intermittent hypoxemia or fragmentation
during REM (Varga et al., 2014). Therefore, sleep fragmentation and intermittent
hypoxemia are important contributors to cognitive impairment observed in OSA, but more
work remains to be completed in order to determine the mechanisms by which OSA affects

cognition.

1.4 Treatment of Sleep Apnea

Since the earliest identification of patients with Pickwickian syndrome, treatments
to minimize patient symptoms have been sought. The first identified is still recommended
today: weight loss. Enforced weight loss, by extreme calorie limitation, was the preferred
treatment method to reduce or eliminate the effects of OSA in the mid 1900s (Burwell et al.,
1956; Drachman and Gumnit, 1962). Ethical advances in medicine have led to physicians to
no longer enforce weight loss as a method of OSA treatment but rather to only encourage
dietary weight loss programs as a consideration. Aerobic exercise training is a popular
treatment recommendation, although the mechanisms by which exercise induces OSA
improvement is unclear; aerobic exercise training has been shown to reduce the severity of
OSA, even in patients that exhibit little to no change in weight (Kline et al.,, 2011; Iftikhar et
al,, 2014). Advancements in bariatric surgery allow modern OSA patients that may be
suffering from additional co-morbidities to quickly reduce excess weight; OSA patients that

undergo bariatric surgery have reduced severity of OSA, a loss of OSA symptoms, and
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reduced presence of diabetes at 2 year follow-ups, indicating outsized health benefits of
weight loss in this population (Fritscher et al,, 2007; Grunstein et al., 2007). Other surgical
interventions are sometimes considered for younger patients with physical limitations of
the upper airway (Tan et al., 2013; Garg et al.,, 2017). Tonsillectomy and
uvulopalatopharyngoplasty remove excess tissue from the upper airway while maxillary-
mandibular advancement moves the jaw bones further forward to enlarge the posterior
pharynx, but these surgical interventions have wide variations in level of success (Khan et
al,, 2009; Caples et al., 2010). A tracheostomy is another option for surgical resolution or
reduction of OSA symptoms, but both patients and physicians alike are reluctant to choose
this option due to significant limitations on activity and unsightly appearance (Camacho et
al,, 2014).

While weight loss and surgical interventions have shown significant improvement
in OSA patients, two devices are much more commonly prescribed as treatments and
accepted by patients. The first is a mandibular advancement device (MAD), a hard-plastic
device worn in the mouth during sleep that moves the jaw forward to widen the posterior
pharyngeal airway. Meta analyses suggest that MADs are effective non-invasive treatment
options for patients who suffer from mild OSA, with reported reduction of AHI by greater
than 50% (Ramar et al,, 2015). However, MADs are not as effective for patients with more
severe OSA. They are particularly recommended for patients that do not tolerate the
second, but most common, medical device for OSA treatment: positive airway pressure
(PAP) machines.

First described in 1981, PAP provides pneumatic opening and patency of the upper

airway (Sullivan et al., 1981). Available in continuous (CPAP), bi-level (BPAP), or
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autotitrating (APAP) modes, PAP is the most effective treatment in reducing OSA severity
and is the recommended treatment for moderate to severe OSA (Gay et al., 2006; Kushida
et al, 2006; Epstein et al,, 2009; McDaid et al., 2009; Iftikhar et al.,, 2017). CPAP treatment
alleviates daytime sleepiness and fatigue by allowing for the restoration of REM and slow
wave sleep (McDaid et al., 2009; Brillante et al., 2012; Gabryelska et al., 2017). Patients
report improved quality of life after beginning routine CPAP therapy, with patients
suffering from moderate to severe OSA reporting the greatest improvements (Batool-
Anwar et al,, 2016). CPAP use is associated with reduced mortality in middle and elderly
aged males, after adjusting for comorbidities, and increased survival of the very elderly
OSA patients (>80 years old) (Lépez-Padilla et al., 2016; Jennum et al., 2017).
Cardiovascular and metabolic consequences of OSA are mildly reduced by the use of CPAP
as well. Meta-analyses of adverse cardiovascular effects in OSA patients with CPAP
treatment identify a reduction in blood pressure and, amongst those who use the device for
greater than 4 hours a night, fewer major adverse cardiac events (McDaid et al., 2009; Moro
et al, 2009; Bratton et al., 2015; Abuzaid et al.,, 2017). Data on CPAP treatment and
metabolic disorders has been more mixed; small studies on OSA patients with diabetes
mellitus have shown reductions in glycemic variability with CPAP treatment, while recent
meta-analysis revealed that CPAP therapy provided no benefit to glucose metabolism in
similar populations of patients. Both studies suggest that high variability in responses to
therapy could be due to level of compliance with the CPAP device (Nakata et al., 2017; Zhu
etal, 2017).

CPAP treatment has also been shown to mildly improve neurological outcomes in

patients with OSA. Saunamaki and colleagues demonstrated that CPAP reversed trends in
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reaction time, cognitive flexibility, and planning in OSA patients, but that working and
language memory were unaffected (Saunamaki and Jehkonen, 2007). This data extends
earlier reports that attentional deficits remained despite CPAP treatment, suggesting that
OSA-induced cognitive deficits may be irreversible responses to intermittent hypoxemia
(Kotterba et al.,, 1998). More recent studies have not been able to clarify which cognitive
functions impaired in OSA are most sensitive to CPAP therapy. A few studies have
demonstrated that CPAP treatment could improve verbal memory and executive function,
but a recent meta-analysis from Kylstra and colleagues suggests that attention is the only
cognitive function that is improved by CPAP (Antic et al., 2011; Kushida et al.,, 2012; Kylstra
et al, 2013). A concurrent meta-analysis by Olaithe and Bucks surveyed five domains of
executive function and found that all showed small to medium improvements with CPAP
treatment (Olaithe and Bucks, 2013). One potential explanation for these varied responses
to CPAP may be the populations of patients that were included in the studies, with some
retaining more plasticity in brain regions responsible for memory and executive function.
Cooke and colleagues interrogated cognitive ability in Alzheimer’s patients suffering from
OSA and show CPAP slowed cognitive deterioration (Cooke et al., 2009). Two additional
and more recent studies focused on elderly OSA patients also show improved episodic
memory, short term memory, and executive function, suggesting that populations most at
risk for cognitive decline may show greater responsiveness to CPAP therapy (Crawford-
Achour et al,, 2015; Dalmases et al., 2015). An additional explanation for the wide range of
reported responses to CPAP therapy is difficulty with compliance (Weaver and Grunstein,
2008). Despite advances in mask technology, humidity control, size and sound of CPAP

machines, adherence has not greatly improved (Park et al., 2011; Lettieri et al.,, 2017). To
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exclude the effect of insufficient treatment, several studies on the response to CPAP
therapy stratified their results based on numbers of hours per night adherence. Dose
responses were observed in sleepiness, verbal memory, and executive function, but a sub-
population of OSA patients with high CPAP compliance continued to show no signs of
cognitive improvement, suggesting that some OSA-induced deficits may be permanent

(Weaver and Grunstein, 2008; Antic et al,, 2011; Sforza and Roche, 2012).

1.5 Brain Regions Affected by Sleep Apnea

The types of cognitive impairments observed in OSA patients indicate the
involvement of several brain regions, mostly in the cerebral cortex. The frontal cortex is
implicated in multiple aspects of executive function, and has been shown to be susceptible
to both sleep fragmentation and intermittent hypoxia (Morrell and Twigg, 2006; Funahashi
and Andreau, 2013; Yuan and Raz, 2014). Using positron emission tomography (PET)
scans, Thomas and colleagues found reduced glucose uptake in the prefrontal cortex, as
well as in the thalamus and parietal cortex, in healthy patients subjected to sleep
deprivation (Thomas et al., 2000). Extending these studies to OSA patients revealed
qualitatively similar data on dorsolateral prefrontal cortex glucose uptake, with no change
following CPAP treatment (Thomas et al.,, 2005). Santarnecchi and colleagues used
functional magnetic resonance imaging (fMRI) in OSA patients and healthy age-gender-
BMI-matched controls to generate cerebro-cerebellar regional homogeneity (ReHo) values
used to identify pathology-related alterations in local coherence of low-frequency signals
(Santarnecchi et al., 2013). The ReHo values in OSA patients were significantly reduced in

regions within the prefrontal cortex, parietal cortex and cerebellum. Using T-1 weighted
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MRI, Canessa and colleagues demonstrated that OSA patients have a reduction in grey
matter volume within the frontal cortex, parietal cortex, and the hippocampus that
correlated with reduced attention and executive function (Canessa etal., 2011).
Interestingly, CPAP treatment was able to specifically increase grey matter volume within
clusters in the frontal lobe and hippocampus. Macey and colleagues also reported extensive
white matter abnormalities in OSA patients using MRI (Macey et al., 2008). Together, these
different imaging modality studies demonstrate that OSA patients have detectable changes
in brain structure and function within the prefrontal cortex, which may contribute to the

negative effects on executive function observed in these patients.

1.5.1 Sleep Apnea Affects the Hippocampus

The prefrontal cortex is a critical, but not exclusive, region of the brain for the
exhibition of executive function. In addition to the prefrontal cortex, executive function is
associated with the parietal cortex, temporal cortex, and subcortical nuclei (Frackowiak
and Fletcher, 1996; Castronovo et al,, 2009). Thomas and colleagues demonstrated that a
subset of brain regions known as the executive network were activated when OSA patients
treated with CPAP underwent tests of working memory, but not activated in OSA patients
without treatment. The hippocampus, and the cortical regions adjacent to it, have been
shown to exhibit abnormalities in neuroimaging studies of OSA patients. Studies by Morrell
and Thomas using voxel-based morphometry of MRI show a reduction in grey matter in the
left hippocampus of OSA patients that was later confirmed by studies conducted by Canessa
and Torelli (Morrell et al., 2003; Thomas et al,, 2005; Canessa et al., 2011; Torelli et al.,

2011). Castronovo demonstrated the importance of hippocampus activation by fMRI
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during a working memory examination in OSA patients (Castronovo et al.,, 2009). Recently,
Kim and colleagues used deformation-based morphometry to show atrophy in several
brain regions, including the hippocampus. CPAP treatment and treatment duration were
associated with an increase in volume in a few subregions of the hippocampus, but no
other deep grey matter structures (Kim et al,, 2016). The OSA patients interrogated in the
study showed pre-testing deficits in working memory, indicating that one or more of the
brain regions that displayed atrophy is critical for this cognitive behavior.

While there has historically been debate about the role the hippocampus plays in
within the limbic system, it is generally agreed upon that the hippocampus is critically
important to learning and the formation of long-term memory (Lagali et al., 2010). Since
the mid 1900s, epilepsy patients, such as the famous HM, have had portions of their
hippocampi removed in order to treat disabling seizures. A portion of these patients
subsequently suffered from amnesias, demonstrating that a major function of the
hippocampus and its nearby cortical regions is to support the generation of new
declarative memories (Shorvon, 2009; Knierim, 2015). Amnesic patients are able to retain
memories from events prior to hippocampal damage or removal, and retain the ability to
form new semantic memories, suggesting that while the hippocampus is important for
forming new declarative memories, other brain regions contribute to memory storage and
recall. More recent studies have attempted to identify the mechanisms by which the
hippocampus contributes to memory formation. Goldfarb and colleagues identified a role
for the hippocampus in guiding attention, while Jacobs and colleagues showed the ability of
the hippocampus to detect elapsed time (Jacobs et al., 2013; Goldfarb et al,, 2016). Yee

extended these studies to spatial exploration and memory (Yee et al., 2014). These
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functions are necessary contributors to the processes of pattern separation, temporal
pattern separation, and spatial recognition memory (Yassa and Stark, 2011; Kesner et al,,
2015). Animal models have aided in the elucidation of the mechanisms by which the
hippocampus contributes to learning and memory. Gilbert and colleagues induced lesions
within different subregions of the hippocampus and found that the different subregions
were independently important for success on spatial and temporal pattern separation tasks
(Gilbert et al.,, 2001). Jacobs et al used drug infusions to temporarily inactivate various
hippocampal regions and demonstrated that these sites were necessary for discriminating
small temporal differences, important for temporal pattern separation (Jacobs et al., 2013).
Site specific hippocampal lesions were also used to identify the regions necessary for the
recognition of novel objects and displays of anxiety-like behavior on the elevated plus maze
(Hunsaker et al., 2008; Rice et al., 2015). Kalman extended these data by demonstrating
that reduced hippocampal volume, following sciatic nerve injury in rats, was associated
with disrupted social interactions in a resident-intruder test (Kalman and Keay, 2014).
Together, these data indicate that the hippocampus is an important contributor to
attention, recognition, spatial memory, and mood disorders. A unifying theory about how
the hippocampus uniquely contributes to learning and new memory formation is that the
ongoing process of neurogenesis within the dentate gyrus region of the hippocampus

creates new substrates for these active functions.

1.6 Development and Structure of the Hippocampus
The hippocampus is a seahorse shaped structure located deep within the temporal

lobe of humans, and is cashew shaped in rodents, lying superficially below the neocortex
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(Knierim, 2015). There are two main histological divisions: cornu ammonis (CA), also
known as Ammon’s horn, and the dentate gyrus. The CA consists of primarily pyramidal
neurons that produce glutamate, that can be separated by genetics and morphology into
CA1 and CA3 regions (Lagali et al., 2010). The primary layout of these regions is
recognizable as early as prenatal weeks 15-19 of human development (Arnold and
Trojanowski, 1996). Using a mix of rodent and primate models, we know that pyramidal
cell precursors arise during the end of gestation from the neuroepithelium and migrate in
an inside-out fashion to the amniotic plate following their maturation (Angevine, 1965;
Bayer and Altman, 1974; Nowakowski and Rakic, 1979; Altman and Bayer, 1990a). CA3
pyramidal neurons extend axons to synapse with the CA1 pyramidal neurons, referred to
as Schaffer collaterals, and dendrites that receive input from the axons of dentate gyrus
granule neurons, known as mossy fibers (Amaral and Dent, 1981). The granule neurons
make up the primary cell layer of the dentate gyrus and are largely formed postnatally in
rodents and primates (Bayer and Altman, 1974). In humans, this process includes a 4-6
month postnatal development period (Seress, 1992). Granule cell precursors migrate from
the secondary dentate matrix near the neuroepithelium in two waves; the first occurs
prenatally following the subpial route while the second occurs early after birth, migrating
radially to the inner portion of the granular cell layer and the subgranular zone (Altman
and Bayer, 1990b). The granular cell layer is split into a suprapyramidal and an
infrapyramidal blade, with the space between them known as the hilus. The subgranular
zone is a 2-3 cell thick layer between the granular cell layer and the hilus (Harry and

D’Hellencourt, 2003).
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The anatomical connectivity of the hippocampus is described as a trisynaptic loop
upon cross-section along its long axis. The medial temporal lobe connects to the
hippocampus through the entorhinal cortex to create the first synapse of perforant path
projections onto dentate gyrus granule cells. The second synapse is where the mossy fibers
of the DG project to the CA3 region. The third synapse connects CA3 to CA1 via Schaffer
Collaterals, and CA1 projects back to the entorhinal cortex to complete the loop (Knierim,
2015). The unidirectionality of the trisynaptic loop was once believed to be entirely
contained within a cross-sectional slice of the hippocampus; this hypothesis, known as the
lamellar hypothesis, suggested that the hippocampus was simply a sum of layers of these
cross-sections, each acting independently (Knierim, 2015). Anatomical tracing studies have
since revealed vastly complex connection across the longitudinal axis, indicating that the
cross-sections are not completely independent units within the hippocampus (Laurberg,
1979; Blessing et al., 2016). Interestingly, the entorhinal cortex sends projects directly to
CA3 and CA1, which provide feedback signaling to the DG, contradicting the notion that the
hippocampus is an exclusively unidirectional loop (Naber et al.,, 2001). Also, recent studies
have shown that CA2 region has independent functions separate from a CA1-CA3 transition
that are not usually considered part of the classic loop (Jacobs et al., 2013). Direct inputs
from additional cortical regions, the perirhinal cortex and postrhinal cortex, along with
major subcortical inputs from the raphe nucleus, locus coeruleus, medial septum, an
amygdala demonstrate complex hippocampal circuitry connections that can contribute to
various types of learning and memory (Laurberg, 1979; Knierim, 2015). However, the most
popular theory regarding how learning and memory are manifested within the adult

hippocampus is through neural stem cells that continually divide, differentiate into new
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neurons, and functionally integrate into the dentate gyrus circuit (Gu et al., 2012; Park et
al,, 2015). Almost all neurons in the brain develop during gestation and mature shortly
thereafter (Stiles and Jernigan, 2010). There are only a few sites of neurogenesis in the
adult, and the high rate of cellular turnover in these regions contribute to the plasticity
necessary for learning and new memory formation, discussed in detail in section 1.7 of this

dissertation (Schmidt-Hieber et al., 2004; Ge et al., 2007).

1.7 Adult Neurogenesis in the Hippocampus

The hippocampus contains one of the few sites in the adult brain capable of adult
neurogenesis. The subgranular zone of the dentate gyrus, the thin cell layer between the
blades of the granular cell layer and the hilus, contains neural stem cells that continue to
proliferate and differentiate following development. First identified in the 1960s, Altman
and colleagues demonstrated the constitutive production of new hippocampal neurons
using tritiated thymidine-labeling of dividing cells (Altman and Das, 1965). Kaplan and
colleagues extended these data in the 1970s and 1980s using electron microscopy (Kaplan
and Hinds, 1977; Kaplan and Bell, 1984). The 1990s saw the identification of adult
neurogenesis in a variety of model organisms, using the incorporation of
bromodeoxyuridine (BrdU) and co-labeling with neuronal-specific markers such as NeuN
or TuJ1 (Gratzner, 1982; Gage et al., 1995; Kuhn et al,, 1996; Eriksson et al., 1998). More
recently, Gage and colleagues have demonstrated that the newly born neurons can
functionally integrate into the dentate circuitry, and that multipotent neural progenitor
cells are responsible for adult neurogenesis in this niche (Gage, 2000; van Praag et al,,

2002).
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The neural progenitor cells reside in the subgranular zone (SGZ) and can be
subdivided into active and quiescent populations (Suh et al., 2007; Lugert et al., 2010;
Hodge and Hevner, 2011). Quiescent neural progenitor cells have a large soma in the SGZ
and a long radial process that extends through the granule cell layer to branch out into
many small processes in the molecular layer (Kempermann et al., 2004; Lugert et al., 2010).
These cells divide at a slow rate and are therefore a small portion of total number of
dividing cells. Active neural progenitor cells appear to have smaller somas and short
processes that extend horizontally, remaining within the SGZ, and allow the cell to divide
more frequently. Both subsets of cells express nestin, a marker of neural progenitors, and
glial fibrillary acid protein (GFAP) a protein found in glia (Encinas et al., 2006; Suh et al.,
2007; Lugert et al., 2010). Neural progenitor cells proliferate and can differentiate into glial
cells or neurons, with several intermediate steps necessary before a cell can become an
integrated and functional neuron. The intermediate progenitors, as they are known, remain
mitotically active, but begin to express known neuronal markers, indicating their likely
progression toward an ultimate neuronal fate (Hodge and Hevner, 2011). These cells also
reside within the SGZ, often in clusters, and have few, if any, horizontal radial processes
(Kempermann et al., 2004). There is more heterogeneity within the intermediate
progenitor group, each cell exhibiting a unique mix of progenitor and neuronal markers.
One subset of intermediate progenitors continues to express nestin, but does not express
either GFAP or the microtubule-associated protein, doublecortin (DCX), found in
developing neurons. A second subset is found to express nestin and DCX, while a third
subset express DCX along with other neuronal markers, such as PSA-NCAM, without nestin

co-expression. Since these subsets progressively increase their expression of neuronal
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lineage markers while decreasing their expression of progenitor cell markers, it is likely
that each subset of cells represents a step in a continual process of progenitor
development, but the relationship among the three subsets remains to be elucidated
completely (Hodge and Hevner, 2011). Newly-generated neurons in the dentate gyrus
begin with their somas in the SGZ and extend dendritic processes through the granular cell
layer toward the molecular layer. They continue to express DCX while these processes are
extending, and transiently express calretinin, a calcium binding protein, for approximately
2 weeks in the rodent. During this time, the newborn neuron has either no synaptic input
or exclusively GABAergic synaptic input (Overstreet-Wadiche and Westbrook, 2006). The
newly-born neurons also express NeuN, a marker of post-mitotic neuronal nuclei, and soon
after calretinin expression is reduced, the expression of an additional calcium-binding
protein, calbindin, is ramped up. NeuN and calbindin can be found in adult and
developmentally born granule neurons. During the transition period between calretinin
and calbindin expression, the neuron grows larger in size, with greater number and
circumference of dendritic branches, and the soma moves into the granular layer (Zhao et
al., 2006). The neurons also begin to respond to glutamatergic stimuli and exhibit enhanced
synaptic plasticity (Schmidt-Hieber et al., 2004). In rodents, it is estimated that it takes 4-7
weeks for new granule neurons to be generated and integrated into the circuit of the

dentate gyrus (Kempermann et al.,, 2004; Ehninger and Kempermann, 2008).

1.7.1 Adult Neural Stem Cells
The self-renewing neural progenitor cells within the SGZ of the dentate are often

referred to simply as neural stem cells, as it has been hypothesized that neural stem cells
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are responsible for adult neurogenesis in germinal zones (Gage, 2000). Stem cells, in
general, are undifferentiated cells that maintain multipotency, the ability to differentiate
into several cells types. Pluripotent embryonic stem cells differentiate to yield several
types of more specialized multipotent stem cells: hematopoietic stem cells yield blood cells
only; mesenchymal stem cells yield osteoblasts, chondrocytes, and adipocytes; neural stem
cells yield neurons and glial cells. The progenitor cells harvested from embryonic and adult
hippocampi have been grown in culture to demonstrate their ability to self-renew and
differentiate into multiple cell types (Ray et al., 1993; Palmer et al.,, 1995, 1997). In vitro
analysis in both floating neurospheres and monolayer culture grown with supplemental
growth factors revealed that at least some of the cells could expand substantially and
undergo multiple passages while maintaining an undifferentiated state. When those growth
factors were removed, the cells differentiated into a mixture of neurons, astrocytes, and
oligodendrocytes, demonstrating multipotency. These data should be interpreted
cautiously as the long-term exposure of growth factors could alter the behavior of many
cell types, not just stabilize self-renewal in neural stem cells alone, and there is evidence
that the self-renewal exhibited by these cells in culture is not unlimited (Seaberg and van
der Kooy, 2002; Bull and Bartlett, 2005; Kippin et al., 2005; Furutachi et al., 2013; Ottone et
al, 2014). Lineage tracing studies have shown neural progenitor cells in vivo to be capable
of expansion and differentiation, although the full-extent of potential self-renewal was not
determined (Dranovsky et al., 2011; Bonaguidi et al., 2012).

Independent of stem cell/progenitor cell naming controversy, adult neural
progenitor cells do express similar genetic profiles to embryonic neural stem cells. Both

express Hes5, a member of the basic-helix-loop-helix family of transcription factors that
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maintains self-renewal and is often found alongside the more famous pluripotency marker,
Sox2 (Lugert et al.,, 2010). Sox2 expression is also found in embryonic and adult neural
progenitor cells, and is present in the majority of dividing cells in the SGZ (Ellis et al., 2004;
Ferri et al.,, 2004; Suh et al,, 2007; Lugert et al.,, 2010). Seldomly, Sox2 is expressed in cells
that also express markers of neuronal fate commitment, such as DCX, indicating that Sox2
is downregulated as post-mitotic committed neural progenitors are produced (Ellis et al.,
2004; Suh et al., 2007). Pax6, a paired domain and homeodomain-containing transcription
factor, is expressed transiently in both embryonic generation of cortical glutamatergic
neurons and in adult neural progenitor cells of the SGZ before differentiation into
glutamatergic granule neurons. Expression is downregulated as embryonic or adult
progenitor cells commit to the neuronal fate and begin to express DCX. Recently, it was
demonstrated that astrocytes could be forced to act as neural progenitor cells in the
striatum by viral induction of Sox2 expression alone, supporting the idea that Sox2
expression is integral to maintaining self-renewal and multipotency in all progenitor cells
(Favaro et al., 2009; Niu et al,, 2015).

The neural progenitor population is also regulated by several well-known
extracellular signaling pathways. The signaling molecules that regulate embryonic nervous
system development are conserved and continue to affect neural progenitor cell activity.
The Wnt signaling pathway, a key regulator of proliferation and differentiation during
embryonic development, has been shown to affect adult hippocampal neurogenesis; neural
progenitors express several Wnts and corresponding receptors (Lie et al., 2005; Wexler et
al., 2009). Sonic Hedgehog (Shh) signaling has also been demonstrated in developmental

and adult neurogenesis; Shh rescues some non-proliferating neural progenitor cells and
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loss of Smoothened, a downstream target of Shh, results in reduced neural progenitor cell
proliferation (Han et al., 2008; Favaro et al,, 2009). These signaling pathways can be
activated by mature granular cells, astrocytes, oligodendrocytes, and/or microglia to
regulate proliferation in neural progenitor cells (Suh et al,, 2009; Lavado et al., 2010; Mu et
al, 2010; Hodge et al,, 2012). Interestingly, neural progenitor cells are also affected by
hypoxia (Sims et al., 2009; Mazumdar et al.,, 2010; Varela-Nallar et al., 2014).

All cells must be able to sense and respond to fluctuations in oxygen concentration
in order to balance energy generation and avoid unnecessary oxidative reactions, so it is no
surprise that neural progenitor cells do so as well (Vieira et al.,, 2011). Embryogenesis
requires physiologically low oxygen levels to regulate the proliferation and differentiation
of stem cells (Ezashi et al,, 2005). Mild sustained hypoxia has been shown to induce
proliferation in neural progenitor cells in culture (Studer et al., 2000; Santilli et al., 2010).
In contrast, severe hypoxia has been shown to arrest progenitor cell proliferation, leading
to quiescence or apoptosis (Ezashi et al.,, 2005; Pistollato et al., 2007; Santilli et al., 2010).
The oxygen concentration in the subgranular zone has been estimated to range from 2.5-
3%, indicating that a neurogenic niche is also a hypoxic one. Despite high vascularization
within the hippocampus, Mazumdar and colleagues, and later followed by Chatzi et al, have
shown that neural progenitor cells reside within relatively hypoxic regions within the SGZ
(Panchision, 2009; Mazumdar et al., 2010; Santilli et al., 2010; Chatzi et al., 2015). A high
ratio of nuclei to blood vessels within the DG suggests that oxygen consumption rate could
explain the levels of hypoxia experienced by neural progenitor cells (Mazumdar et al.,
2010). Interestingly, Sun and colleagues demonstrated that SGZ cells committed to

neuronal fate, by expression of neuronal markers, are in direct contact with blood vessels,
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rather than undifferentiated neural progenitors (Sun et al., 2015). The presence of
oxidative byproducts in committed neural progenitor cells within normoxic areas adjacent
to hypoxic regions suggests that the transition of progenitors from a hypoxic niche to
normal tissue oxygen levels contributes to both differentiation and cell death (Chatzi et al.,

2015).

1.7.2 Adult-born granule neurons

Of the approximately 4,000 new cells born each day within the dentate gyrus of the
mouse, only about 30% develop into mature granule neurons (Dayer et al., 2003;
Kempermann et al,, 2006; Snyder et al.,, 2009; Sierra et al,, 2010). In humans, it is estimated
that as many as 700 new neurons are born each day in the DG, with the vast majority of
granule neurons undergoing exchange during adulthood, as compared to only 10% adult
hippocampal turnover in rodents (Spalding et al., 2013). The high rate of cellular turnover
in the region has led many scientists to hypothesize that adult neurogenesis is a necessary
contributor to hippocampal-based learning and memory. While still under debate, analyses
at the cellular, circuitry, and behavioral levels generate evidence in support of the critical
contribution of newly-born neurons to hippocampal function (Ming and Song, 2011; Gu et
al, 2012; Park et al., 2015).

At the cellular level, newborn neurons retain expression of calretinin, which may be
related to different calcium handling in newborn neurons, such as the measurement of T-
type calcium currents, which is not observed in mature granular cells. The resting
membrane potential of these cells is notable greater than in mature neurons as well

(Ambrogini et al.,, 2004; Schmidt-Hieber et al.,, 2004). At the circuitry level, newborn
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neurons have been shown to have GABAergic responses that dissipate upon maturation
(Overstreet Wadiche et al., 2005). Once new born neurons have formed glutamatergic
synaptic connections, the cells exhibit increased synaptic plasticity (Overstreet-Wadiche et
al,, 2006; Ge et al., 2007). The threshold to induce long-term potentiation (LTP) within
immature granule neurons is lower than that in mature neurons, and is only measurable
from the newborn neurons that are not yet inhibited by local interneurons (Wang et al.,
2000; Schmidt-Hieber et al., 2004; Saxe et al., 2006; Garthe et al., 2009). Temprana and
colleagues recently demonstrated that newborn neurons poorly activate the interneurons
responsible for feedback inhibition of granular cells, providing one mechanism for
increased plasticity (Temprana et al.,, 2015). Interestingly, ablating newborn neurons
through radiation results in reduced fEPSP slope, reduced population spike amplitude, and
suppressed LTP, further demonstrating the importance of newborn neurons to synaptic
plasticity in the dentate gyrus (Snyder et al., 2001; Park et al., 2015).

At the behavioral level, many studies have demonstrated a positive correlation
between the degree of neurogenesis with performance in specific hippocampal-based
behavioral tasks. Shors and colleagues used the antimitotic agent MAM to block
hippocampal neurogenesis and reported disrupted trace eye-blink and trace fear
conditioning, but no change to contextual fear conditioning or spatial memory (Shors et al.,
2001). Since then, several studies using irradiation have demonstrated hippocampal
neurogenesis is important for contextual fear conditioning (Winocur et al., 2006; Warner-
Schmidt et al,, 2008; Hernandez-Rabaza et al., 2009). Deficits to spatial memory following
blockage of neurogenesis have also been shown by several groups; irradiation experiments

completed by Madsen and colleagues revealed reduced place recognition but normal object
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recognition, while Snyder et al. demonstrated deficits in a water maze (Madsen et al., 2003;
Snyder et al., 2005). Qualitatively similar spatial memory deficits were generated using
cytostatic agents and viral vectors to selectively ablate hippocampal neurons (Jessberger et
al,, 2009; Goodman et al,, 2010). More recent studies have demonstrated deficits in spatial
pattern separation, memory retrieval, and spatial memory discrimination following X-
irradiation of young hippocampal neurons (Gu et al., 2012; Park et al,, 2015). Conversely,
increasing neurogenesis has been shown to be sufficient to improve pattern separation
(Sahay et al., 2011). The use of several genetic methods to silence adult neurogenesis have
extended these data in spatial learning and memory to show deficits in spatial relational
memory acquisition, context encoding, context discrimination, and performance in the
Barnes and water mazes (Dupret et al., 2008; Imayoshi et al., 2008; Zhang et al., 2008;
Danielson et al., 2016).

Immature granule neurons have been shown to be preferentially incorporated into
circuits supporting spatial memory and independent roles for young and older adult-born
neurons have been identified in pattern separation and completion, thus providing a
mechanism by which spatial memory is driven by adult neurogenesis (Kee et al., 2007;
Nakashiba et al., 2012). Together, these studies reveal that newly-born neurons aid in the

plasticity necessary for learning and memory.

1.8 Conditions that alter Adult Neurogenesis
Adult neurogenesis is sensitive to a variety of environmental stimuli. Physiological,
pathological, and pharmacological challenges have been shown to regulate the production

of newborn neurons in the adult hippocampus (van Praag et al., 2005; Zhao et al., 2008;
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Lazarov et al., 2010). Neural progenitor cell proliferation in the SGZ is highest during youth,
and decreases with age (Kuhn et al., 1996; Nacher et al., 2003; Rao et al., 2006). Trophic
factors such as fibroblast growth factor 2 (FGF2), insulin-like growth factor-1 (IGF-1), and
glial-derived neurotrophic factor (GDNF) can induce proliferation in the SGZ (Aberg et al.,
2000; Chen et al.,, 2005b; Dictus et al., 2007). Conversely, transforming growth factor beta
(TGF-b) and interleukin-1b (IL-1b) negatively impact adult neurogenesis (Wachs et al.,
2006; Koo and Duman, 2008; Bauer, 2009). Unsurprisingly, trophic factors that promote
proliferation are decreased in hippocampi of older animals, while anti-proliferative factors
are increased (Miyazaki et al., 2003; Shetty et al,, 2005). Physical enrichment, in the form of
wheel running, can attenuate age-related decline of neurogenesis in rodents (van Praag et
al., 1999a, 1999b; Steiner et al., 2004). Mental enrichment, in the form of enhanced rodent
housing environments, has also been shown to increase neurogenesis (Kempermann et al.,
1997; Steiner et al., 2004). A variety of pharmaceutical treatments have been shown to
impact neurogenesis. Chemotherapy that targets quickly dividing cells expectedly reduces
adult neurogenesis, although voluntary wheel running can attenuate neuronal loss and
even some memory deficits associated with the cancer treatment (Winocur et al., 2014).
Antipsychotic medications have been shown to promote neuronal differentiation using
human neural stem cells in culture and antidepressants are reported to do so within the
hippocampus itself (0’Leary and Cryan, 2014; Asada et al., 2016; Amellem et al., 2017).
NMDA and GABA receptor antagonists are associated with increased neurogenesis, while
their respective agonists reduce neurogenesis (Nacher et al., 2003; Maekawa et al., 2009;
Nakamichi et al., 2009; Giachino et al.,, 2014). Hormones such as erythropoietin and adrenal

corticoids are also reported to increase neurogenesis, showing that proliferation and
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neuronal differentiation in the adult SGZ are sensitive to many environmental stimuli
(Arabpoor et al., 2012; Lehmann et al., 2013).

In congruence with physiological and pharmacological stimuli, several pathological
conditions can alter adult neurogenesis. Addiction and commonly abused drugs, such as
cocaine, methamphetamine, and alcohol, have been shown to negatively impact the
development of new neurons in the dentate gyrus (Venkatesan et al., 2007; Yuan et al., 2011;
Geil et al, 2014; Castilla-Ortega et al, 2017). High-fat diet has been shown to impair
neurogenesis through a lipid peroxidation mechanism (Park et al,, 2010). Two different
animal models of diabetes display reduced hippocampal neurogenesis, suggesting that new
neuron formation in diabetes patients may suffer synergistically along with the influence of
poor diet (Jackson-Guilford et al., 2000; Beauquis et al., 2008; Guo et al., 2010). Neurological
disorders, such as Alzheimer’s disease and Parkinson’s disease, are also associated with
decreased neurogenesis, independent of the neuronal loss that defines each disorder (Mu
and Gage, 2011; Marxreiter et al.,, 2013). Although many pathological conditions are known
to reduce neurogenesis, there are several that are linked with an increase in newborn
neurons in the dentate gyrus. Aberrant neuronal firing observed in epilepsy is associated
with increased cell proliferation and differentiation; following disruption of neurogenesis
using irradiation, seizures have been shown to restore neurogenesis and fear memory
(Warner-Schmidt et al., 2008; Jessberger and Parent, 2015). Stroke also significantly
stimulates neurogenesis in many brain regions, including those that do not normally
undergo adult neurogenesis; however, the morphologies of the newly-generated granule
neurons are abnormal and do not induce improvements in spatial memory (Lindvall and

Kokaia, 2015; Woitke et al., 2017). In a similar fashion to stroke, traumatic brain injury can
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induce increases in adult neurogenesis within the dentate gyrus (Bye et al,, 2011; Zheng et
al, 2013; Zhang et al,, 2015c). However, studies that extend neurogenesis monitoring out
past the length of time needed for a single cycle of neurogenesis reveal that traumatic brain
injury ultimately results in fewer new-born neurons, suggesting that post-injury
neurogenesis may undermine neurogenic potential and promote aberrant cell development
(Bye et al,, 2011; Neuberger et al., 2017). In conclusion, multiple pathological conditions,
including those that alter tissue oxygenation, can affect the development of neurons in the

adult hippocampus in multiple ways over extended periods of time.

1.9 Summary

Sleep is necessary for healthy neurological function and sleep apnea is a disorder that
can result in non-restorative sleep. Since its first identification in the mid-1900s, obstructive
sleep apnea has become a major health care concern, affecting up to a quarter of American
adults, particularly those with a combination of significant risk factors such as obesity, male
sex, and advanced age. The periodic cessation of breathing during OSA results in a multitude
of pathological responses, ranging from mild snoring to the acceleration of cardiovascular
and neurological disease. OSA impacts both the autonomic nervous system, as demonstrated
by cardiorespiratory abnormalities, and the central nervous system, as shown by cognitive
deficits. CPAP therapy alleviates many of these symptoms, but does not address the
underlying cause of sleep apnea-induced neurological dysfunction. One potential mechanism
that has been underexplored is how newly born hippocampal neurons, and the neural
progenitor cells that they differentiate from, respond to sleep apnea. As one of only two sites

capable of adult neurogenesis, the function of the hippocampus is not only dependent upon
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the electrochemical signals of its primary neurons, but also the development and integration
of new neurons into its circuitry. Despite data from sleep apnea patients and animal models
indicating that the hippocampus may be particularly susceptible to damage from repeated
periods of hypoxemia, there have been no extensive studies on the function of adult

hippocampal neurogenesis during sleep apnea.
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Chapter 2

Reasoning and Hypothesis

Obstructive sleep apnea is a highly-prevalent respiratory disorder characterized by
periods of sleep during which no effective breaths are take (Burwell et al., 1956). Defined
by obstruction in the upper airway, these recurrent episodes of apnea result in repeated
bouts of hypoxemia (Quan et al., 1997). Approximately a quarter of Americans are at risk
for developing sleep apnea, with increased age and weight being the greatest risk factors
(Peppard et al.,, 2013). One third of American adults are considered obese, and that number
is anticipated to rise along with the number of adults that enter middle and old age, thereby
likely increasing the prevalence of sleep apnea as well (Bhattacharjee et al., 2012). Patients
with this disorder have a greater risk of developing cardiovascular complications, such as
hypertension and stroke (Somers et al., 2008). With the current cost of diagnosing and
treating sleep apnea in the US estimated to be $12.4 billion per year, sleep apnea also
represents a considerable economic burden for the American population (Watson, 2016).

Sleep apnea negatively impacts the function of the central nervous system
independent of cardiovascular complications (Dewan et al.,, 2015). Patients with untreated
sleep apnea complain of fatigue, demonstrate reduced cognitive function, and can have
alterations in the activity and structure of various brain regions (Bloom et al., 2009;
Canessa etal.,, 2011). One region consistently reported to be affected in sleep apnea

patients is the hippocampus (Torelli et al.,, 2011).
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The hippocampus is a critical regulator of learning and memory and one of only two
structures in the mammalian brain capable of producing new neurons throughout an
individual’s lifetime (Lieberwirth et al,, 2016). Newly-generated immature neurons are
effective substrates for Hebbian plasticity and display unique properties when compared to
their relatively older counter parts (Ge et al.,, 2007; Gu et al,, 2012; Park et al., 2015). The
generation of immature neurons in the hippocampus is disrupted in several disease
conditions where cognitive decline is observed, indicating that adult neurogenesis plays an
integral role in hippocampal-based learning and memory (Lazarov et al., 2010; Mu and
Gage, 2011; Marxreiter et al., 2013). Therefore, injury to the neurogenic niche of the
hippocampus may be a significant contributor to the cognitive impairment observed in
sleep apnea patients. While oxygenation state plays a critical role in the regulation of adult
neurogenesis (Mazumdar et al., 2010; Chatzi et al., 2015), little is known about how
intermittent hypoxia, a principal consequence of sleep apnea, mechanistically impacts
hippocampal function.

The overall goal of this thesis project is to gain first insights into how sleep
disordered breathing impairs the cellular based mechanisms of learning and memory in the
hippocampus. To this end, I designed experiments to test the function of the hippocampus
under sleep apnea using the examination of hippocampal-dependent behavior and synaptic
plasticity within the hippocampal circuit. | also queried the sensitivity of adult
neurogenesis to sleep apnea through immunohistological studies of both neural progenitor
cells and newly-born neurons. These experiments test the unifying hypothesis that
intermittent hypoxia causes dysfunction in multiple stages of adult neuronal development

and function, thus contributing to hippocampal injury.
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Chapter 3

Materials and Methods

3.1 Chronic Intermittent Hypoxia

In order to effectively mimic the clinical presentations of OSA, I utilized chronic
intermittent hypoxia (CIH) in mice. CIH has been used as a model of OSA since at least as
far back as 1992 (Fletcher et al.,, 1992), but there has been little consistency in the pattern,
timing, severity, and duration of hypoxia exposures (Davis and O’'Donnell, 2013). The
specific CIH protocol utilized in these studies, described in detail below, results in oxygen
desaturation of 60-80% in a pattern similar to mild/moderate forms of OSA (AHI 10/hr)
(Dumitrascu et al., 2013) and has been published routinely since 2003 (Peng and
Prabhakar, 2003; Kumar et al., 2006; Kumar and Prabhakar, 2008; Peng et al., 2011; Garcia
etal, 2016).

Rodent models of CIH recapitulate a wide range of cardio-respiratory and
neurophysiological pathologies observed in the clinical presentation of OSA, although
historically most research has focused on the cardiac effects. Fletcher and colleagues were
the first to show IH could induce hypertension in rodents (Fletcher et al., 1992). In a severe
and frequent protocol of IH, they also demonstrated that continued [H led to left

ventricular hypertrophy, and implicated the carotid body as the mechanism by which IH
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induced cardiopathologies. In 2001, Fagan followed up on this study with a focus on the
pulmonary circulation and presented qualitatively similar data; IH induced pulmonary
hypertension and right ventricular hypertrophy, further implicating IH as a contributor to
heart failure in OSA patients (Fagan, 2001). Using echocardiography, the standard method
of determining heart function, Chen and colleagues indeed showed left ventricular dilation,
decreased ejection fraction, and decreased cardiac output following CIH (Chen et al,,
2005a). More recently, an increase in cardiomyocyte diameter and the presence of
interstitial fibrosis in left ventricular myocardium were also identified following CIH,
further supporting an increased risk of heart failure in these models (Hayashi et al., 2008).
Further contributing to cardiac dysfunction, Savransky et al first described the induction of
atherosclerosis by CIH in 2007, when paired with a high-cholesterol diet (Savransky et al.,
2007). Animals eating high-cholesterol diets without IH and CIH-exposed animals with a
normal diet did not develop aortic atherosclerotic plaques. Follow-up studies have since
shown that CIH accelerates the progression of existing atherosclerosis and can induce the
formation of lesions in the absence of other risk factors (Song et al., 2015). Taking a more
detailed focus, Tahawi and colleagues studied the effects of CIH on the vasculature in the
cremaster muscle of male rats and demonstrated that CIH reduced the vasoconstriction
responses to both acetylcholine and L-NAME, a stereospecific inhibitor of nitric oxide
synthase (NOS) (Tahawi et al., 2001). This vascular dysfunction was confirmed in follow-up
studies by Phillips and colleagues focused on the resistance arteries of the gracilis muscle.
Resting tone, myogenic activity, and vasoconstriction in response to norepinephrine (NE)
were all reduced in CIH-exposed rats (Phillips et al., 2006). The reduced vasoconstriction

activity is of particular interest following the demonstration by Kumar and colleagues that
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CIH induced increased systemic catecholamine levels (Kumar et al., 2006). The adrenal
medullae from CIH-exposed rats secreted increased NE and epinephrine, and were unable
to respond to additional stimulation by nicotine, similar to findings in OSA patients
(Elmasry et al., 2002). As catecholamines have been implicated in the progression of
atherosclerotic plaques (Born, 1991), these studies may provide a mechanism that explains
the prevalence of atherosclerosis in CIH patients in addition to recapitulating the
symptoms. Closely mimicking the clinical presentation of OSA, the rodent models of CIH
demonstrate vascular dysfunction, atherosclerosis, hypertension, ventricular remodeling,
and heart failure all observed in the clinical setting.

Models of CIH in rodents also recapitulate the neurological symptoms observed in
OSA patients. First, mice and rats can serve as model species because they naturally exhibit
central apneas, periods without breaths and no intercostal muscle activity, as determined
by plethysmography and intercostal muscle electromyography (EMG) (Christon et al.,
1996; Nakamura et al,, 2003). Next, oxygen desaturation leads to repeated arousal from
sleep in rodents (Polotsky et al., 2006). Gozal and colleagues demonstrated that CIH results
in a temporary disruption in both rapid eye movement (REM) and non-REM (NREM) sleep,
as categorized in the clinic (Gozal et al., 2001; Zinchuk et al., 2017). These disruptions were
diminished by the second day of exposure to CIH, and did not lead to chronic sleep
deprivation. Qualitatively similar data by Polotsky and colleagues showed that a model of
sleep fragmentation with the same frequency and duration as CIH did not disrupt REM and
NREM sleep, supporting the use of CIH to model sleep disturbances observed in patients
(Polotsky et al., 2006). In fact, Veasey and colleagues describe a “sleepy” phenotype in

rodent models of CIH, with the loss of wake active neurons resulting in hypersomnolence
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and increased susceptibility to short term sleep loss (Veasey et al., 2004; Zhu et al., 2007).
Sleep disturbances such as these result in alterations to cognitive executive function, just
as OSA is reported to do (Naegele et al., 1995; Durmer et al., 2005). For example, Decker et
al demonstrated deficits in working memory in CIH-exposed neonate rats tested in the
radial arm maze test while Gozal and colleagues have repeatedly shown CIH-induced
deficits in swim mazes (Gozal et al.,, 2001, 2010; Decker et al., 2003; Row et al., 2003;
Kheirandish et al., 2005). By demonstrating sleep arousal by hypoxia, alterations to
REM/NREM sleep, increased somnolence, reduced executive function, and reduced spatial
memory, rodent models of CIH recapitulate much of the neuropathology observed in OSA
patients.

Our model of CIH consists of alternating gas exposures into standard mouse caging,
and was approved the Institute of Animal Care and Use Committee (IACUC) of Seattle
Children’s Research Institute. In the ALAAC-approved facility, mice were housed in Thoren
caging with ad libitum access to both food and water, and were maintained on a 12-hour
light/12-hour dark cycle, in accordance with National Institutes of Health (NIH) guidelines.
Computer-controlled solenoid valves allowed for 80 rounds of intermittent hypoxia during
a single light-cycle, and normoxia during the dark-cycle. Intermittent hypoxia consisted of
60 seconds of 100% Nitrogen gas, during which nadir Oxygen reached 5+1% for
approximately 5 seconds, followed by an immediate flush of room air (21% Oxygen gas) for
300 seconds. Normoxia was achieved no later than 60 seconds post-room air flush. Chronic

[H was defined as 30 days of alternating gas exposures, and will be referred to as [Hzo.

3.2 Animals
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Adult male and female mice, aged P29-P35, were used for all experiments. All
littermates were exposed to CIH or normoxia simultaneously, as the gas exposures were
limited to a single home cage. Two strains of mice were used: the standard C57BL/6] (The
Jackson Laboratory cat: 000664), and a tamoxifen-inducible reporter strain maintained on
a C57BL/6] background: Nestin-Cre/Ai27D reporter. See Section 3.3 of this dissertation for
more information regarding the reporter mouse strain. Littermates not carrying the
reporter system were also exposed to CIH, but not used for birth-dating experiments. All

strains were pair mated in house to provide sufficient numbers of experimental animals.

3.3 Genetic birth-labeling of neural progenitor cells

In order to effectively identify neural progenitors in the dentate gyrus, mice
expressing Cre recombinase protein bound to human estrogen receptor ligand-binding
domain with a G400V/M543A/L544A triple mutation (cre/ERT2) under the Nestin
promoter were bred to mice carrying the Ai27D reporter (Sun et al., 2014). Ai27D mice
harbor the transgene for channelrhrodopsin bound to tD-tomato fluorescent protein
downstream from a loxP-flanked STOP cassette and under the Rosa26 promoter (Madisen
et al, 2012). Both strains of mice are commercially available at The Jackson Laboratory
(Nestin-Cre/ERT2 cat: 016261; Ai27D cat: 012567). Mice were genotyped to ensure at least
hemizygous expression of both Cre and Ai27D, prior to inclusion in the study (see table 3.1
for primers and table 3.2 for PCR and electrophoresis protocols). Littermates not carrying
both genes were also exposed to CIH, but not used for birth-dating experiments. Mice
carrying least one copy of both genes were given two intraperitoneal injections of

tamoxifen at a dose of 180mg/kg, dissolved in corn oil. Each injection was given 18 hours
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apart over the two consecutive days immediately prior to the start of CIH or normoxia

exposure.

Sequence Name | Number of Bases Sequence (5'-3') Tm (50mM NaCl) C |Expected product size (bp)
Cre32 20 GAA GCA TGT TTA GCT GGC CC 56.74
Cre52 23 GTC CAA TTT ACT GAC CGT ACA CC 55.53 300
Ail4d; F 23 TCG TGA TCT GCA ACT CCA GTCTT 58.15 homo: 196
Ail4; R 22 TGG GCT ATG AACTAATGA CCCC 56.49 hetero: 196 and 297

Table 3.1: Primer Sequences. All primer sequences used to genotype Nestin-CreERT2;Ai27 mice are
listed above. DNA samples from experimental mice were amplified in PCR reactions using the sequences
above, according to the protocols shown in Table 3.2, and separated via 1.5% agarose gel
electrophoresis. Bands observed at 196 bp for Ai and 300 bp for Cre were considered positive for
presence of each gene. Mice carrying at least one allele of both genes of interest (homo- or hemi-zygous)

were included in the study.

Reaction conditions
Cre Ail4d

Step Temp (C) | Time (sec) Cycles |Step Temp (C) | Time (sec) Cycles
Denaturing 95 120 1 Denaturing 95 180 1
Denaturing 95 30 Denaturing 95 30

Annealing 62 30 30 Annealing 62 40 30
Extension 72 30 Extension 72 40

Final Extension 72 600 1 Final Extension 72 600 1

Table 3.2: PCR protocol for amplification of Cre and Ai DNA. DNA was isolated from tail samples of
mice to be genotyped, and amplified according to the conditions listed above. Cre protocol yields a
300bp product while Ai14 protocol yields a 196bp product when separated via 1.5% agarose gel
electrophoresis (130V for 30 mins).

3.4 Behavioral Assessments
3.4.1 Open field Assessment and Novel Object Recognition

Following 26 days of CIH or normoxia control, individual animals were transferred
to commercially-sold open field assessment arenas (Noldus or Plexon) to test exploratory

activity and anxiety during the light cycle (Prut and Belzung, 2003; Stanford, 2007). A
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camera, mounted above the arena, was used to record the mice during a 10-15 minute
period of non-restricted arena exploration, aka habituation (Noldus or Plexon). On the
subsequent day (27D CIH/control), animals were returned to the arena for novel object
familiarization: two similar objects (geometric solids, Learning Resources) were added to
the arena and animals were allowed to explore for a 15 minute period. On the subsequent
day (29D CIH/Control), animals were returned to the arena for a 15 minute testing period
along with one of the objects used during training and an object new to the animal.
Subsequent exploration was videotaped in order to test object recognition memory
(Antunes and Biala, 2012). Automated animal tracking was used to measure the distance
travelled and to create a heat map of where each animal spent the greatest time while in

the arena (Plexon CineLab and Noldus EthoVision).

3.4.2 Barnes Maze

Following 26 days of CIH or normoxia control, individual animals were transferred
to a custom-made Barnes Maze apparatus to test spatial reference memory (Sharma et al,,
2010). The apparatus consisted of an elevated circular surface (92 cm dia., 30cm from
floor), with 20 evenly-spaced exit holes (5 cm dia.) and an escape box. To prevent subjects
from making spatial associations between distal room cues and the location in the maze
(Harrison et al., 2006), the maze was placed in a walled arena (wall height 60 cm).
[llumination of the maze was consistent for each experiment. A testing protocol modified
from Rosenfield and Ferguson (2014) was used (Rosenfeld and Ferguson, 2014). In brief,
subjects underwent three training sessions followed by one test session. Each session was

6 min in duration and separated by a 24 hr period. Subjects were placed in a transport box
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that was positioned in the maze center prior to the start of each session. Each session
began immediately upon removal of the box and subjects were allowed to explore the
arena. During the training sessions, one hole was open (i.e., the exit zone) leading to the
escape box. The apparatus was cleaned with ethanol and the exit zone moved to a different
hole in between each individual subject. Mice unable to locate the exit zone during a
training session were guided towards the zone and allowed to enter the escape box where
they stayed for one minute. During the test session (30D CIH/Control), the escape box was
removed and all holes were closed. Tracking was performed using CineLAB software
(Plexon Inc., Dallas TX). The total distance traveled, latency to the first entry into exit zone,

and the percentage of visits spent exploring defined zones were assessed.

3.5 Antioxidant treatment

To determine the effect of oxidative stress in the CIH model, a subset of mice
exposed to CIH were treated simultaneously with daily intraperitoneal injections of the
cell-permeable superoxide anion scavenger, 5,10,15,20-Tetrakis(1-methylpyridinium-4-
yl)- 21H,23H-porphyrin manganese(IIl) pentachloride, (MnTMPyP; 15mg/kg). This group
is referred to as [Hvntmpyp. MNTMPYP is one member of a class of metalloporphyrin catalytic
antioxidants that have been reported to have superoxide, hydrogen peroxide, and
peroxynitrate scavenging activity (Liang et al., 2009a; Batinic-Haberle et al., 2012). Our
laboratory and others have used this antioxidant to show reduced oxidative stress in
hypoxic or ischemic nervous tissue injuries (Sharma and Gupta, 2007; Celic et al., 2014;
Garcia etal.,, 2016). A cohort of mice exposed to normoxia were also injected with

MnTMPyP daily to serve as controls, and are referred to as Controlmnrmpyp.
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3.6 Electrophysiology
3.6.1 Tissue Preparation

To test action potential generation, a cohort of animals was anesthetized with
isoflurane and decapitated, according to IACUC-approved protocols. Coronal sections
(450pm) collected through the hippocampus by Leica LT1000s vibratome were
immediately incubated in 30mM glucose artificial cerebrospinal fluid (aCSF). Sections were
continuously bubbled with 95% 02/ 5% CO2 at room temperature for a minimum of one
hour prior to any recordings to allow for recovery from the dissection. The external
solution (aCSF) contained the following (in mM): 118 NaCl, 30 Glucose, 25 NaHCO3, 3.0 KCI,

1.5 CaClz, 1.0 NaH2PO4, and 1.0 MgClz (305-315 mOsm).

3.6.2 Paired-pulse Facilitation Protocol
To examine paired pulse facilitation, the fEPSP was evoked every 20 sec with
interpulse intervals of ranging from 20ms to 500ms. The paired pulse ratio (PPR) at each

interpulse interval was calculated according to the equation below:

m,
PPR = —
my

where m; is the m; evoked by the second stimulus pulse and m1 is the m; evoked by

the first stimulus pulse.

3.6.3 LTP Induction Protocol
A bipolar stimulating electrode (0.1- 0.4ms; 200- 400mA) was placed into the

perforant path and a recording electrode was placed into the dendritic roots of the dentate
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gyrus. Recorded signals were amplified 10,000 times, filtered (low pass, 1.5 kHz; high pass,
250Hz), rectified, and integrated using an electronic filter. To block potential inhibitory
transmission, the specific GABA receptor blocker, picrotoxin (25uM), was added to the bath
at least 10 min prior to any recording (Olsen, 2006). Individual synaptic responses were
elicited at 20-second intervals. After establishing baseline recordings (approximately 10
min), LTP was induced by high-frequency stimulation (HFS): train of 50 pulses at 100 Hz
repeated four times at 30-second intervals. Excitatory post-synaptic potential (EPSP)
recordings were acquired in pCLAMP software (Molecular Devices, Sunnyvale, CA) and
continued for up to an hour following HFS. Recordings were analyzed posthoc in Clampfit

software (version 10.2).

3.7 Tissue Processing and Histology

Mice were terminally anesthetized according to IACUC- approved protocols,
transcardially perfused with saline and followed by 50mL of 4% paraformaldehyde at a
constant pressure and volume. Brains were dissected and post-fixed in 4%
paraformaldehyde overnight. The tissue was then cryoprotected in 30% sucrose for a
minimum of 2 days until equilibrated and frozen in blocks of optimum cutting temperature
(OCT) medium by super-cooled ethanol. Blocks containing a single hemisphere from each
animal were sectioned at a thickness of 40 um on a Leica cryostat, and stored in a
cryoprotectant solution of primarily glycerol at -20° C. Immunohistochemistry was
performed on floating sections using fluorescent dye-conjugated secondary antibodies, as
previously described (Hodge et al., 2008, 2012). All protocols included an overnight,

approximately 18 hour, exposure to the primary antibodies used and a two-hour exposure
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to fluorescently-conjugated secondary antibodies. Some antigens required additional

retrieval using 0.1% citrate buffer solution prior to exposure to primary antibodies (see

table 3.3 for details). Every 12th section was sampled, ensuring each animal in the study

had at least three usable sections through the septal region of the dentate gyrus that

contained both the suprapyramidal and infrapyramidal blades. A standard staining

protocol can be found in Figure 3.1.

Antibody Host Supplier Catalog # Dilution Antigen retrieval
anti-Doublecortin [Goat Santa Cruz sc8066 1:250 no

anti-GFAP Mouse Millipore MAB360 1:20,000 no

anti-ki67 Rabbit Vector VP-RM04 1:500 no

anti-RFP Rabbit Rockland 600-401-379 |1:500 no

anti-Sox2 Goat Santa Cruz sc17320 1:250 1 boil in citrate buffer
anti-synaptoporin [Rabbit Synaptic Systems [102002 1:500 no

anti-Tbr2 Rat eBioscience 14-4875-82 1:500 2 boils in citrate buffer

Table 3.3: Primary Antibody Information. All primary antibodies used in the studies are listed above.
Tissue was incubated overnight for approximately 16 hours. See Figure 3.1 for full protocol.

Antibody Host Supplier Catalog # Dilution
anti-Goat-1gG-488 Donkey Invitrogen A11055 1:400
anti-Goat-1gG-647 Donkey Invitrogen A21447 1:400
anti-Mouse-1gG-647  Donkey Invitrogen A315171 1:400
anti-Rabbit-1gG-488  Donkey Invitrogen A21206 1:400
anti-Rabbit-1gG-568  Donkey Invitrogen A10042 1:400
anti-Mouse-1gG-488 Donkey Invitrogen A21202 1:400

Table 3.4: Secondary Antibody Information.: All secondary antibodies used in the studies are listed
above. Tissue was incubated for 2 hours in 1:400 dilution of secondary. See Figure 3.1 for full protocol.
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Project:

Date:

Protocol for 2-day Floating Immunofluorescent Staining
Updated: 03/10/15 CMP

DAY 1
1. PBS (5mins)
2. PBS (5mins)
3. PBS (5mins)
4, Antigen Retrieval? (30mins total)
a. ____ Heatin Sodium Citrate Buffer (8 mins)
b. Allow to cool to room temperature (10-15 mins)
c. PBS (5mins)
d. PBS (5mins)
5. Blocking solution (60 mins)
6. Primary Ab (prepare in Block) Antibody: Host:
Antibody: Host:
*¥ Shake overnight **
DAY 2
7. PBS (20mins)
8. PBS (20mins)
9. __ PBS (20mins)
10. Secondary Ab (2 hours: prepare in Block) Antibody: Host:
Antibody: Host:
11. PBS (20mins)
12. PBS (20mins)
13. PBS (20mins)
14. DAPI (2 min)
15. ____ PBS (5mins) (Store in PBS until mounting)
16. Mount tissue on slides from a solution of %2 PBS % HO
17. Dry slides at room temperature (10-15 mins)
18. Coverslip using Fluormount G mounting media
19. Cure overnight
Solutions: Antibody Information:
PBS (Phosphate buffered saline pH 7.4) Host, Antigen:
10x PBS

Make IL: 100mL 10x into 900mL MilliQ water

Sodium Citrate (0.01M or 10mM, pH 6.0)
Can re-use Source, catalog, lot:
Make 500mL:

Blocking Solution (PBS 0.1% Triton X-100, 10%

serum)
Host:

Dilution:

Iml Triton X-100 per IL PBS
ImL serum per 10mls PBS 0.1% Triton X-100

Figure 3.1: Imnmunofluorescent staining protocol: Step-by-step instructions for the implementation of
immunofluorescent labeling of antigens listed in Table 3.3. Antigen retrieval, step 4, was skipped unless
staining for Sox2 (x1) or Tbr2 (x2).

3.8 Image collection and Quantitation

Single plane images of all sections containing usable dentate gyrus (see Section 3.7)

were captured at low magnification (10x, 0.8 N.A. air objective) on a Zeiss LSM 710

58



confocal microscope using Zen software. Low magnification images of DAPI (Sigma-
Aldrich) and synaptoporin, a synaptic vesicle protein enriched in the axons of dentate
granular neurons, were used to quantify the volumes of hippocampal subregions. The
granule cell layer (GCL) was determined by the area stained by DAPI, the hilus was defined
as the area between the suprapyramidal and infrapyramidal blades of the dentate gyrus
labeled by DAPI, and the mossy fiber track was defined by the entire area stained with
synaptoporin. All regions of interest were measured using Zen software (Zeiss). Volumes
(V) were estimated using Cavalieri’s principle, V= X A *i *d; taking the sum of
aforementioned areas (A) multiplied by the interval (i) and the distance (d) between
sections sampled (Rosen and Harry, 1990; Prakash et al., 1994; van Praag et al., 1999b;
Chatzi et al., 2015).

Z-stack images were obtained for all other immunohistochemical stains within the
entire section of usable dentate gyrus using a 40X, 1.3 N.A. oil objective on the same Zeiss
LSM 710 confocal microscope with Zen software, and were quantified using Image ]
software. Multiple images were required to capture the complete dentate gyrus within each
usable section. The section’s entire region of interest, across multiple images, was counted.
Cells intersecting the top-plane of each image were excluded. Cells per dentate were
estimated again according to Cavalieri’s principal: raw counts for all imaged sections were
multiplied by the interval (i) and the distance (d) between sections sampled (Rosen and
Harry, 1990; Prakash et al., 1994; van Praag et al., 1999b; Chatzi et al., 2015). For counts of
DCX* cells, immature neurons were defined as having a cell body located in the SGZ and a
radial process extending through the GCL. Cell counts were limited to the SGZ neurogenic

niche for proliferating cells, neural stem cells, and intermediate neural progenitor cells. The

59



SGZ region of interest was defined as a 2-3 cell thick layer between the GCL and hilus, as
previously described (Miller et al., 2013).

To explicitly label a discrete cohort of the progenitor cells, pulse labeling
experiments were performed using mice carrying both Nestin-cre/ERT2 and Ai27D genes,
as described in Section 3.3 above. Immunostaining for red fluorescent protein (RFP) was
used to identify cells positive for the td-tomato reporter molecule. Triple immunostaining
for RFP along with glial fibrillary acid protein (GFAP) and doublecortin (DCX) were used
to divide the birth-labeled cells into four categories: (1) RFP* immature granule neurons
(2) GFAP* and RFP+ cells; (3) DCX* and RFP* progenitor cells; (4) RFP* only non-neuronal
cells. RFP* immature granule neurons were defined by RFP positive staining and
morphology with radial processes emanating from the soma and extending into the GCL.
Some, but not all, RFP* immature granule cells also expressed DCX. RFP* only non-neurons
exhibited neither clear radial processes nor co-labeled with GFAP or DCX.

Sholl Analysis was conducted on fully visible neurons selected from each
experimental group and imaged at high magnification (100x, 1.46 NA oil objective) on a
Zeiss LSM confocal microscope (Binley et al., 2014). Images were compressed into a
maximum intensity projection in Image] (NIH) (Schindelin et al.,, 2012; Schneider et al.,
2012). Using the Simple Neurite Tracer Image] plugin, dendritic paths of individual
neurons were traced and analyzed with the Sholl Analysis plugin (available in FIJI)
(Schindelin et al., 2012). Concentric circles were drawn around the cell body in 10pum
increments and the number of neurite intersections with each circle was calculated.

Intersections were plotted as a linear function of radius to serve as a measure for neurite

60



complexity. Analysis was limited to birth-labeled neurons expressing RFP and at least one
dendrite of 120pum length from the soma.

Statistics were performed using GraphPad Prism 6 (GraphPad Software, Inc., La
Jolla, CA). Comparisons between two groups were conducted using unpaired t-tests with
Welch'’s correction, to account for unequal variances between groups. For comparisons
involving more than two groups, a one-way ANOVA was performed followed by a post hoc
Dunnett’s test. Unless otherwise stated, data are presented as mean * S.E.M. Significance
was defined as *P< 0.05, **P < 0.01, and ***P < 0.001. Analyses that were not statistically

significant were defined as “ns”.
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Chapter 4

Results and Discussion

4.1 Thirty days of IH reduces exploration, object recognition, and spatial memory
Untreated OSA patients demonstrate a variety of deficits in cognitive executive
functions, including reduced attentional capacity, short-term memory, working memory,
and long-term memory (Naegele et al., 1995; Canessa et al., 2011). To test whether exposure
to chronic intermittent hypoxia results in similar cognitive difficulties observed in OSA
patients, we evaluated the behavior of animals exposed to either 30 days of intermittent
hypoxia (IHzo) or normoxia-exposed controls in a hippocampal dependent behavioral test:
open field assessment (Prut and Belzung, 2003). The two groups travelled a similar distance
in the open field (Figure 4.1A top left), indicating no differences in locomotor activity. When
the pattern of locomotion was quantified, [H3zo-exposed animals entered the center of the
field significantly fewer times than control mice (p=0.0457) (Figure 4.1A bottom left).
Representative heat maps for each group are presented in the right-hand side of Figure 4.1A.
Normal rodent exploratory behavior would consist of initial preference for the edges of the
arena, followed later by entries into the center of the arena, as they habituate to the space.
These data indicate CIH exposure reduces habituation and may indicate an alteration in

anxiety-like behavior (Seibenhener and Wooten, 2015) Recent studies have revealed a sub-
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region of the dentate gyrus is altered in anxiety-based behaviors, so we sought to determine
whether other hippocampal-dependent tasks were also affected by CIH (Kheirbek et al,,
2013; Weeden et al., 2015).

Several behavioral assessments in mice are available to interrogate the health and
function of the hippocampus. To test exploratory behavior and object recognition memory,
we utilized the novel object recognition test (Broadbent et al., 2010). Following habituation
and familiarization over a period of two days, mice were exposed to a known object and a
novel object and had their interactions recorded. Normal mouse exploratory behavior
includes a preference for exploring a new object over one that the mouse has been
habituated to. When tested, the groups spent similar periods of time exploring the objects,
indicating no changes in exploratory drive or anxiety. Both groups displayed a slight
preference for the novel object and did not exhibit significant differences in the percentage
of novel object interactions (Figure 4.1B), indicating that CIH does not affect novel object
recognition. Mice with cortical lesions consistently fail to show a preference for the new
object (Antunes and Biala, 2012). Wide variation in hippocampal injury models have shown
mixed results on novel object recognition, with both no changes and mild deficits reported.
Arecentreview suggests that the hippocampus is indeed an important region for recognition
memory, but that its relative contribution can be muted by compensation from other brain
regions if the hippocampus suffers large, permanent damage (Cohen and Stackman, 2015).
Our novel object recognition data is consistent with studies of hippocampal injury where the
injury is mild and temporary, not unlike the data from OSA patients treated by CPAP therapy
described in Chapter 1 (Yuet et al., 2010; Olaithe and Bucks, 2013). Further supporting the

role of that the hippocampus plays in recognition memory, Kesner and colleagues performed
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complex object-spatial feature configuration recognition tasks on rats with hippocampal
lesions. Their data suggests that, specifically, the dentate gyrus region of the hippocampus
retains object-placement and complex object-place feature information, which are both
necessary for spatial memory (Kesner et al., 2015).

In order to more accurately test the effects CIH has on spatial recognition and
memory, we conducted a Barnes maze assessment on CIH or normoxia exposed mice. Over
three days of training, the control group exhibited decreased latency to the exit zone, while
the IH30 group failed to demonstrate a significant decrease in latency to the exit zone over
the training period, indicating CIH may affect spatial learning (Figure 4.1C, left and middle).
During the testing period, the total distance traveled was similar between groups (Control:
27.6%x1.7 m, n=10 vs. IH3o: 22.7£2.1 m, n=9) indicating that CIH does not cause locomotor
deficits. Additionally, the IH3o group required more than twice the amount of time to reach
the escape hole than normoxia-exposed control mice and exhibited greater variability
(Figure 4.1C right), indicating failure to demonstrate spatial memory (Sharma et al., 2010).
Although animals in both control and CIH groups displayed a preference for the exit zone,
the percentage of exit zone entries was significantly greater when compared to other defined
zones in the maze for the control group (Figure 4.1D left), indicating precision in spatial
memory. Yet, in the [H3o group, the percentage of exit zone entries was similar to an adjacent
zone (Figure 4.1D right), likely an expression of reduced precision in spatial memory. While
other brain regions are also important for exploratory behavior, recognition memory, and
spatial memory, these data, taken together, suggest that CIH induces mild deficits to

hippocampal-dependent behavior.
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Figure 4.1: IH3 animals exhibit deficits in select learning and memory tasks.

(A) During non-guided exploration, IH3 mice (n=3) entered the center of an open field
fewer times than control (n=3) (bottom left, p=0.0457). Mice travelled similar distances
during non-guided exploration (top left, p=0.5725). Representative heat maps from each
group shows that Control mice spent more time (red) in the center of the open field than
IH30. (B) Control (n=3) and IH30 (n=3) mice show a similar preference for a novel object
in the novel object recognition task (p=0.7385). (C) After three successive training days,
control animals (blue line, n=10) exhibited decreased latency to the exit zone of the
Barnes Maze (Left-hand side, p=0.0027). Dunnett's multiple comparison post hoc
analysis revealed a significant decrease in latency between Training Day 1 and Training
Day 2 as well as Training Day 1 and Training Day 3. Comparatively, IH3o animals (middle,
red line, n=9) did not exhibit decreased latency during the training days of the Barnes
Maze test (p=0.1193) During the probe trial of the Barnes Maze test (right-hand side), the
latency to the exit zone was smaller in control (n=10) compared to IH3o (n=9) (p=0.0392).
(D) One-way ANOVA revealed the percentage of exit zone entries (100*(number of
entries/sum of entries)) was greater than the other five sampled zones in the control group
(n=10, p=0.0025, all comparisons to exit zone significant) (left-hand side). In contrast to
control, the IH3o group (right hand side, n=9) exhibited less precision for locating the exit
zone as the percentage of exit zone entries was similar to an adjacent zone (p=0.0033,
adjacent zone not significant).
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4.2 Thirty days of IH suppresses long term potentiation (LTP) in the dentate gyrus

Synaptic plasticity has been considered the neurochemical foundation of learning and
memory since at least the mid-twentieth century, when Lgmo and Andersen first
demonstrated long-term potentiation (LTP) in the rabbit hippocampus (Lgmo, 1966). In the
time following, many groups have demonstrated that that hippocampal specific LTP is
necessary, but not sufficient, for demonstrating long term memory (Martin et al., 2000; Kim
and Diamond, 2002; Izquierdo et al,, 2008; Neves et al., 2008). The strongest pieces of
supporting data are from studies where LTP is blocked and deficits in learning were
observed (Morris, 1989). The behavioral data we acquired showing CIH altered exploratory
behavior and spatial memory is qualitatively similar to data presented by Gozal and
colleagues, and implies that global hippocampal circuitry may be susceptible to CIH-induced
deficits (Payne et al., 2004).

In order to test the function of the hippocampal circuit, we performed
electrophysiological recordings on ex vivo slices of brain tissue containing the dentate gyri
from animals exposed to 30 days of IH or normoxia. We stimulated the lateral perforant
pathway to induce synaptic plasticity and recorded field potentials from the dendrites of the
granular neurons of the dentate gyrus. We examined both paired-pulse facilitation and LTP
of field excitatory postsynaptic potentials (fEPSPs). The profile of paired-pulse facilitation of
the fEPSP was not different between groups at any interpulse interval examined (Figure
4.2A), suggesting that presynaptic facilitation of medial perforant path was unaffected by
CIH. However, following tetanic stimulation, the fEPSP was potentiated in the control group
(n=9; blue line), yet suppressed following [Hzo (n=6; red line) (Figure 4.2B left). Following a

high-frequency stimulation (HFS) protocol to induce LTP at this synapse, we also observed
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fEPSP potentiation in animals that underwent a 10-day exposure to IH (10D CIH). No
differences in the potentiated slopes of fEPSPs normalized to baseline between slices
prepared from Control or 10D CIH mice (Supplemental Figure 4.1). The percentage of slope
change remained consistent over the course of an hour in both groups, consistent with
previous reports on dentate gyrus LTP following short term CIH exposure (Wall etal., 2014).
However, after IH3o, we observed an immediate and significant reduction in the potentiated
fEPSP slope following HFS (Control: 185% of baseline vs. IHzo: 130% of baseline; Figure
4.2B). Moreover, the slope reduction continued over the remaining time course of HFS
experiments, revealing that CIH suppressed LTP expression in the dentate gyrus (Figure
4.2B). Our data is qualitatively similar to experiments performed by Gozal and colleagues;
they demonstrate that CIH negatively impacts synaptic plasticity in the CA1 subfield of the
hippocampus, a region important for spatial memory consisting solely of neurons generated
during development (Payne et al., 2004). Since this region also showed increased apoptosis
under CIH, a deficit in LTP induction and maintenance implicates neuronal cell loss as a

potential mechanism by which CIH negatively impacts hippocampal-dependent cognition.
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Figure 4.2 IH3 attenuates LTP and does not affect paired-pulse facilitation within
the dentate gyrus.

(A) Paired pulse facilitation of the fEPSP was similar between Control (blue circles, n=6)
and IH3 (red squares, n=6) at all six interpulse intervals tested (p=0.7259).
Representative traces of evoked fEPSPs are shown right of the graph. Scale bars: 0.2mV
x 10ms. (B) LTP of the fEPSP following high frequency stimulation (HFS) in control (blue
circles, n=9) and IH3o (red squares, n=6) showed significant difference between control
and IH3p 10 mins post-HFS (p=0.0036) and 60 mins post-HFS (p=0.0086). Representative
traces of evoked fEPSPs are shown above the graph with baseline (black trace) and post-
HFS induction indicated (color traces: Control= blue; IH30= red). Scale bars: 0.2mV x
10ms.
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4.3 CIH does not affect macroscopic hippocampal structure.

From Parkinson’s disease, to dementia, and ageing, multiple clinical pathologies
demonstrate that a loss of neurons is identifiable by a reduction in brain volume (Bigler
and Tate, 2001; Peters, 2006; Lin et al.,, 2013). We sought to determine whether the deficits
we observed in hippocampal-dependent cognitive assessments and synaptic plasticity
were associated with a change in the gross structure of the hippocampus, including its
neurogenic niche. Following immunohistochemical labeling of synaptoporin
counterstained with DAP], the areas of several subregions of the hippocampus were
measured and volume estimated using the cavalieri method (Rosen and Harry, 1990;
Prakash et al,, 1994). No differences between CIH and normoxia exposed groups were
found when comparing the estimated volume of DAPI staining within the granule cell layer
(Table 4.1) or in the estimated volumes of synaptoporin staining in the hilus nor the mossy

fiber tract (Table 4.1).

Region Control IH30 p-Value
Granule Cell Layer 0.17110.022 0.189+0.008 0.488
Hilus 0.212+0.031 0.331+0.104 0.318
Mossy Fiber Tract 0.27910.036 0.32410.020 0.325

Table 4.4: Volume of Select Hippocampal Structures

No differences in macroscopic hippocampal structures were identified between mice
exposed to Control (n=4) or IH3o (n=6). All values are given as mean volume + SEM
(mm3).

No change in the volume of these regions indicates that CIH does not induce a gross loss in
the total number of granular neurons nor the number, length, or width of the axonal

projections from those neurons. While some pathological conditions are associated with
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reduced hippocampal volume in human patients, other neural pathologies with serious
manifestations simply do not demonstrate significant brain volume loss. Depression and
cognitive decline are both associated with decreased hippocampal volume (Frodl et al,,
2006; Elcombe et al., 2015). Temporal lobe epilepsy patients have displayed a mix of both
no change as well as reduction in hippocampal volume, but interestingly, all demonstrate a
loss in NeuN positive neurons within the hippocampus (Peixoto-santos et al., 2015).
Adrenalectomy in rats results in similar losses of hippocampal granular cells, that are
demonstrated by a reduction in hippocampal granular volume (Sloviter et al., 1989).
Selective loss of GABA-ergic cells in the hippocampus of the engrailed-2 null mouse, a
model of autism, results in no change in hippocampal volume yet still recapitulates deficits
in social interaction, locomotion, spatial learning, and memory (Sgado et al., 2013). Our
findings indicate that gross neuroanatomical volumes of the dentate gyrus and surrounding
regions are unaffected by CIH, but do not discount the potential impact CIH may have on

individual cells in the granule layer or adult neurogenesis.

4.4 CIH decreases the number of adult-born neurons in the dentate gyrus.

Cognitive deficits and a failure to induce LTP implicates neuronal cell loss as a
potential mechanism by which CIH negatively impacts hippocampal-dependent cognition.
In fact, attenuated LTP is correlated with a reduction in neurogenesis in the dentate gyrus
(Snyder et al., 2001). In order to determine whether CIH affects new adult-born neurons,
the number of doublecortin-positive (DCX*) cells with projections entering into the granule
cell layer were examined. DCX, a microtubule-associated protein, is expressed in neuronal

precursor cells, both intermediate progenitor cells and immature granular neurons
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(Gleeson et al., 1999). By restricting positive cell counts to those cells with a dendritic
projection (Figure 4.3A yellow arrow), we counted only the newly-generated neurons in
the DG. CIH decreased the number of DCX* cells (Figure 4.3B) by 30.4% when compared to
the control group. This suggests that CIH suppressed the generation of adult-born granule
neurons. In addition to counting DCX+ cells, we also performed a series of pulse labeling
experiments using nestin-creERT2;Ai27D mice to determine the fate of birth-labeled
progenitor cells in the SGZ (Supplemental Figure 4.2). After IH3o, the percentage of td-
tomato positive (td-tomato*) neurons out of the total number of td-tomato* cells in the
dentate gyrus was reduced to 28.8+3.8%, down from 39.8+2.3% in control (Figure 4.3C)
and represented an approximate 28% decrease in the proportion of birth-labeled adult-
born neurons. To describe the morphology of new-born neurons developed under CIH, we
performed a Sholl analysis, which revealed no differences in the number or complexity of
dendritic branches between neurons developed under CIH or control conditions (Figure
4.3D). Together, our findings indicate that CIH affects the number of adult-born neurons,

but not necessarily the dendritic trees of surviving neurons.
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Figure 4.3 IH30 reduces the number of newborn neurons without affecting
dendritic branching.

(A) Representative image of DCX+ labeled cells at low and high magnification. The
yellow arrow indicates a DCX+ immature neuron that was included in the analysis
based on morphology. The white triangle points to an excluded DCX+ cell. Scale bars:
10um (B) IH30 (n=5) reduced the number of DCX+ cells (pink) with neuronal morphology
as compared to Control (n=5) (p=0.046) Scale bars: 100um (C) IH3o (n=9) results in
fewer RFP-labeled neurons (red) than in Control (n=9) (p=0.017) Scale bars: 100 um,
left; 50 um, middle (D) Sholl analysis revealed no difference in dendritic branching
between Control (n=7) and IH3o (n=10). Concentric circles were separated at 10um
intervals around the cell body of each neuron. Scale bars: 50um.
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The newborn neuron population is an important contributor to synaptic plasticity
and memory in the hippocampus (Snyder et al,, 2001; Schmidt-Hieber et al.,, 2004; Ge et al,,
2007; Park etal., 2015). Snyder and colleagues described two pharmacologically distinct
forms of LTP in the rat dentate gyrus, an NMDA-sensitive higher LTP amplitude form and
an NMDA-insensitive lower LTP amplitude form, consistent with a more sensitive
developing and a less-responsive established population of neurons, respectively (Snyder
et al., 2001). Schmidt-Heiber and colleagues expanded on this data in 2004 by separating
the two neuronal populations by input resistance and presence of polysialic acid neural cell
adhesion molecule (PSA-NCAM) immunohistochemical labeling. Young granular neurons
differed substantially from mature granular neurons in both active and passive membrane
properties that favored action potential generation with small stimuli (Schmidt-Hieber et
al., 2004). Qualitatively similar data was presented by Ge and colleagues, using a retroviral
neuronal birthdating strategy; young granular neurons were hyperexcitable, required a
lower threshold to achieve LTP, and demonstrated an increased LTP amplitude (Ge et al,,
2007). In a more recent study, the same group was able to selectively silence young adult
born-neurons, which resulted in a reduced retrieval of hippocampal memory (Gu et al.,
2012). Ablating newly-born cells in the dentate by either X- or gamma-irradiation, led to a
reduction in fEPSP slope, reduced population spike amplitude, blocked LTP, and reduced
memory retrieval (Snyder et al.,, 2001; Park et al., 2015). Several groups also demonstrate
the importance of newly-born neurons to the integration and recall of recognition and
spatial memory (Bruel-Jungerman et al., 2005; Tashiro et al.,, 2007). Bruel-Jungerman and
colleagues show that rats in enriched environments have more BrdU-labeled neurons and

increased recognition memory, and that both effects are blocked by the addition of an anti-
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mitotic drug (Bruel-Jungerman et al., 2005). The Gage group expanded these data in mice
and identified a critical period, approximately 2 weeks after neuronal birth, during which
the establishment spatial memory was the greatest (Tashiro et al., 2007). Similarly, Kee and
colleagues utilized immunohistochemical birth labeling to demonstrate the preferential
recruitment of adult-generated neurons into the spatial memory networks necessary to
complete the Morris water maze (Kee et al., 2007). Our electrophysiological and behavioral
data, failure to induce LTP in IH3o mice (Figure 4.2B) and increased time to exit zone in the
Barnes maze (Figure 4.1C, D), is consistent with a loss of contribution from a young
granular neuron cohort. Indeed, we demonstrate fewer immature neurons following CIH-
exposure and a reduced number of neurons that developed during IH3o (Figure 4.3B,C),
providing a potential mechanism by which CIH affects hippocampal memory.

Our observation that CIH negatively impacts the number of newly-born neurons
initially appears to contradict previous studies of CIH and neurogenesis. Gozal and
colleagues reported a biphasic effect of CIH on neurogenesis in the rat, based on a
combination of BrdU and neurofilament double-labeling. They demonstrate a decrease at 7
days of CIH or less, and an increase at both 14 and 30 days of CIH, which correlated with an
early deficit in Morris water maze testing that was not detectable by 14 days (Gozal et al.,
2003). One important difference between their study and the present one is the
methodology used to demonstrate proliferation in newly born neurons; the authors used
daily injections of BrdU throughout the entirety of CIH exposure, thus labeling multiple
cohorts of developing neurons, and compared that to singly-injected controls. Our study
follows a single cohort of developing neurons to demonstrate that [H impacts adult

neurogenesis through reducing the number of newly-born neurons that develop. In
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addition, the type of intermittent hypoxia utilized was different from that in the current
study; Gozal alternates 90 seconds of 10% oxygen with 90 seconds of normoxia, differing in
both severity and patterning. This model may produce a less severe injury that the rat can
compensate for, as supported by the lack of differences between CIH and normoxia
controls in behavioral tests at later time points. In 2016, Pedroso and colleagues reported
that a more similar CIH model increased neurogenesis in the rat, based on increased
proliferation and neural stem cell markers in the dentate gyrus when compared to a
different strain of rat with a salt-diet induced model of hypertension. However, fewer
neurons were actually identified by NeuN and Map2 labeling at the same time, consistent
with the [H3o data presented in the present study. Pedroso’s study describes CIH as a model
of hypertension that is distinct from the commonly used salt-diet sensitive rat model, but
does not completely eliminate hypertension as a confounding factor. Spontaneously
hypertensive rats have been shown to have reduced grey matter and reduced
neurofilament staining in the dentate gyrus, consistent with Pedroso’s findings on DG
neurons (Sabbatini et al., 2002). Also demonstrated in both spontaneous and CIH-induced
hypertension models is an increase in GFAP labeling within the dentate, which could be
associated with either neural stem cells or astrocytes (Tomassoni et al., 2004 ). Using
markers of proliferation, such as BrdU and Ki67, alone to demonstrate increased
neurogenesis, when these markers could be present in other non-neuronal-fated cells, can
be slightly misdirecting. The double-immunolabeling paradigms of a proliferation marker
paired with a neuronal marker used by both Gozal and Pedroso provide a better method
for determining the birth of new neurons than proliferation alone, but also targets the

aggregate generation of neurons from multiple cycles of neurogenesis occurring over the
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period of CIH. Our genetic birth-labeling paradigm allowed us to follow the proliferation
and differentiation of a discrete population of neural stem cells over the course of CIH
exposure and to determine that fewer of those NSCs developed into neurons. However, the
end points that we utilized cannot discriminate between IH-induced apoptosis of neurons,

[H-induced neural stem cell contraction, or an IH-induced shift towards gliogenesis.

4.5 CIH increases mitotic division, stem cell population, and neural progenitor
population in the subgranular zone (SGZ) of the dentate gyrus.

The source of newly-born adult neurons in the dentate gyrus are endogenous neural
stem cells (NSCs), which are highly responsive to environmental stimuli (Lazarov et al.,
2010). Insufficient NSC expansion is one potential explanation for how CIH reduces the
number of immature granular neurons in the dentate gyrus. To determine whether CIH
reduced mitotic division within the neurogenic niche, we stained for Ki67, a cell cycle
protein present during interphase (Scholzen and Gerdes, 2000). Limiting the quantitation
to the SGZ, we show that, paradoxically, Ki67 labeling in the SGZ region of DGs of [H3p mice
is nearly double that of normoxia-exposed controls (p=0.047) (Supplemental Figure 4.3).
As discussed above, multiple groups have previously reported an increase in hippocampal
proliferation following CIH (Gozal et al., 2003; Zhu et al., 2005, 2010; Pedroso et al., 2016).
Our data is consistent with these studies, as well as reports from other types of brain injury
within the dentate gyrus (Jin et al., 2006; Rola et al., 2006). This finding suggests that CIH
causes an increase in proliferation within the neurogenic niche; however, the identity of
these proliferating cells remains unclear. Glial cells proliferate in response to inflammation

and, since CIH has been shown to induce mild inflammation, could be responsible for the
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increased proliferation we observed (Monje et al., 2003; Sapin et al,, 2015). In order to
determine whether the neural stem cell population is expanding under CIH, we stained for
the pluripotency marker, Sox2 (Ellis et al., 2004). Sex determining region Y-box 2 (Sox2) is
a transcriptional regulator found in pluripotent cell types, including the multipotent neural
stem cells that reside in the SGZ and develop into neurons or glia (Zhang and Cui, 2014). In
accordance with our Ki67 labeling, we found that IH3o (n=7) increased the Sox2+
population of cells in the SGZ by 30% when compared to control (n=10) (Figure 4.4A). To
better assess whether the neural stem cells were actively expanding under CIH, we
examined co-labeling of Sox2 with Ki67 in a subset of experiments. We found that nearly all
Ki67+ cells were Sox2+ as well, across both [H3p and normoxia-exposed groups (data not
shown). Interestingly, the percentage of Sox2+ cells that were also Ki67+ was increased
following IH3o (6.09% control, 9.22% CIH; Figure 4.4B). This data implies that the Sox2+
population of cells is expanded under [H3o and is a large contributor to the increase in SGZ
proliferation observed following IH3o. Interestingly, when we examined the number of
neural progenitor cells under CIH by T-box brain protein 2 (Tbr2) immunolabeling, we
found that CIH exposed mice had a greater number of committed neural progenitors (data
not shown). When this data is considered alongside the CIH-induced reduction in neurons,
it suggests that CIH negatively impacts the morphological and neurochemical development

of committed neural progenitor cells into immature neurons (Hodge et al., 2012).
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Figure 4.4: IH3 stimulates neural progenitor cell proliferation.

(A) IH30 (n=7) increased Sox2* cells (green) in the SGZ as compared to control (n=10)
(p=0.0352). Scale bars: 100um (B) Double labeled Sox2*/Ki67* cells (red+green) showed that
a greater proportion of Sox2* cells were actively dividing during IHso (Control: n=3, IHzo: n=3,
p=0.0352). Scale bars: 100um.
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Proliferation in the SGZ is important for hippocampal synaptic plasticity and
memory formation. Most studies linking neurogenesis and synaptic plasticity demonstrate
changes in the number of proliferating cells, either by BrdU or Ki67, along with
corresponding changes in LTP. Van Praag demonstrated that exercise increased BrdU along
with fEPSP amplitude, LTP, and performance on the Morris water maze (van Praag et al,,
1999a). A few studies sought to provide clearer evidence for the role of new-born
hippocampal cells by selectively ablating proliferating cells in the hippocampus. As
described in Section 4.4, hippocampal irradiation reduced fEPSP amplitude and slope, thus
blocking LTP (Snyder et al., 2001; Park et al,, 2015). Park and colleagues also demonstrated
showed that X-irradiation induced errors in spatial memory discrimination by using a
conflict learning shock assessment, thus linking proliferation with hippocampal dependent
memory. Increasing the number of newly-born neurons by exposure to an enriched
environment is correlated with increased recognition memory, by a longer-lasting
preference for a novel object (Bruel-Jungerman et al., 2005). When proliferation was
blocked by an antimitotic drug, no differences in novel object preference were observed,
demonstrating an important role for newly generated cells in hippocampal dependent
memory. At first glance, our data appears to be in opposition to these findings, with a
reduction in hippocampal dependent memory and LTP paired with an increase in
proliferation and number of stem cells. However, the studies discussed above do not focus
on the neural stem cell population in isolation, but rather could include neural stem cells,
committed neural progenitors, committed glial progenitors. Also, the studies that attempt
to follow a single cohort of progenitors, by viral labeling or ablation, have targeted the

resulting immature neurons rather than the stem cell population. Previous studies by Gozal
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and Pedroso demonstrated increases in proliferation, by Ki67 or BrdU, following CIH
(Gozal et al,, 2003; Pedroso et al., 2016). Gozal provided evidence that the stem cell
population was expanded with an increase in BrdU found in Nestin positive cells,
consistent with our data. The lifespan, function, and differentiation of the neural stem cell
population under CIH warrant further investigation.

The unique environment of the subgranular niche serves to provide residence and
support to the developing hippocampal stem cells of the dentate gyrus. Many SGZ stem
cells and neural progenitor cells reside in relative hypoxic zones within the well
vascularized dentate gyrus (Studer et al., 2000; Chatzi et al., 2015; Zhang et al., 2015b).
Studer and colleagues measured the partial pressure of oxygen within the hippocampus
and found that it correlated with a range of 2.6-3.9% oxygen, lower than most tissue
perfusion (Ndubuizu and LaManna, 2007). The reduced oxygen content in the dentate
gyrus has been demonstrated to promote neurogenesis within the adult rat (Zhang et al,,
2015b). These hypoxic niches play an important role in promoting early cell survival and
early cell migration to more oxygenated areas within the SGZ leads to a triggering of early
apoptosis (Chatzi et al. 2015). Sustained mild hypoxia induces an increase in human neural
stem cell proliferation in culture, not unlike what we observed with intermittent hypoxia in
the mouse (Santilli et al.,, 2010). When Studer and colleagues cultured neonatal rat neural
stem cells in hypoxic conditions, they also found an increase in proliferation resulting in an
increase in total cell number and number of serotonergic neurons, but interestingly, fewer
GABA and glutamate neurons, like those found in the dentate gyrus (Studer et al., 2000).

Our study is the first to describe the effects of intermittent hypoxia on the adult neural
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stem cell population in vivo, but leaves us with many questions that could be addressed in a
variety of in vitro cell culture paradigms.

The neural stem cells and neuroprogenitors of the dentate gyrus are sensitive to
changes in the permissive environmental niche of the SGZ (Kempermann et al,, 1997; van
Praag et al,, 1999b, 2005; Song et al., 2012b). NSC proliferation is the highest during youth,
and decreases with age (Kuhn et al., 1996; van Praag et al., 2005). Exercise and an enriched
environment can attenuate that decline, thus demonstrating a physiological response
(Kempermann et al,, 1997; van Praag et al., 1999a, 1999b, 2005; Kronenberg et al., 2005).
Zhang et al demonstrated an increase in BrdU incorporation in the SGZ following periodic
hypoxia similar to several hours at altitude (10,000 feet) (Zhang et al., 2015b).
Paradoxically, NSC proliferation is also observed in pathological conditions, such as social
isolation, (Dranovsky et al.,, 2011; Song et al., 2012a) traumatic brain injury, (Dash et al.,
2001; Rola et al,, 2006; Barha et al,, 2011) stroke, (Jin et al.,, 2006) Alzheimer’s Disease, (Jin
et al., 2004; Perry et al,, 2012) and Parkinson’s Disease (Marxreiter et al.,, 2013). Our model
demonstrates a mild injury to the hippocampus; reduced spatial memory that is found in
conjunction with reduced synaptic plasticity and fewer adult-generated neurons (Figures
4.1-4.3). Many brain injury and disease models result in inflammation (Corps et al., 2015;
Dzamko et al,, 2015; Heneka et al,, 2015). After instances of injury or inflammation, low
levels of ROS are produced and subsequently activate redox-sensitive signaling pathways
that favor cell proliferation (Entman et al., 1991; Floyd and Hensley, 2002; Hensley et al.,
2006). Giannakopoulou and colleagues demonstrated that long-term autoimmune CNS
inflammation leads to an increase in proliferation within the dentate gyrus. Interestingly,

this proliferation did not lead to a greater number of adult-born neurons, but rather an
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increase in astrocytes (Giannakopoulou et al., 2017). Prozorovski and colleagues report
similar findings when differentiating embryonic mouse cortical progenitor cells under pro-
oxidant conditions (Prozorovski et al., 2008). Additional studies show that a model of
intermittent hypoxia also leads to the accumulation of reactive oxygen species (Row et al,,
2003; Ramanathan et al,, 2005; Garcia et al,, 2016) and may provide a mechanism by which

CIH increases neural stem cell expansion and proliferation.

4.6 MnTMPyP partially mitigates the impact of CIH in the dentate gyrus.

A growing amount of evidence implicates the involvement of reactive oxygen
species (ROS) in the mechanism by which CIH disrupts hippocampal physiology (Row et al,,
2003; Ramanathan et al,, 2005; Kumar et al., 2006; Peng et al., 2006; Garcia et al., 2016). In
order to examine whether CIH-induced ROS negatively impacted adult neurogenesis and
synaptic plasticity, we treated a cohort of IH3p mice with a concurrent dose of the
superoxide anion scavenger, 5,10,15,20-Tetrakis(1-methylpyridinium-4-yl)- 21H,23H-
porphyrin manganese(IIl) pentachloride (MnTMPyP) (Sharma and Gupta, 2007; Liang et
al., 2009b). MnTMPyP is cell-permeable and acts as both a superoxide dismutase and
catalase mimetic (Faulkner et al., 1994; Gardner et al., 1996). In order to examine the
function of the hippocampal circuit, we again investigated synaptic plasticity in ex vivo
slices of brain tissue harvested from mice exposed to 30 days of IH with MnTMPyP
treatment (IHwmntmpyr). Immediately following the HFS protocol to induce LTP at this
synapse, we observed fEPSP potentiation at 130% of baseline (Figure 4.5D middle). The
percentage of slope change remained consistent over the course of an hour, consistent with

LTP demonstrated in Control animals (Figure 4.5D bottom). When compared with [Hzo, the
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elicited fEPSP immediately following HFS in IHuntmpyr animals was not significantly
different, but the elicited fEPSP at 60 minutes post-HFS was significantly elevated
(Supplemental Figure 4.4). This data implicates ROS signaling in the I[H-dependent
suppression of synaptic plasticity. When the number of newly-born neurons were
interrogated by DCX labeling, we found [Huntmpyp was not significantly different than in
Control animals treated with MnTMPyP (Controluntmpyr) (Figure 4.5B). Additionally,
[HmnTmpyp yielded many more DCX+ cells than with [H3p alone (Supplemental Figure 4.5
top), indicating that MnTMPyP treatment protects against immature neuron loss.
Furthermore, in a series of pulse labeling experiments using nestin-creERT2;Ai27D mice,
we demonstrate no difference in the percentage of adult-born neurons expressing the
reporter protein between CIHunrmpyp and Controlmnrmpyp (Figure 4.5C). These data indicate
that ROS mediates the IH-induced loss of newly-born neurons in the dentate gyrus.
Surprisingly, when we assessed neural progenitor proliferation within the SGZ in I[Huntmpyp,
we found that the percentage of Sox2+* cells that were also labeled with Ki67* were
significantly greater in CIHumnrmpyp than in Controlmarmpeye (Figure 4.5A). In congruence, no
differences were observed in either the total number of Sox2 or ki67 cells in the SGZ of
CIHmntMpPyr when compared to [H3o alone (Supplemental Figure 4.5 middle, bottom). These
findings indicate that neural progenitor cell expansion is due to a ROS-independent

mechanism.
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Figure 4.5 MnTMPyP attenuates IH-induced loss of newborn neurons and LTP.

(A) Percentage of Sox2" cells that were Ki67* (red+green) was significantly increased in
IHunTMPyP (N=6) as compared to Controluntvmeye (N=6) (p=0.0195). (B) IHunTMmPyP (N=6) and
Controluntvpyp (n=4) had similar numbers of DCX* immature neurons (magenta) (p=0.066).
(C) IHMnTMPyP (N=6) and Controluntmpyp (N=6) had similar numbers of RFP* newly-born
neurons (red) (p=0.699). (D) LTP was induced in IHuntmpyp @animals. Representative evoked
EPSP traces illustrate pre-HFS (black trace) and post-HFS induction (green trace). Post-
HFS fEPSP slopes were elevated as compared to baseline at both 10 and 60 mins post-
HFS (n=6) Scale bars: 100um
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The ability of Mn"TMPyP administration during CIH to rescue both synaptic plasticity
and the developing neuron population strongly implicates a role for ROS in impairing the
neurophysiology of the dentate gyrus and is consistent with previous studies of CIH and
ROS. Multiple studies demonstrate ROS is associated with CIH in various tissue types,
including brain tissue. Studies by the Gozal group have shown increased protein oxidation,
increased lipid peroxidation, and decreased aconitase enzyme activity in the adrenal
medulla and carotid body (Peng et al., 2003, 2006; Kumar et al.,, 2006). Further studies
expanded these observations to the brain stem and cerebellum of rodents (Row et al.,
2003; Ramanathan et al,, 2005; Khan et al,, 2011; Garcia et al.,, 2016). The presence of ROS
during CIH is often inferred from experiments utilizing one or more common antioxidants.
Again, Gozal and colleagues demonstrate antioxidant reversal of CIH-induced alterations in
blood pressure and catecholamine secretion (Kumar et al., 2006; Khan et al., 2011). Phillips
showed qualitatively similar data on catecholamine secretion as well as antioxidant
mitigated reduction of altered myogenic and vascular responses to CIH (Phillips et al.,
2006). When interrogating the effects of antioxidants and CIH in brain tissue, antioxidant
treatment mitigated network irregularities within the preBotzinger complex, a region in
the brainstem essential for the generation of the respiratory rhythm (Garcia et al., 2016), as
well as mitigated deficits in the Morris water maze (Row et al.,, 2003). Antioxidant
administration also abolished protein oxidation observed during CIH as well as normalized
HIF1o mRNA expression (Peng et al., 2006). Our own data of Mn"TMPyP treatment
restoring LTP expression and the number of newborn neurons also implicates oxidative

stress as a contributor to CIH-induced hippocampal deficits. Our experiments cannot
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discriminate between the occurrence of oxidative stress and the related intracellular
signaling response to ROS.

Sustained hypoxia promotes the increase of hypoxia inducible factors, HIF1 and
HIF2, to result in a balanced reaction that minimizes the production of ROS. HIF1a is
stabilized by prolyl hydroxylase domain enzymes (PHDs) in the presence of oxygen, and
binds with HIF1 under low oxygen conditions (Semenza, 2000). The HIF1 complex acts as
a transcription factor by binding to hypoxia response elements to upregulate greater than
50 gene products integral for developmental and physiological processes, including
vascular endothelial growth factor (VEGF) and erythropoietin (EPO) (Semenza and
Prabhakar, 2007). HIF1 also induces the upregulation of NADPH oxidase (Nox), a major
source of cellular ROS (Bedard and Krause, 2007), and HIF1a itself, providing positive
feedback to maintain the low oxygen signaling. During hypoxia, HIF2a binds with HIF2( to
upregulate a separate, yet related, set of genes, including several antioxidant enzymes such
as Sod1 and Sod2 (Scortegagna et al.,, 2003). These two complementary proteins minimize
the presence of ROS, which is important because severity of ROS determines whether a cell
has a physiological or pathological response. For example, nanomolar concentrations of
hydrogen peroxide (H202) promote reversible oxidation of cysteine residues, resulting in
protein conformational changes; higher concentrations promote additional oxidation at the
same residues, resulting in irreversible protein damage (Schieber and Chandel, 2014).
During hypoxia exposure, mitochondria paradoxically generate superoxide radicals, which
have been reported to play a role in protein kinase C activation and LTP induction,
although the dose of superoxide was not evaluated (Klann et al., 1998; Hamanaka and

Chandel, 2010). Kamsler and colleagues showed that low concentrations of H20; doubled
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the fEPSP slope elicited following high frequency stimulation, but high concentrations
prevented LTP induction, demonstrating a dose dependent role for ROS (Kamsler and
Segal, 2003). Similar to sustained hypoxia, CIH results in an increase in HIFla in the
adrenal gland as well as in brain tissue (Yuan et al., 2005, 2008; Peng et al., 2006). We did
not evaluate the levels of HIF1a in our study, but our proliferation data is in agreement
with a HIF1-induced increase in VEGF and EPO, which have been reported to increase
neural stem cell proliferation (Shingo et al., 2001; Licht et al.,, 2011). In contrast to
sustained hypoxia, CIH results in downregulation of HIF2, a reduction in SOD2
transcription, and increased oxidative damage (Row et al,, 2003; Ramanathan et al., 2005;
Nanduri et al,, 2009; Khan et al,, 2011; Peng et al,, 2011; Garcia et al,, 2016). Without the
downstream targets of HIF2, CIH may generate an overabundance of ROS that leads to
cellular dysfunction, which is supported by our findings that MnTMPyP treatment prevents
CIH-induced loss of newborn neurons and failure to induce LTP. Additionally supporting
this concept are studies by Peng and colleagues that found that CIH-induced carotid body
deficits were reversed or attenuated in either HIF1a deficient mice or wild-type mice
treated with MnTMPyP (Peng et al., 2006). When the cardiorespiratory function of HIF2a
deficient mice was evaluated, a decrease in the transcription of multiple ROS scavengers
was associated with increased blood pressure and breathing variability, not unlike the
cardiorespiratory dysfunctions observed following CIH exposure (Peng et al.,, 2011).
MnTMPyP treatment also attenuated the cardiorespiratory dysfunction observed in these
transgenic mice, similar to the findings of our studies, implying that an imbalance of HIF1
and HIF2 signaling leads to an over-accumulation of ROS that could negatively impact

synaptic plasticity and adult neurogenesis in CIH. MnTMPyP treatment did not prevent the
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proliferation of Sox2* cells in our studies, suggesting that the severity of ROS influences the
early stage of neurogenesis during CIH. In fact, Chatzi and colleagues recently
demonstrated that neural stem cells and progenitor cells reside in relatively hypoxic niches
within the dentate SGZ, implying that low levels of ROS may be necessary for the
maintenance of the proliferative pool (Chatzi et al., 2015). HIF protein imbalance under
CIH, and the alterations to downstream effectors, require further investigation.

The experiments described in this dissertation demonstrate that chronic
intermittent hypoxia negatively impacts multiple aspects of hippocampal neurophysiology.
Impaired spatial memory was associated with reduced synaptic plasticity and the loss of
newly-born neurons in the dentate gyrus. Antioxidant treatment mitigated the effects of [H
on long-term potentiation and newborn neuron number, indicating that ROS plays a role in
hippocampal dysfunction observed under IH. Neural progenitor cell proliferation was
increased following IH exposure, despite antioxidant treatment, indicating that ROS-

independent mechanisms are also involved in I[H-mediated changes to the hippocampus.
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Supplemental Figure 4.1: 10 days of CIH does not affect LTP induction.

(A) Example traces of elicited fEPSP slopes from before (black) and after high
frequency stimulation following 0D (blue), 10D (purple), and 30D (red) of CIH. (B) Graph
represents the percentage change in elicited fEPSP slope from pre-HFS levels. Blue
dots are control, purple squares are 10D CIH, and red triangles are 30D CIH. LTP was
induced in control and 10D CIH, but not 30D CIH. LTP of the fEPSP following high
frequency stimulation (HFS) in 10D CIH was not significantly different immediately post-
HFS (C) or at 60 minutes post-HFS (D)
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Supplemental Figure 4.2: IH3 affects ratio of neurons to non-neurons.

(A) Birth-labeled cells were split into four distinct categories: RFP* cells that did not
express neuronal morphology (top), RFP*/GFAP™ co-labeled cells (middle), RFP*/DCX*
co-labeled progenitor cells (bottom) and RFP™ cells that exhibit neuronal morphology.
Yellow boxes on the left indicate the zoomed-in view on the right-hand side. Yellow
arrows indicate example cells of each category. Scale bars: 50um. (B) Analysis
revealed that following IH3o exposure, the proportion of GFAP* labeled cells is
significantly increased (p=0.0472) while the proportion of neurons is significantly
decreased (p=0.0267, shown in Figure 4.3C).
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Supplemental Figure 4.3: Intermittent Hypoxia increases proliferation in the

subgranular zone.

(A) The number of Ki67-positive cells (green) was significantly elevated after 30D of CIH
(n=10) as compared to Control (n=8) (p=0.048). Scale bars: 100um.

93



—~ 1501
z 1 -
:f NIS'\;/: 8_
- - [¢]
8 B » 100
8 M sascline e 20ms
P Post HFS ©
(]
N
(1]
E 50
]
b4
-10 0 10 20 30 40 50 60
Time relative to HFS (min)
B) Immediately post-HFS C 60 mins post-HFS
n.s. ) -
9 200 s 2004
4 o
§ 100- §' 1004
) | »
0 0-
30D CIH 30D ClHy,rypyp 30D CIH 30D ClHy,rypyp

Supplemental Figure 4.4: MnTMPyP prevents loss of LTP under IH3o.

(A) LTP was established in IHuntmpyr @animals (green circles). IH3p animals are shown in
red triangles. Representative evoked EPSP traces illustrate pre-HFS (black) and post-
HFS induction (green) (B) LTP of the fEPSP following (HFS) was not different between
IHunTMPyP (N=6) and IH3o (N=6) at 10 mins post-HFS (C) LTP of the fEPSP following
(HFS) was not different between IHuntmpyp (N=6) and IH3o (N=6) at 60 mins post-HFS.
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Supplemental Figure 4.5: MnTMPyP prevents loss of nhewborn neurons under IH3o
but does not affect proliferation and neural progenitor number in the SGZ.
IHunTmPyP (N=6) had significantly greater number of DCX* immature neurons (magenta)
than in IH3o (n=5) (p=0.0259). Ki67" cells (green) were not different between IHuntmPyP
(n=14) and IH30 (n=10) (p=0.7888). Sox2" cells (light blue) were also not significantly
different in IHuntmPyp (N=10) as compared to IH3o (n=7) (p=0.4924). Scale bars: 100um.
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Chapter 5

Conclusions and Future Directions

Obstructive sleep apnea is a highly-prevalent respiratory disorder that affects
multiple aspects of human physiology (Burwell et al., 1956; Somers et al., 2008). Central
nervous system effects include daytime somnolence, fatigue, and mild cognitive
impairment (Dempsey et al., 2010; Marshall et al., 2014). Diagnosis and treatment of sleep
apnea represents a considerable economic burden for the American population, yet not
much is known about the mechanisms by which sleep apnea affects neural physiology
(Watson, 2016). The fundamental goal of this dissertation was to test the hypothesis that
chronic intermittent hypoxia, a principal consequence of sleep apnea, impairs the cellular
based mechanisms of learning and memory in the hippocampus. The major conclusions of
this work include: (1) hippocampal function is impaired by chronic intermittent hypoxia
(2) adult neurogenesis is differentially affected by chronic intermittent hypoxia and (3)
chronic intermittent hypoxia-induced reactive oxygen species negatively impact adult
neuronal development and synaptic plasticity in the dentate gyrus. In this chapter, I will
summarize the effects of chronic intermittent hypoxia and oxidative stress on
hippocampal-based memory, synaptic plasticity, and adult neurogenesis. While discussing
the caveats to applying this basic research data to patients with sleep apnea, [ will present

future experimental directions. Lastly, | will remark on the contributions of work to the
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overall field of adult neurogenesis and how it advances translation of our basic studies to
possible sleep apnea clinical application.
5.1 Intermittent hypoxia impairs hippocampal function
5.1.1 Behavioral assessments

Our studies demonstrate that chronic intermittent hypoxia results in mild
disruption of performance in hippocampal-based memory tasks. CIH-exposed mice
performed abnormally in an open field assessment, showed deficits in learning the exit
zone of a Barnes maze, and displayed reduced precision in locating the Barnes maze exit
zone. However, CIH-exposed mice displayed no deficiency in the recognition of a novel
object, thus demonstrating a reduction in various aspects of spatial memory without loss of
hippocampal-dependent short-term memory (Moore et al,, 2013). Our Barnes Maze data
extends previous reports on intermittent hypoxia negatively impacting behavior in the
Morris water maze (Gozal et al.,, 2001). With no forced swim to safety, the rodents
experience reduced anxiety and fear in the Barnes maze, revealing a more targeted spatial
memory task (Sharma et al., 2010). Indeed, one other report of [H on spatial memory using
the Barnes maze shows a qualitatively similar mild deficit (Aubrecht et al,, 2015). Anxiety
and fear are not completely mitigated in this task, however, as the need to avoid open areas
(Barnes Maze table) and seek refuge in small confined areas (exit zone) are helpful
instincts for prey animals such as rodents. The difference in open field performance by CIH-
exposed mice indicates that anxiety and fear responses may also be affected by
intermittent hypoxia. Recent studies have indicated that the ventral region of the dentate
gyrus plays a role in mediating anxiety-like behaviors in addition to the more well-known

prefrontal regions (O’Leary and Cryan, 2014; Weeden et al,, 2015; Schreurs et al., 2017).
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Our histological analysis of neurogenesis was limited to the dorsal region of the dentate
gyrus, thus preventing the possible correlation between IH-induced anxiety-like behaviors
and reduced ventral neurogenesis to be determined. Future experiments should examine
these effects, as well as the potential for therapeutic reversal. Our experiments did not
include behavioral examinations on animals exposed to MnTMPyP treatment and therefore
it remains unknown if reactive oxygen species mediate the mild behavioral effects
observed under IH and in patients with sleep apnea. Previous studies have demonstrated
that ROS generated by other models of injury can negatively impact performance on
hippocampal dependent behavioral tasks, indicating that antioxidant treatment could
prove to be a helpful therapeutic for many disorders that result in cognitive decline.

While the hippocampus has been identified as an important contributor to spatial
memory, it is neither the sole location of spatial memory in the brain, nor is spatial memory
the only aspect of learning and memory that the hippocampus is known for (Ikkai and
Curtis, 2011; Yassa and Stark, 2011). Various regions within the frontal and parietal
cortices are integral to spatial memory in addition to the hippocampus. As intermittent
hypoxia is a global insult, it remains possible that the cognitive deficits observed in patients
with sleep apnea are mediated through multiple brain regions including and independent
of the hippocampus. Mild reduction in executive function is the most commonly
demonstrated deficit amongst sleep apnea patients, and are not easily modeled by rodents.
Bizon and colleagues suggest investigating the primarily prefrontal circuits necessary for
working memory and cognitive flexibility as stand-ins for executive function, which are
behavioral examinations not included within this study (Bizon et al., 2012). The effects of

chronic intermittent hypoxia on performance in the delayed alternation radial maze task
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and delayed match to sample task would be good extensions of this dissertation work to
behaviors more commonly reduced in sleep apnea patients. In addition, future experiments
should examine behaviors known to be mediated through additional brain regions to
determine whether IH mediates the executive function deficits observed in sleep apnea

patients (Kan et al,, 2015; Zhang et al,, 2016).

5.1.2 Synaptic Plasticity

We evaluated how intermittent hypoxia affects synaptic plasticity in the dentate
gyrus by paired pulse facilitation (PPF) and induction of long-term potentiation (LTP).
Stimulating the medial perforant pathway and recording from the dendrites of granule
neurons of the dentate gyrus, we showed no effects of IH on PPF, but a marked reduction in
the ability to induce LTP. Concurrent antioxidant treatment with CIH exposure was able to
prevent the loss of LTP induction, albeit with a reduced amplitude than in unexposed
control animals. While previous studies on synaptic plasticity following IH have focused on
LTP and ROS-sensitivity in the CA1 region of the hippocampus, this study is the first that
we are aware of to interrogate PPF in the region and the first to report failure to induce
LTP in the dentate gyrus (Payne et al., 2004; Xie et al., 2010). As PPF is primarily associated
with enhanced presynaptic neurotransmitter release, normal PPF following CIH indicates
that, despite being a global insult, intermittent hypoxia does not induce notable damage to
the cells of the entorhinal cortex that project to the dentate gyrus (Zucker, 1989). In
contrast, LTP is supported both pre- and post-synaptically, and was found to be suppressed
by intermittent hypoxia, indicating that the granule cells of the dentate gyrus may be

particularly susceptible to damage in this model (Padamsey and Emptage, 2014). When
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Saxe and colleagues selectively ablated newborn neurons in the dentate gyrus, they
demonstrated qualitatively similar PPF and LTP data to the work completed in this
dissertation, supporting this hypothesis (Saxe et al., 2006). When we interrogated newly-
born granule neurons developed under intermittent hypoxia, we found a reduction in the
number of cells; the hyperexcitability of young granular neurons allows for these cells to
have an outsized contribution to LTP (Schmidt-Hieber et al., 2004; Ge et al., 2007), further
supporting the idea that the hippocampal dysfunction induced by sleep apnea is mediated
through the loss of newborn neurons.

While our synaptic plasticity data indicates that CIH negatively impacts newborn
neurons in the dentate gyrus, we did not evaluate the full electrophysiological
characteristics of neurons developed under CIH. Future studies should evaluate several of
these characteristics, such as resting membrane potential, spike threshold, and spike
amplitude as determined by single-cell electrophysiology of genetically-birth-labeled
neurons developed under CIH (Pedroni et al., 2014). Additionally, NMDA receptor
activation could be quantified in mice exposed to CIH using whole cell patch clamping, in
order to elucidate the observed decay of fEPSPs elicited following HFS. Non-decaying LTP is
critically dependent upon increased activation of NMDA-receptors, whose transcription is
also necessary for newborn neuron survival (Bailey et al., 1996; Tashiro et al., 2006;
Volianskis et al., 2013). In addition, our studies did not evaluate synaptic plasticity in the
CA3 region of the hippocampus, where the granule neuron dendrites project and synapse.
We demonstrated no gross changes to the volume of the mossy fiber tract, but without

knowing whether IH-induced newborn neuron loss affects signaling to CA3, we are missing
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an important puzzle piece that could connect sleep apnea and additional hippocampal-

dependent cognitive deficits.

5.2 Intermittent Hypoxia Differentially Impacts Adult Neurogenesis

The studies in this dissertation show that chronic intermittent hypoxia reduces the
number of adult-born neurons in the dentate gyrus, while simultaneously increasing
proliferation of neural progenitors. Describing these data as having a differential impact on
adult neurogenesis aids the field by discriminating between active proliferation and the
actual survival of neurons in adult neurogenesis. Other researchers have reported that [H
induces neurogenesis, but our data following a single cohort of neural progenitors more
clearly demonstrate that the opposite is true (Gozal et al., 2003; Pedroso et al.,, 2016).
Proliferation and neurogenesis can be conflated by not pairing neuronal specific markers
with proliferation markers. Also, permanently labeling multiple cohorts of developing cells
over time can give the appearance of newborn neuronal accumulation, without the proper
labeling controls. Here, I will discuss the two distinct effects of intermittent hypoxia on

neural progenitor proliferation and adult neuron generation.

5.2.1 IH-induced ROS negatively impacts adult neuronal development

The studies in this dissertation demonstrate that chronic intermittent hypoxia
results in the loss of adult-born granule neurons and failure to induce LTP, which were
both attenuated by antioxidant treatment. Neuronal apoptosis has been observed in the
hippocampus following exposure to sustained hypobaric hypoxia, presumably through

glutamate excitotoxicity (Hota et al., 2008; Maiti et al., 2008). Expression of classic hypoxic
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response factors, such as HIF1a, are increased in both hypobaric and intermittent hypoxia,
and stimulate oxidative stress (Peng et al., 2006; Malairaman et al., 2014); these pro-
oxidant factors are balanced by expression of classic anti-oxidant factors (HIF2) to result in
adaptive responses to sustained hypoxia that are simply not observed in intermittent
hypoxia (Row et al.,, 2003; Scortegagna et al., 2003; Nanduri et al., 2009). It may seem
counterintuitive that hypoxic injuries would involve reactive oxygen species, but the
unbalanced HIF1a and HIFZ2a signals of intermittent hypoxia allows for ROS to be formed
and then propagate to a great extent upon tissue reoxygenation; ischemia-reperfusion
injury models commonly used in kidney and cardiac research show similar increases in
ROS and ROS-mediated damage (Fan et al., 2013; Rodriguez et al., 2013). Sleep apnea and
intermittent hypoxia have been shown to be associated with increased oxidative stress, as
measured by increased lipid peroxidation, increased protein oxidation, increased NADPH
oxidase, and decreased SOD2 expression (Veasey et al., 2004; Peng et al.,, 2006; Phillips et
al,, 2006). One of the ways that intermittent hypoxia is distinct from sustained hypoxia is
that IH fails to induce an increase in the expression of HIF2q, the transcription factor that
mediates anti-oxidant responses to hypoxia. When we treated our [H-exposed animals with
a SOD2 mimetic antioxidant, we found that the loss of both LTP and number of adult born
granule neurons were protected. This data indicates that IH-induced ROS negatively
impacts adult neurogenesis and synaptic plasticity in the dentate gyrus, potentially
providing a mechanism by which sleep apnea induces cognitive decline. What remains
unanswered in this dissertation is what stage of neuronal development does IH-induced
ROS have its greatest effect? To determine whether ROS impairs late differentiation from

committed intermediate neural progenitors or ROS impairs the maturation and survival of
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immature adult born neurons, additional experiments must be completed. The Sholl
analysis of neuronal dendritic branching that we performed to gain first insight into
potential morphological consequences did not reveal any significant abnormalities
developed under CIH, suggesting that I[H-induced ROS acts earlier in neuronal
development. Work completed by Westbrook and colleagues suggests that the transition
between committed neural progenitor cell and immature neuron is particularly sensitive to
oxidative stress, so interrogating the number and survival of both of these cell types would
be beneficial (Chatzi et al., 2015). Preliminary quantification of committed neural
progenitor cells by staining for Tbr2 indicates that the same, if not more, cells commit to
the neuronal fate under CIH. If these cells are failing to transition to immature neurons, |
would hypothesize that they would stain for apoptotic proteins, such as cleaved caspase-3,
or would have positive TUNEL labeling of DNA fragmentation. Double immunostaining for
these markers with Tbr2 would help determine the stage at which IH negatively impacts
adult neurogenesis. Combining birth-labeling with the more sophisticated techniques of
single-cell genome and transcriptome analyses could also prove beneficial for determining
the molecular differences between cells developed under CIH and normoxia (Macaulay and
Voet, 2014; Gawad et al., 2016). Probing for genes associated with hypoxic response, cell
cycle regulation, and axonal outgrowth could provide a more detailed snapshot of a cell’s

response to intermittent hypoxia.

5.2.2 IH induces neural progenitor pool expansion through a non-ROS-meditated mechanism
Although oxidative stress plays a significant role in the development of neurons

under chronic intermittent hypoxia, our data indicates that signaling independent of ROS
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regulates the pool of neural progenitor cells in the subgranular zone. After IH exposure, we
found an increase in the number of proliferating neural progenitor cells which was
unresponsive to antioxidant treatment. Elevated proliferation is a common response to
brain injury, having been observed after stroke, traumatic brain injury, and Alzheimer’s
disease (Jin et al., 2004; Villasana et al., 2014; Woitke et al., 2017). Previous studies on
intermittent hypoxia also demonstrate an increase in hippocampal proliferation, but our
study is the first to demonstrate that ROS does not mediate this effect (Zhu et al., 2010;
Zhang et al., 2015b; Pedroso et al,, 2016).

[t is known that the survival and expansion of neural stem and progenitor cells is
regulated in part by oxygenation state (Panchision, 2009; Mazumdar et al., 2010; De
Filippis and Delia, 2011; Chatzi et al.,, 2015). Mild sustained hypoxic conditions have been
shown to increase proliferation of neural stem cells in culture, but the role that oxidative
stress plays in proliferation has not been addressed (Studer et al., 2000; Santilli et al., 2010;
De Filippis and Delia, 2011). Our data demonstrating increased proliferation in the dentate
gyrus, with and without antioxidant treatment, indicates that an additional signaling
mechanism generated by hypoxia is responsible for progenitor cell expansion. Recent
studies demonstrating that oxygen can regulate proliferation in neural stem cells in vitro
via the Wnt/-catenin signaling pathway provide a potential avenue for continued
investigation. Mature granule neurons and non-neuronal cells, such as astrocytes,
oligodendrocytes, and microglia, influence neural progenitor cell activity via cell-cell
contacts and extrinsic signals, including potentially Wnt (Suh et al., 2009; Lavado et al,,

2010; Mu et al,, 2010; Hodge et al,, 2012; Sato, 2015). The effect of Wnt antagonists, with or
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without combination antioxidant treatment, on progenitor proliferation, newborn neuron
development, and LTP during intermittent hypoxia could help to identify this mechanism.

Interestingly, it hasn’t been shown that hypoxia-induced proliferation necessarily
yields new neurons in vivo, by either previous studies or the work in this dissertation. This
begs the question: what happens to these proliferating cells? One potential explanation is a
shift away from neurogenesis to favor gliogenesis under hypoxic conditions. The
experiments in this dissertation do not support this conclusion, but also do not disprove it
either. We show a greater proportion of birth labeled cells co-label with the astrocytic
marker, GFAP, post-intermittent hypoxia; however, the cells exhibit morphological
characteristics most similar to a type of quiescent neural progenitor cell, which is also
known to express GFAP. In light of our Sox2 staining experiments, we believe the increased
percentage of GFAP-positive birth labeled cells constitute an increase in neural progenitor
cells induced by intermittent hypoxia. More detailed staining analysis should be utilized to
demonstrate any change in gliogenesis, including the potential focus on Sox9 labeling
outside of the subgranular zone. A second potential explanation is that the hypoxic
environment induces increased apoptosis among neural progenitor cells. Again,
immunohistochemistry for apoptotic products, activated caspase-3 or TUNEL, in
conjunction with known markers of neuronal progenitor cells, such as Sox2, could elucidate
whether neural progenitor cells are undergoing apoptosis at a greater rate under
intermittent hypoxia.

Independent of mechanism or cell fate, the increased proliferation of neural
progenitor cells following intermittent hypoxia appears to be a compensatory-type

behavior. Unfortunately, due to the single end-point of our studies, after 30 days of [H
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exposure, it is unclear what the progenitor cell expansion could be in response to. It is
possible that the cells expand in response to hypoxia, and will continue to proliferate at a
high rate throughout chronic exposure, or in response to a loss of a particular cell type
known to regulate neurogenesis, such as interneurons or a subtype of neural progenitor
cell (Liu et al,, 2005; Song et al., 2012b; Kawaguchi et al., 2013). To better understand the
expansion of the progenitor pool, a time course study, with both earlier and later
endpoints, would be beneficial. Extending exposure of intermittent hypoxia would allow for
inquiry into the life span of the neural progenitor pool. Growing evidence suggests that
neural progenitor pool expansion is finite, and our progenitor cell proliferation data allows
for a potential early extinction of neurogenesis in animals exposed to intermittent hypoxia,
regardless of antioxidant treatment (Kippin et al,, 2005; Furutachi et al., 2013; Ottone et al,,
2014). Additional in vitro experiments using neural progenitor cells harvested from
animals exposed to intermittent hypoxia could potentially provide insight into the long-
term expansion, differentiation capability, and senescence of progenitor cells post-IH

exposure.

5.3 Considerations for Future Research

The experiments described in this dissertation are only small steps toward
understanding the complexity of neurological response to sleep apnea. There are many
avenues that continuing research could investigate, both simple and complex. Necessary
analysis of the time course of intermittent hypoxia’s effects should be paired with the
removal of intermittent hypoxia to interrogate recovery from hypoxia and model what

happens to sleep apnea patients who begin CPAP therapy. A comparison of the time course
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studies to the physiological adaptation in response to sustained hypobaric hypoxia, like
what is experienced when living at altitude, should be undertaken to identify any deficits
specifically associated with the pattern of hypoxia exposure. In addition, future
experiments could better model the experiences of patients with sleep-disordered
breathing.

The studies undertaken in this dissertation were completed using chronic
intermittent hypoxia as a model of sleep-disordered breathing, as it mimics the
oxygenation pattern experienced by patients with the disorder. Several aspects of sleep
disordered breathing that are not accounted for in the model, however. First, the majority
of sleep apnea patients begin each period of apnea with complete or partial obstruction of
the airway, which involves abnormal pharyngeal reflexes and severe changes to
intrapulmonary pressure when breathing effort continues against a closed airway
(Remmers et al., 1978; Ramirez et al., 2013). Intermittent hypoxia does not entirely
recapitulate apneas nor the abnormal neurological signaling found in the pharynx. Models
used by other research groups in rats involve computer-controlled collars or surgically
implanted inflatable bags within the trachea to better accommodate these characteristics of
obstructive sleep apnea (Farré et al.,, 2003; Crossland et al., 2013). Transitioning this
research to other larger species, such as the rat, would allow for these types of
interventions, but reduces the potential use of genetically-modified animals for birth-
labeling experiments, a loss that may not be worthwhile to a future researcher. Without
additional obstruction interventions, chronic intermittent hypoxia still models many
dysautonomic conditions in which sleep-disordered breathing is observed, including Rett

syndrome, SIDS, central hypoventilation, and apneas of prematurity. Future experiments
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could be tailored to better interrogate the mechanisms of any of these disorders. Secondly,
intermittent hypoxia does not cause sleep fragmentation to the extent observed in patients
with sleep apnea (Gozal et al., 2001; Ward et al., 2009). As sleep fragmentation is known to
induce endothelial cell dysfunction and negatively impact daytime executive function, it
remains possible that consistent sleep fragmentation in addition to intermittent hypoxia
could exacerbate the effects observed in this dissertation work and should be considered
for future studies (Martin et al., 1996; Carreras et al., 2014). Lastly, sleep apnea is more
common in patients with additional co-morbidities. Much could be learned from chronic
intermittent hypoxia exposure in animals that also exhibit excess weight, eat high-fat diets,
or have chronic inflammation. Future researchers should take these caveats into
consideration when planning new experiments.

The studies in this dissertation focus exclusively on one particular pattern of
hypoxia exposure. The chronic intermittent hypoxia used here was asymmetric, frequent,
lasted a third of each day, and extended over a month. We showed deficits in spatial
memory, long-term potentiation, and neurogenesis. Often similarly titled as intermittent
hypoxia, different patterns of hypoxia exposure are used to mimic working at altitude,
usually a mild hypobaric hypoxia that lasts several hours before returning to normoxia and
completed over the course of several days (Zhu et al., 2010). Interestingly, this pattern of
intermittent hypoxia results increased blood oxygen saturation, increased aerobic capacity,
and is used by elite athletes in order to improve athletic performance (Farias et al., 2013).
Whether hypoxia results in pathological or physiological effects appears to be dependent
upon dosing and schedule. Indeed, low dose, acute intermittent hypoxia has been shown to

elicit respiratory motor plasticity, and could potentially restore lost motor function in
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diverse clinical disorders that impair motor function (Dale et al., 2014). However, systemic
inflammation attenuates these effects, suggesting that inflammatory molecules mediate the
cellular response to hypoxia (Huxtable et al.,, 2013). Our experiments did not assess
inflammation systemically or within the dentate gyrus proper, but many other groups have
(May and Mehra, 2014). Both sleep apnea and intermittent hypoxia increase systemic
levels of inflammatory cytokines (Gozal et al., 2008; Zhang et al., 2015a). These same
cytokines are reportedly released from human cardiomyocytes, rodent microglia, and
rodent CNS cells following exposure to intermittent hypoxia (Smith et al., 2013; Wu et al,,
2016). When brain tissue was interrogated for markers of inflammation following
intermittent hypoxia, cytokines that skew microglia to an pro-inflammatory M1 phenotype
were found along with activated microglia (Sapin et al., 2015; Snyder et al., 2017). Since
microglia are known regulators of adult neurogenesis, particularly in the hippocampus,
future experiments should evaluate how inflammation may affect the hippocampal circuit
under various exposure lengths and patterns of hypoxia (Sierra et al., 2010; Bachstetter et

al, 2011; Reshef et al., 2014; Sato, 2015).

5.4 Summary and Contributions to Medical Research

The studies in this dissertation demonstrate that chronic intermittent hypoxia, a
chief characteristic of sleep apnea, negatively impacts the cellular based mechanisms of
learning and memory through neurogenesis inhibition. Hippocampal-dependent behaviors
were impaired by intermittent hypoxia and correlated with oxidative-stress-dependent
deficits in synaptic plasticity and generation of adult-born neurons. Interestingly,

intermittent hypoxia also resulted in an expansion of the pool of neural progenitor cells
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that was not sensitive to oxygen radical scavenging. Although other groups have
interrogated the effects of chronic intermittent hypoxia on hippocampal neurophysiology,
these studies are the first to note differential effects on cells at various stages of adult
neurogenesis due to this paradigm. The opposing responses to hypoxia and oxygen radical
scavenging observed between neural progenitor cells and the neurons they can become
reveals an interesting avenue for further research within the field of adult neurogenesis.
This work also identifies oxidative stress reduction as a potential therapeutic target for the
number of sleep apnea patients without access to consistent, tolerable CPAP treatment.
With the aid of future studies, my hope is that the experiments described in this
dissertation indicate a tractable path towards protecting hippocampal function in all

patients with sleep-disordered breathing.

110



References

Aaronson JA, van Bennekom CAM, Hofman WF, van Bezeij T, van den Aardweg JG,
Groet E, Kylstra WA, Schmand B (2015) Obstructive Sleep Apnea is Related to
Impaired Cognitive and Functional Status after Stroke. Sleep 38:1431-1437
Available at: https://academic.oup.com/sleep/article-lookup/doi/10.5665/sleep.4984.

Aberg MA, Aberg ND, Hedbacker H, Oscarsson J, Eriksson PS (2000) Peripheral
infusion of IGF-I selectively induces neurogenesis in the adult rat hippocampus. J
Neurosci 20:2896-2903 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/10751442.

Abuzaid AS, Al Ashry HS, Elbadawi A, Ld H, Saad M, Elgendy IY, Elgendy A, Mahmoud
AN, Mentias A, Barakat A, Lal C (2017) Meta-Analysis of Cardiovascular Outcomes
With Continuous Positive Airway Pressure Therapy in Patients With Obstructive
Sleep Apnea. Am J Cardiol 120:693-699 Available at:
http://linkinghub.elsevier.com/retrieve/pii/S0002914917308780.

Acker J, Richter K, Piehl A, Herold J, Ficker J, Niklewski G (2017) Obstructive sleep
apnea (OSA) and clinical depression—prevalence in a sleep center. Sleep Breath
21:311-318.

Alhola P, Polo-Kantola P (2007) Sleep deprivation: Impact on cognitive performance.
Neuropsychiatr Dis Treat 3:553-567 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/19300585.

Alonderis A, Varoneckas G, Raskauskiene N, Brozaitiene J (2017) Prevalence and
predictors of sleep apnea in patients with stable coronary artery disease: a cross-
sectional study. Ther Clin Risk Manag 13:1031-1042 Available at:
https://www.scopus.com/inward/record.uri?eid=2-s2.0-
85028061856&d0i=10.2147%2FTCRM.S136651&partnerID=40&md5=3c00569ddd
Ocf4cd17c612a7429bb977.

Altman J, Bayer SA (1990a) Prolonged sojourn of developing pyramidal cells in the
intermediate zone of the hippocampus and their settling in the stratum pyramidale.
J Comp Neurol 301:343-364.

Altman J, Bayer SA (1990b) Migration and distribution of two populations of
hippocampal granule cell precursors during the perinatal and postnatal periods. J
Comp Neurol 301:365-381.

Altman J, Das GD (1965) Autoradiographic and histological evidence of postnatal
hippocampal neurogenesis in rats. J Comp Neurol 124:319-335.

Amaral DG, Dent JA (1981) Development of the mossy fibers of the dentate gyrus: I. A
light and electron microscopic study of the mossy fibers and their expansions. J
Comp Neurol 195:51-86.

Ambrogini P, Lattanzi D, Ciuffoli S, Agostini D, Bertini L, Stocchi V, Santi S, Cuppini R
(2004) Morpho-functional characterization of neuronal cells at different stages of
maturation in granule cell layer of adult rat dentate gyrus. Brain Res 1017:21-31
Available at: http://www.ncbi.nlm.nih.gov/pubmed/15261095.

Amellem I, Suresh S, Chang CC, Tok SSL, Tashiro A (2017) A critical period for
antidepressant-induced acceleration of neuronal maturation in adult dentate gyrus.
Transl Psychiatry 7:€1235 Available at:
http://www.nature.com/doifinder/10.1038/tp.2017.208.

111



Ancoli-Israel S, Klauber MR, Stepnowsky C, Estline E, Chinn A, Fell R (1995) Sleep-
disordered breathing in African-American elderly. Am J Respir Crit Care Med
152:1946-1949 Available at: http://www.ncbi.nlm.nih.gov/pubmed/8520760.

Ancoli-Israel S, Kripke DF, Klauber MR, Mason WJ, Fell R, Kaplan O (1991) Sleep-
disordered breathing in community-dwelling elderly. Sleep 14:486—495 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/1798880.

Angevine JBJ (1965) Time of neuron origin in the hippocampal region. An
autoradiographic study in the mouse. Exp Neurol Suppl:Suppl 2:1-70.

Anon (1999) Sleep-related breathing disorders in adults: recommendations for
syndrome definition and measurement techniques in clinical research. The Report
of an American Academy of Sleep Medicine Task Force. United States.

Antic NA, Catcheside P, Buchan C, Hensley M, Naughton MT, Rowland S, Williamson
B, Windler S, McEvoy RD (2011) The effect of CPAP in normalizing daytime
sleepiness, quality of life, and neurocognitive function in patients with moderate to
severe OSA. Sleep 34:111-119.

Antunes M, Biala G (2012) The novel object recognition memory: neurobiology, test
procedure, and its modifications. Cogn Process 13:93—-110 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/22160349.

Aoki K, Matsuo M, Takahashi M, Murakami J, Aoki Y, Aoki N, Mizumoto H, Namikawa
A, Hara H, Miyagawa M, Kadotani H, Yamada N (2014) Association of sleep-
disordered breathing with decreased cognitive function among patients with
dementia. J Sleep Res 23:517-523 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/24975686.

Arabpoor Z, Hamidi G, Rashidi B, Shabrang M, Alaei H, Sharifi MR, Salami M,
Dolatabadi HRD, Reisi P (2012) Erythropoietin improves neuronal proliferation in
dentate gyrus of hippocampal formation in an animal model of Alzheimer’s disease.
Adv Biomed Res 1:50 Available at:
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3544128&tool=pmcentre
z&rendertype=abstract.

Arnold SE, Trojanowski JQ (1996) Human fetal hippocampal development: I.
Cytoarchitecture, myeloarchitecture, and neuronal morphologic features. J Comp
Neurol 367:274-292.

Arzt M, Woehrle H, Oldenburg O, Graml A, Suling A, Erdmann E, Teschler H,
Wegscheider K (2016) Prevalence and Predictors of Sleep-Disordered Breathing in
Patients With Stable Chronic Heart Failure: The SchlaHF Registry. JACC Hear Fail
4:116-125.

Asada M, Mizutani S, Takagi M, Suzuki H (2016) Antipsychotics promote neural
differentiation of human iPS cell-derived neural stem cells. Biochem Biophys Res
Commun 480:615—621 Available at: http://dx.doi.org/10.1016/j.bbrc.2016.10.102.

Aubrecht TG, Jenkins R, Magalang UJ, Nelson RJ (2015) Influence of gonadal
hormones on the behavioral effects of intermittent hypoxia in mice. Am J Physiol -
Regul Integr Comp Physiol 308:R489—-R499 Available at:
http://ajpregu.physiology.org/lookup/doi/10.1152/ajpregu.00379.2014.

Bachstetter AD, Morganti JM, Jernberg J, Schlunk A, Mitchell SH, Brewster KW,
Hudson CE, Cole MJ, Harrison JK, Bickford PC, Gemma C (2011) Fractalkine and
CX3CR1 regulate hippocampal neurogenesis in adult and aged rats. Neurobiol

112



Aging 32:2030-2044 Available at:
http://dx.doi.org/10.1016/j.neurobiolaging.2009.11.022.

Baguet J-P, Barone-Rochette G, Pépin J-L (2009) Hypertension and obstructive sleep
apnoea syndrome: current perspectives. J Hum Hypertens 23:431-443 Available
at: http://www.nature.com/doifinder/10.1038/jhh.2008.147.

Bailey CH, Bartsch D, Kandel ER (1996) Toward a molecular definition of long-term
memory storage. Proc Natl Acad Sci 93:13445—-13452 Available at:
http://www.pnas.org/cgi/doi/10.1073/pnas.93.24.13445.

Banno K, Manfreda J, Walld R, Delaive K, Kryger MH (2006) Healthcare utilization in
women with obstructive sleep apnea syndrome 2 years after diagnosis and
treatment. Sleep 29:1307-1311.

Barha CK, Ishrat T, Epp JR, Galea LAM, Stein DG (2011) Progesterone treatment
normalizes the levels of cell proliferation and cell death in the dentate gyrus of the
hippocampus after traumatic brain injury. Exp Neurol 231:72-81 Available at:
http://dx.doi.org/10.1016/j.expneurol.2011.05.016.

Barnes CM, Drake CL (2015) Prioritizing Sleep Health: Public Health Policy
Recommendations. Perspect Psychol Sci 10:733-737 Available at:
http://journals.sagepub.com/doi/10.1177/1745691615598509.

Barnes M, McEvoy RD, Banks S, Tarquinio N, Murray CG, Vowles N, Pierce RJ (2004)
Efficacy of positive airway pressure and oral appliance in mild to moderate
obstructive sleep apnea. Am J Respir Crit Care Med 170:656-664.

Basoglu OK, Tasbakan MS (2017) Gender differences in clinical and polysomnographic
features of obstructive sleep apnea: a clinical study of 2827 patients. Sleep
Breath:1-9.

Bassetti C, Aldrich MS (1999) Sleep apnea in acute cerebrovascular diseases: final
report on 128 patients. Sleep 22:217-223.

Batinic-Haberle I, Spasojevic |, Tse HM, Tovmasyan A, Rajic Z, Clair DKS, Vujaskovic
Z, Dewnhirst MW, Piganelli JD (2012) Design of Mn porphyrins for treating oxidative
stress injuries and their redox-based regulation of cellular transcriptional activities.
Amino Acids 42:95-113.

Batool-Anwar S, Goodwin JL, Kushida CA, Walsh JA, Simon RD, Nichols DA, Quan SF
(2016) Impact of continuous positive airway pressure (CPAP) on quality of life in
patients with obstructive sleep apnea (OSA). J Sleep Res 25:731-738.

Bauer S (2009) Cytokine control of adult neural stem cells. Ann N'Y Acad Sci 1153:48—
56 Available at: http://onlinelibrary.wiley.com/store/10.1111/j.1749-
6632.2009.03986.x/asset/].1749-
6632.2009.03986.x.pdf?v=1&t=hsq81b86&s=8788f77c66e3a396df5910c83c8910b
d294dba4c.

Baust W, Bohnert B (1969) The regulation of heart rate during sleep. Exp brain Res
7:169-180.

Bayer SA, Altman J (1974) Hippocampal development in the rat: cytogenesis and
morphogenesis examined with autoradiography and low-level X-irradiation. J Comp
Neurol 158:55-79.

Beauquis J, Saravia F, Coulaud J, Roig P, Dardenne M, Homo-Delarche F, De Nicola A
(2008) Prominently decreased hippocampal neurogenesis in a spontaneous model
of type 1 diabetes, the nonobese diabetic mouse. Exp Neurol 210:359-367

113



Available at: http://www.ncbi.nlm.nih.gov/pubmed/18190910.

Bedard K, Krause K-H (2007) The NOX Family of ROS-Generating NADPH Oxidases:
Physiology and Pathophysiology. Physiol Rev 87:245-313 Available at:
http://physrev.physiology.org/cgi/doi/10.1152/physrev.00044.2005.

Ben-Tal A, Shamailov SS, Paton JFR (2012) Evaluating the physiological significance of
respiratory sinus arrhythmia: looking beyond ventilation-perfusion efficiency. J
Physiol 590:1989-2008 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/22289913.

Bhardwaj A, Dunlap ME (2015) Autonomic Dysregulation as a Therapeutic Target for
Acute HF. Curr Treat Options Cardiovasc Med 17:403.

Bhattacharjee R, Kim J, Alotaibi WH, Kheirandish-Gozal L, Capdevila OS, Gozal D
(2012) Endothelial dysfunction in children without hypertension: Potential
contributions of obesity and obstructive sleep apnea. Chest 141:682—-691.

Bigler E, Tate D (2001) Brain volume, intracranial volume, and dementia. Invest Radiol
36:539-546.

Binley KE, Ng WS, Tribble JR, Song B, Morgan JE (2014) Sholl analysis: A quantitative
comparison of semi-automated methods. J Neurosci Methods 225:65—-70 Available
at: http://dx.doi.org/10.1016/j.jneumeth.2014.01.017.

Bixler EO, Vgontzas AN, Lin H, Have TT, Rein, J et al (2001) Prevalence of Sleep-
disordered Breathing in Women: Effects of Gender. Am J Respir Crit Care Med
163:608—-613.

Bixler EO, Vgontzas AN, Ten Have T, Tyson K, Kales A (1998) Effects of age on sleep
apnea in men: |. Prevalence and severity. Am J Respir Crit Care Med 157:144-148
Available at: http://www.atsjournals.org/doi/abs/10.1164/ajrccm.157.1.9706079.

Bizon JL, Foster TC, Alexander GE, Glisky EL (2012) Characterizing cognitive aging of
working memory and executive function in animal models. Front Aging Neurosci
4:1-14.

Blessing EM, Beissner F, Schumann A, Brunner F, Bar KJ (2016) A data-driven
approach to mapping cortical and subcortical intrinsic functional connectivity along
the longitudinal hippocampal axis. Hum Brain Mapp 37:462—476.

Bloom HG, Ahmed I, Alessi CA, Ancoli-Israel S, Buysse DJ, Kryger MH, Phillips BA,
Thorpy MJ, Vitiello M V, Zee PC (2009) Evidence-based recommendations for the
assessment and management of sleep disorders in older persons. J Am Geriatr
Soc 57:761-789 Available at: http://www.ncbi.nim.nih.gov/pubmed/19484833.

Bonaguidi M a., Song J, Ming GL, Song H (2012) A unifying hypothesis on mammalian
neural stem cell properties in the adult hippocampus. Curr Opin Neurobiol 22:754—
761 Available at: http://dx.doi.org/10.1016/j.conb.2012.03.013.

Born GVR (1991) Recent Evidence for the Involvement of Catecholamines and the
Macrophages in Atherosclerotic Processes. Ann Med 23:569-572 Available at:
http://dx.doi.org/10.3109/07853899109150519.

Bradley TD, Floras JS (2003a) Sleep apnea and heart failure: Part I: Obstructive sleep
apnea. Circulation 107:1671-1678.

Bradley TD, Floras JS (2003b) Sleep apnea and heart failure - Part Il: Central sleep
apnea. Circulation 107:1822—-1826.

Bradley TD, Floras JS (2009) Obstructive sleep apnoea and its cardiovascular
consequences. Lancet 373:82—-93 Available at: http://dx.doi.org/10.1016/S0140-

114



6736(08)61622-0.

Bratton DJ, Gaisl T, Wons AM, Kohler M (2015) CPAP vs Mandibular Advancement
Devices and Blood Pressure in Patients With Obstructive Sleep Apnea: A
Systematic Review and Meta-analysis. JAMA 314:2280-2293 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/26624827.

Breugelmans JG, Ford DE, Smith PL, Punjabi NM (2004) Differences in patient and bed
partner-assessed quality of life in sleep-disordered breathing. Am J Respir Crit
Care Med 170:547-552.

Brillante R, Cossa G, Liu PY, Laks L (2012) Rapid eye movement and slow-wave sleep
rebound after one night of continuous positive airway pressure for obstructive sleep
apnoea. Respirology 17:547-553 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/22309157.

Broadbent NJ, Gaskin S, Squire LR, Clark RE (2010) Object recognition memory and
the rodent hippocampus. Learn Mem 17:5-11.

Brodsky M, Wu D, Denes P, Kanakis C, Rosen KM (1977) Arrhythmias documented by
24 hour continuous electrocardiographic monitoring in 50 male medical students
without apparent heart disease. Am J Cardiol 39:390-395.

Brooks D, Horner RL, Kozar LF, Renderteixeira CL, Phillipson EA (1997) Obstructive
sleep-apnea as a cause of systemic hypertension - evidence from a canine model.
J Clin Invest 99:106—109.

Brown DL, Chervin RD, Wolfe J, Hughes R, Concannon M, Lisabeth LD, Gruis KL
(2014) Hypoglossal nerve dysfunction and sleep-disordered breathing after stroke.
Neurology 82:1149-1152 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/24587476.

Brown DL, Mowla A, McDermott M, Morgenstern LB, Hegeman G, Smith MA, Garcia
NM, Chervin RD, Lisabeth LD (2015) Ischemic stroke subtype and presence of
sleep-disordered breathing: the BASIC sleep apnea study. J Stroke Cerebrovasc
Dis 24:388-393 Available at:
http://dx.doi.org/10.1016/].jstrokecerebrovasdis.2014.09.007.

Bruel-Jungerman E, Laroche S, Rampon C (2005) New neurons in the dentate gyrus
are involved in the expression of enhanced long-term memory following
environmental enrichment. Eur J Neurosci 21:513-521 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/15673450.

Bucks RS, Olaithe M, Eastwood P (2013) Neurocognitive function in obstructive sleep
apnoea: a meta-review. Respirology 18:61-70 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/22913604.

Bull ND, Bartlett PF (2005) The adult mouse hippocampal progenitor is neurogenic but
not a stem cell. J Neurosci 25:10815-10821 Available at:
http://www.jneurosci.org/cgi/doi/10.1523/JNEUROSCI.3249-05.2005.

Burwell CS, Robin ED, Whaley RD, Bickelmann AG (1956) Extreme Obesity Associated
with Alveolar Hypoventilation - A Pickwickian Syndrome. Am J Med 21:811-818.

Bye N, Carron S, Han X, Agyapomaa D, Ng SY, Yan E, Rosenfeld J V., Morganti-
Kossmann MC (2011) Neurogenesis and glial proliferation are stimulated following
diffuse traumatic brain injury in adult rats. J Neurosci Res 89:986—1000 Available
at: http://www.ncbi.nlm.nih.gov/pubmed/21488090.

Caimi G, Presti R Lo, Montana M, Urso C, Canino B, Hopps E (2015) Lipid peroxidation

115



and nitric oxide metabolites in a group of subjects with obstructive sleep apnea
syndrome. Clin Hemorheol Microcirc 63:163—168.

Camacho M, Certal V, Brietzke SE, Holty J-EC, Guilleminault C, Capasso R (2014)
Tracheostomy as treatment for adult obstructive sleep apnea: a systematic review
and meta-analysis. Laryngoscope 124:803—-811 Available at:
http://doi.wiley.com/10.1002/lary.24433.

Canessa N, Castronovo V, Cappa SF, Aloia MS, Marelli S, Falini A, Alemanno F, Ferini-
Strambi L (2011) Obstructive sleep apnea: brain structural changes and
neurocognitive function before and after treatment. Am J Respir Crit Care Med
183:1419-1426 Available at: http://www.ncbi.nlm.nih.gov/pubmed/21037021.

Caples SM, Rowley J a, Prinsell JR, Pallanch JF, Elamin MB, Katz SG, Harwick JD
(2010) Surgical modifications of the upper airway for obstructive sleep apnea in
adults: a systematic review and meta-analysis. Sleep 33:1396-1407 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/21061863.

Carlson JT, Rangemark C, Hedner JA (1996) Attenuated endothelium-dependent
vascular relaxation in patients with sleep apnoea. J Hypertens 14:577-584.

Caron CJJM, Pluijmers BI, Joosten KFM, Mathijssen IMJ, Van Der Schroeff MP,
Dunaway DJ, Wolvius EB, Koudstaal MJ (2015) Obstructive sleep apnoea in
craniofacial microsomia: A systematic review. Int J Oral Maxillofac Surg 44:592—
598 Available at: http://dx.doi.org/10.1016/j.ijom.2015.01.023.

Carreras A, Zhang SX, Peris E, Qiao Z, Gileles-hillel A, Li RC (2014) Chronic Sleep
Fragmentation Induces Endothelial Dysfunction and Structural Vascular Changes in
Mice. Sleep 37:1817-1824.

Carthy ER (2014) Autonomic dysfunction in essential hypertension: A systematic
review. Ann Med Surg 3:2—7 Available at:
http://dx.doi.org/10.1016/j.amsu.2013.11.002.

Castilla-Ortega E, Ladron de Guevara-Miranda D, Serrano A, Pavéon FJ, Suarez J,
Rodriguez de Fonseca F, Santin LJ (2017) The impact of cocaine on adult
hippocampal neurogenesis: Potential neurobiological mechanisms and
contributions to maladaptive cognition in cocaine addiction disorder. Biochem
Pharmacol 141:100-117 Available at: http://dx.doi.org/10.1016/j.bcp.2017.05.003.

Castronovo V, Canessa N, Strambi LF, Aloia MS, Consonni M, Marelli S, ladanza A,
Bruschi A, Falini A, Cappa SF (2009) Brain activation changes before and after
PAP treatment in obstructive sleep apnea. Sleep 32:1161-1172 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/19750921.

Celic T, Spanjol J, Bobinac M, Tovmasyan A, Vukelic |, Reboucas JS, Batinic-Haberle |,
Bobinac D (2014) Mn porphyrin-based SOD mimic, MnTnHex-2-PyP 5+ , and non-
SOD mimic, MnTBAP 3-, suppressed rat spinal cord ischemia/reperfusion injury
via NF-kB pathways. Free Radic Res 48:1426—1442 Available at:
http://www.tandfonline.com/doi/full/10.3109/10715762.2014.960865.

Chamberlin NL (2013) Brain circuitry mediating arousal from obstructive sleep apnea.
Curr Opin Neurobiol 23:774—-779 Available at:
http://dx.doi.org/10.1016/j.conb.2013.06.001.

Chang C-C, Chuang H-C, Lin C-L, Sung F-C, Chang Y-J, Hsu CY, Chiang L-L (2014)
High incidence of stroke in young women with sleep apnea syndrome. Sleep Med
15:410-414 Available at: http://dx.doi.org/10.1016/j.sleep.2013.12.011.

116



Chatzi C, Schnell E, Westbrook GL (2015) Localized hypoxia within the subgranular
zone determines the early survival of newborn hippocampal granule cells. Elife
4:e08722 Available at: http://www.ncbi.nlm.nih.gov/pubmed/26476335.

Chen L, Einbinder E, Zhang Q, Hasday J, Balke CW, Scharf SM (2005a) Oxidative
Stress and Left Ventricular Function with Chronic Intermittent Hypoxia in Rats. Am
J Respir Crit Care Med 172:915-920.

ChenY, Ai Y, Slevin JR, Maley BE, Gash DM (2005b) Progenitor proliferation in the
adult hippocampus and substantia nigra induced by glial cell line-derived
neurotrophic factor. Exp Neurol 196:87-95 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/16112112.

Chervin RD (2000) Sleepiness, fatigue, tiredness, and lack of energy in obstructive
sleep apnea. Chest 118:372-379 Available at:
http://dx.doi.org/10.1378/chest.118.2.372.

Christon J, Carley DW, Carley DW, Monti D (1996) Effects of inspired in the rat gas on
sleep-related apnea. J Appl Physiol 80:2102-2107.

Cistulli PA (1996) Craniofacial abnormalities in obstructive sleep apnoea: Implications
for treatment. Respirology 1:167-174.

Cohen-Zion M, Stepnowsky C, Johnson S, Marler M, Dimsdale JE, Ancoli-Israel S
(2004) Cognitive changes and sleep disordered breathing in elderly: Differences in
race. J Psychosom Res 56:549-553.

Cohen SJ, Stackman RW (2015) Assessing rodent hippocampal involvement in the
novel object recognition task . A review. Behav Brain Res 285:105-117 Available
at: http://dx.doi.org/10.1016/j.bbr.2014.08.002.

Cooke JR, Ayalon L, Palmer BW, Loredo JS, Corey-Bloom J, Natarajan L, Liu L, Ancoli-
Israel S (2009) Sustained use of CPAP slows deterioration of cognition, sleep, and
mood in patients with Alzheimer’s disease and obstructive sleep apnea: a
preliminary study. J Clin Sleep Med 5:305-309 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/19968005.

Corps KN, Roth TL, McGavern DB (2015) Inflammation and Neuroprotection in
Traumatic Brain Injury. JAMA Neurol 72:355 Available at:
http://archneur.jamanetwork.com/article.aspx?doi=10.1001/jamaneurol.2014.3558.

Crawford-Achour E, Dauphinot V, Martin M Saint, Tardy M, Gonthier R, Barthelemy JC,
Roche F (2015) Protective Effect of Long-Term CPAP Therapy on Cognitive
Performance in Elderly Patients with Severe OSA: The PROOF Study. J Clin Sleep
Med 11:519-524 Available at:
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4410925&tool=pmcentre
z&rendertype=abstract.

Crossland RF, Durgan DJ, Lloyd EE, Phillips SC, Reddy AK, Marrelli SP, Bryan RM
(2013) A new rodent model for obstructive sleep apnea: effects on ATP-mediated
dilations in cerebral arteries. Am J Physiol Integr Comp Physiol 305:R334-R342
Available at: http://www.physiology.org/doi/10.1152/ajpregu.00244.2013.

Csabi E, Varszegi-Schulz M, Janacsek K, Malecek N, Nemeth D (2014) The
consolidation of implicit sequence memory in obstructive sleep apnea. PLoS One
9:e109010 Available at: http://www.ncbi.nlm.nih.gov/pubmed/25329462.

Dale E a, Ben Mabrouk F, Mitchell GS (2014) Unexpected benefits of intermittent
hypoxia: enhanced respiratory and nonrespiratory motor function. Physiology

117



(Bethesda) 29:39—48 Available at: http://www.ncbi.nlm.nih.gov/pubmed/24382870.

Dalmases M, Solé-Padullés C, Torres M, Embid C, Nufiez MD, Martinez-Garcia MA,
Farré R, Bargallé N, Bartrés-Faz D, Montserrat JM (2015) Effect of CPAP on
Cognition, Brain Function, and Structure Among Elderly Patients With OSA: A
Randomized Pilot Study. Chest 148:1214—1223 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/26065720.

Danielson NB, Kaifosh P, Zaremba JD, Lovett-Barron M, Tsai J, Denny CA, Balough
EM, Goldberg AR, Drew LJ, Hen R, Losonczy A, Kheirbek MA (2016) Distinct
Contribution of Adult-Born Hippocampal Granule Cells to Context Encoding.
Neuron 90:101-112 Available at: http://www.ncbi.nlm.nih.gov/pubmed/26971949.

Dash PK, Mach SA, Moore AN (2001) Enhanced neurogenesis in the rodent
hippocampus following traumatic brain injury. J Neurosci Res 63:313-319 Available
at: http://onlinelibrary.wiley.com/doi/10.1002/1097-
4547(20010215)63:4%3C313::AID-JNR1025%3E3.0.CO;2-
4/abstract?systemMessage=Due+to+scheduled+maintenance%252C+access+to+
Wiley+Online+Library+will+be+disrupted+on+Saturday%252C+5th+Mar+between+
10%253A00-12%253A00+GMT %255.

Davis EM, O’Donnell CP (2013) Rodent models of sleep apnea. Respir Physiol
Neurobiol 188:355-361 Available at:
http://www.sciencedirect.com/science/article/pii/S1569904813001729.

Dayer AG, Ford AA, Cleaver KM, Yassaee M, Cameron HA (2003) Short-term and long-
term survival of new neurons in the rat dentate gyrus. J Comp Neurol 460:563-572
Available at: http://www.ncbi.nlm.nih.gov/pubmed/12717714.

De Filippis L, Delia D (2011) Hypoxia in the regulation of neural stem cells. Cell Mol Life
Sci 68:2831-2844 Available at: http://www.ncbi.nlm.nih.gov/pubmed/21584807.

De Lott LB, Lisabeth LD, Sanchez BN, Morgenstern LB, Smith MA, Garcia NM, Chervin
R, Brown DL (2014) Prevalence of pre-stroke sleep apnea risk and short or long
sleep duration in a bi-ethnic stroke population. Sleep Med 15:1582—-1585 Available
at: http://dx.doi.org/10.1016/j.sleep.2014.09.007.

Decker MJ, Hue GE, Caudle WM, Miller GW, Keating GL, Rye DB (2003) Episodic
neonatal hypoxia evokes executive dysfunction and regionally specific alterations in
markers of dopamine signaling. Neuroscience 117:417-425.

Dempsey JA, Veasey SC, Morgan BJ, O’'Donnell CP (2010) Pathophysiology of Sleep
Apnea. Physiol Rev 90:47-112.

Dewan NA, Nieto FJ, Somers VK (2015) Intermittent hypoxemia and OSA: implications
for comorbidities. Chest 147:266—274 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/25560865.

Dickens C (1836) The posthumous papers of the Pickwick Club. London: Chapman and
Hall.

Dictus C, Tronnier V, Unterberg A, Herold-Mende C (2007) Comparative analysis of in
vitro conditions for rat adult neural progenitor cells. J Neurosci Methods 161:250—
258 Available at: http://www.ncbi.nim.nih.gov/pubmed/17207861.

Djonlagic I, Guo M, Matteis P, Carusona A, Stickgold R, Malhotra A (2014) Untreated
sleep-disordered breathing: Links to aging-related decline in sleep-dependent
memory consolidation. PLoS One 9:1-7.

Drachman DB, Gumnit RJ (1962) Periodic alteration of consciousness in the

118



“pickwickian” syndrome. Arch Neurol 6:471-477 Available at:
http://dx.doi.org/10.1001/archneur.1962.00450240049006.

Drager LF, Togeiro SM, Polotsky VY, Lorenzi-Filho G (2013) Obstructive sleep apnea:
A cardiometabolic risk in obesity and the metabolic syndrome. J Am Coll Cardiol
62:569-576.

Dranovsky A, Picchini AM, Moadel T, Sisti AC, Yamada A, Kimura S, Leonardo ED,
Hen R (2011) Experience Dictates Stem Cell Fate in the Adult Hippocampus.
Neuron 70:908-923 Available at: http://dx.doi.org/10.1016/j.neuron.2011.05.022.

Dumitrascu R, Heitmann J, Seeger W, Weissmann N, Schulz R (2013) Obstructive
Sleep Apnea , Oxidative Stress and Cardiovascular Disease : Lessons from Animal
Studies. Oxid Med Cell Longev.

Dupret D, Revest JM, Koehl M, Ichas F, De Giorgi F, Costet P, Abrous DN, Piazza PV
(2008) Spatial relational memory requires hippocampal adult neurogenesis. PLoS
One 3.

Duran J, Esnaola S, Rubio R, Iztueta A (2001) Obstructive sleep apnoea-hypopnoea
and related clinical features in a population-based sample of subjects aged 30 to 70
years. Am J Respir Crit Care Med 163:685-689 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/11254524.

Durmer JS, Ph D, Dinges DF, Ph D (2005) Neurocognitive Consequences of Sleep
Deprivation. Semin Neurol 25:117-129.

Dzamko N, Geczy CL, Halliday GM (2015) Inflammation is genetically implicated in
Parkinson’s disease. Neuroscience 302:89-102.

Ehninger D, Kempermann G (2008) Neurogenesis in the adult hippocampus. Cell
Tissue Res 331:243-250 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/17938969.

Elcombe EL, Lagopoulos J, Duffy SL, Lewis SJG, Norrie L (2015) Hippocampal Volume
in Older Adults at Risk of Cognitive Decline : The Role of Sleep , Vascular Risk ,
and Depression. J Alzheimer’s Dis 44:1279-1290.

Ellis P, Fagan BM, Magness ST, Hutton S, Taranova O, Hayashi S, McMahon A, Rao
M, Pevny L (2004) SOX2, a persistent marker for multipotential neural stem cells
derived from embryonic stem cells, the embryo or the adult. Dev Neurosci 26:148—
165.

Elmasry A, Lindberg E, Hedner J, Janson C, Boman G (2002) Obstructive sleep apnoea
and urine catecholamines in hypertensive males : a population-based study. Eur
Respir J 19:511-517.

Encinas JM, Vaahtokari A, Enikolopov G (2006) Fluoxetine targets early progenitor cells
in the adult brain. Proc Natl Acad Sci 103:8233—-8238 Available at:
http://www.pnas.org/cgi/doi/10.1073/pnas.0601992103.

Entman ML, Michael L, Rossen RD, Dreyer WJ, Anderson DC, Taylor AA, Smith CW
(1991) Inflammation in the course of early myocardial ischemia. FASEB J 5:2529—-
2537 Available at: http://www.fasebj.org/content/5/11/2529.short [Accessed July 24,
2014].

Epstein LJ, Kristo D, Strollo PJ, Friedman N, Malhotra A, Patil SP, Ramar K, Rogers R,
Schwab RJ, Weaver EM, Weinstein MD, Adult Obstructive Sleep Apnea Task
Force of the American Academy of Sleep Medicine (2009) Clinical guideline for the
evaluation, management and long-term care of obstructive sleep apnea in adults. J

119



Clin Sleep Med 5:263-276 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/19960649%5Cnhttp://www.pubmedcentral.nih.
gov/articlerender.fcgi?artid=PMC2699173.

Eriksson PS, Perfilieva E, Bjork-Eriksson T, Alborn AM, Nordborg C, Peterson DA,
Gage FH (1998) Neurogenesis in the adult human hippocampus. Nat Med 4:1313—
1317 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/9809557%5Cnhttp://www.nature.com/nm/jour
nal/v4/n11/pdf/nrm1198_1313.pdf.

Ezashi T, Das P, Roberts RM (2005) Low O2 tensions and the prevention of
differentiation of hES cells. Proc Natl Acad Sci 102:4783—-4788 Available at:
http://www.pnas.org/cgi/doi/10.1073/pnas.0501283102.

Fagan KA (2001) Pulmonary hypertension in mice following intermittent hypoxia. J Appl
Physiol 90:2502-2507.

Fan Q, Chen M, Fang X, Lau WB, Xue L, Zhao L, Zhang H, Liang YH, Bai X, Niu HY,
Ye J, Chen Q, Yang X, Liu M (2013) Aging might augment reactive oxygen species
(ROS) formation and affect reactive nitrogen species (RNS) level after myocardial
ischemia/reperfusion in both humans and rats. Age (Omaha) 35:1017-1026.

Farias JG, Jimenez D, Osorio J, Zepeda AB, Figueroa CA, Pulgar VM (2013)
Acclimatization to chronic intermittent hypoxia in mine workers: A challenge to
mountain medicine in Chile. Biol Res 46:59-67.

Farré R, Rotger M, Montserrat JM, Calero G, Navajas D (2003) Collapsible upper
airway segment to study the obstructive sleep apnea/hypopnea syndrome in rats.
Respir Physiol Neurobiol 136:199-209.

Faulkner KM, Liochev Sl, Fridovich | (1994) Stable Mn(lll) porphyrins mimic superoxide
dismutase in vitro and substitute for it in vivo. J Biol Chem 269:23471-23476.

Favaro R, Valotta M, Ferri ALM, Latorre E, Mariani J, Giachino C, Lancini C, Tosetti V,
Ottolenghi S, Taylor V, Nicolis SK (2009) Hippocampal development and neural
stem cell maintenance require Sox2-dependent regulation of Shh. Nat Neurosci
12:1248-1256 Available at: papers2://publication/uuid/CB9132BA-2F8B-4D98-
AF26-
90EBD35440EF %5Cnhttp://eutils.ncbi.nim.nih.gov/entrez/eutils/elink.fcgi?dbfrom=p
ubmed&id=19734891&retmode=ref&cmd=prlinks%5Cnpapers2://publication/doi/10.
1038/nn.2397.

Ferri AL, Cavallaro M, Braida D, Di Cristofano A, Canta A, Vezzani A, Ottolenghi S,
Pandolfi PP, Sala M, DeBiasi S, Nicolis SK (2004) Sox2 deficiency causes
neurodegeneration and impaired neurogenesis in the adult mouse brain.
Development 131:3805-3819 Available at:
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Ci
tation&list_uids=15240551.

Ferrier K, Campbell A, Yee B, Richards M, O'Meeghan T, Weatherall M, Neill A (2005)
Sleep-disordered breathing occurs frequently in stable outpatients with congestive
heart failure. Chest 128:2116-2122 Available at:
http://dx.doi.org/10.1378/chest.128.4.2116.

Findley LJ, Unverzagt ME, Suratt PM (1988) Automobile accidents involving patients
with obstructive sleep apnea. Am Rev Respir Dis 138:337-340 Available at:
pm:3195832.

120



Fletcher EC, DeBehnke RD, Lovoi MS, Gorin AB (1985) Undiagnosed sleep apnea in
patients with essential hypertension. Ann Intern Med 103:190-195.

Fletcher EC, Lesske J, Qian W, Miller CC, Unger T (1992) Repetitive, episodic hypoxia
causes diurnal elevation of blood pressure in rats. Hypertension 19:555-561
Available at: http://www.ncbi.nlm.nih.gov/pubmed/1592450.

Floyd RA, Hensley K (2002) Oxidative stress in brain aging. Implications for
therapeutics of neurodegenerative diseases. Neurobiol Aging 23:795-807 Available
at: http://www.ncbi.nlm.nih.gov/pubmed/12392783.

Fogel RB, Malhotra A, Pillar G, Pittman SD, Dunaif A, White DP (2001) Increased
prevalence of obstructive sleep apnea syndrome in obese women with polycystic
ovary syndrome. J Clin Endocrinol Metab 86:1175-1180 Available at:
http://dx.doi.org/10.1210/jcem.86.3.7316.

Foley DJ, Monjan AA, Brown SL, Simonsick EM, Wallace RB, Blazer DG (1995) Sleep
complaints among elderly persons: an epidemiologic study of three communities.
Sleep 18:425-432.

Ford DE, Kamerow DB (1989) Epidemiologic study of sleep disturbances and
psychiatric disorders. An opportunity for prevention? JAMA 262:1479-1484.

Foster SN, Hansen SL, Capener DC, Matsangas P, Mysliwiec V (2017) Gender
differences in sleep disorders in the US military. Sleep Heal 3:336—341 Available
at: http://dx.doi.org/10.1016/j.sleh.2017.07.015.

Frackowiak RSJ, Fletcher P (1996) Mapping human memory - a brief review. Acta
Neurol Belg 96:189-192.

Franco P, Szliwowski H, Dramaix M, Kahn A (1998) Polysomnographic study of the
autonomic nervous system in potential victims of sudden infant death syndrome.
Clin Auton Res 8:243-249.

Franco P, Verheulpen D, Valente F, Kelmanson |, de Broca A, Scaillet S, Groswasser J,
Kahn A (2003) Autonomic responses to sighs in healthy infants and in victims of
sudden infant death. Sleep Med 4:569-577 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/14607352.

Fritscher L, Mottin C, Canani S, Chatkin J (2007) Obesity and obstructive sleep apnea-
hypopnea syndrome_the impact of bariatric surgery. Obes Surg 17:95-99.

Frodl T, Schaub A, Banac S, Charypar M, Jager M, Kimmler P, Bottlender R, Zetzsche
T, Born C, Leinsinger G, Reiser M, Moller H, Meisenzahl EM (2006) Reduced
hippocampal volume correlates with executive dysfunctioning in major depression.
J Psychiatry Neurosci 31:316-323.

Fuhrman C, Fleury B, Nguyén XL, Delmas MC (2012) Symptoms of sleep apnea
syndrome: High prevalence and underdiagnosis in the French population. Sleep
Med 13:852—-858 Available at: http://dx.doi.org/10.1016/j.sleep.2012.04.005.

Fulop T, Hickson DA, Wyatt SB, Bhagat R, Rack M, Gowdy O, Flessner MF, Taylor HA
(2012) Sleep-disordered breathing symptoms among African-Americans in the
Jackson Heart Study. Sleep Med 13:1039-1049.

Funahashi S, Andreau JM (2013) Prefrontal cortex and neural mechanisms of executive
function. J Physiol Paris 107:471-482 Available at:
http://dx.doi.org/10.1016/j.jphysparis.2013.05.001.

Furutachi S, Matsumoto A, Nakayama Kl, Gotoh Y (2013) p57 controls adult neural
stem cell quiescence and modulates the pace of lifelong neurogenesis. EMBO J

121



32:970-981 Available at: http://dx.doi.org/10.1038/emboj.2013.50.

Gabryelska A, Roguski A, Simpson G, Maschauer EL, Morrison I, Riha RL (2017)
Prevalence of obstructive sleep apnoea in REM behaviour disorder : response to
continuous positive airway pressure therapy. Sleep Breath.

Gage F (2000) Mammalian Neural Stem Cells. Science (80- ) 287:1433—-1438 Available
at: http://www.sciencemag.org/cgi/doi/10.1126/science.287.5457.1433.

Gage FH, Ray J, Fisher LJ (1995) Isolation, characterization, and use of stem cells from
the CNS. Annu Rev Neurosci 18:159-192.

Galletly DC, Larsen PD (1998) Relationship between cardioventilatory coupling and
respiratory sinus arrhythmia. Br J Anaesth 80:164—-168.

Gami AS, Hodge DO, Herges RM, Olson EJ, Nykodym J, Kara T, Somers VK (2007)
Obstructive Sleep Apnea, Obesity, and the Risk of Incident Atrial Fibrillation. J Am
Coll Cardiol 49:565-571.

Gami AS, Howard DE, Olson EJ, Somers VK (2005) Day—Night Pattern of Sudden
Death in Obstructive Sleep Apnea. N Engl J Med 352:1206-1214 Available at:
http://www.nejm.org/doi/abs/10.1056/NEJMoa041832.

Gami AS, Olson EJ, Shen WK, Wright RS, Ballman K V., Hodge DO, Herges RM,
Howard DE, Somers VK (2013) Obstructive sleep apnea and the risk of sudden
cardiac death: A longitudinal study of 10,701 adults. J Am Coll Cardiol 62:610-616.

Garcia AJ, Koschnitzky JE, Dashevskiy T, Ramirez JM (2013) Cardiorespiratory
coupling in health and disease. Auton Neurosci Basic Clin 175:26-37.

Garcia AJ, Zanella S, Dashevskiy T, Khan SA, Khuu MA, Prabhakar NR, Ramirez J-M
(2016) Chronic Intermittent Hypoxia Alters Local Respiratory Circuit Function at the
Level of the preBotzinger Complex. Front Neurosci 10:4 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/26869872.

Gardner PR, Nguyen DD, White CW (1996) Superoxide scavenging by Mn(ll/Ill) tetrakis
(1-methyl-4-pyridyl) porphyrin in mammalian cells. Arch Biochem Biophys 325:20—
28 Available at: http://www.ncbi.nIm.nih.gov/pubmed/8554339.

Garg RK, Afifi AM, Garland CB, Sanchez R, Mount DL (2017) Pediatric Obstructive
Sleep Apnea. Plast Reconstr Surg 140:987-997 Available at:
http://insights.ovid.com/crossref?an=00006534-201711000-00022.

Garthe A, Behr J, Kempermann G (2009) Adult-generated hippocampal neurons allow
the flexible use of spatially precise learning strategies. PLoS One 4.

GASSEL MM, GHELARDUCCI B, MARCHIAFAVA PL, POMPEIANO O (1964) PHASIC
CHANGES IN BLOOD PRESSURE AND HEART RATE DURING THE RAPID EYE
MOVEMENT EPISODES OF DESYNCHRONIZED SLEEP IN UNRESTRAINED
CATS. Arch Ital Biol 102:530-544.

Gastaut H, Tassinari CA, Duron B (1965) [Polygraphic study of diurnal and nocturnal
(hypnic and respiratory) episodal manifestations of Pickwick syndrome]. Rev Neurol
(Paris) 112:568-579.

Gastaut H, Tassinari CA, Duron B (1966) Polygraphic study of the episodic diurnal and
nocturnal (hypnic and respiratory) manifestations of the pickwick syndrome. Brain
Res 1:167-186 Available at:
http://www.sciencedirect.com/science/article/pii/000689936690117X.

Gatica D, Zenteno D, Montesinos JJ, Manterola C (2017) Association between sleep-
related breathing disorders and academic performance among children from

122



Concepcion, Chile. Arch Argent Pediatr 115:497-501 Available at:
http://www.sap.org.ar/docs/publicaciones/archivosarg/2017/v115n5a16e.pdf.

Gawad C, Koh W, Quake SR (2016) Single-cell genome sequencing: Current state of
the science. Nat Rev Genet 17:175-188 Available at:
http://dx.doi.org/10.1038/nrg.2015.16.

Gay CL, Lee KA, Lee S-Y (2004) Sleep Patterns and Fatigue in New Mothers and
Fathers. Biol Res Nurs 5:311-318 Available at:
http://journals.sagepub.com/doi/10.1177/1099800403262142.

Gay P, Weaver T, Loube D, Iber C (2006) Evaluation of positive airway pressure
treatment for sleep related breathing disorders in adults. Sleep 29:381-401.

Ge S, Yang C-H, Hsu K-S, Ming G-L, Song H (2007) A critical period for enhanced
synaptic plasticity in newly generated neurons of the adult brain. Neuron 54:559—
566 Available at: http://www.ncbi.nim.nih.gov/pubmed/17521569.

Geib T, Plappert N, Roth T, Popp R, Birner C, Maier LS, Pfeifer M, Arzt M (2015)
Prevalence of Sleep-Disordered Breathing-Related Symptoms in Patients with
Chronic Heart Failure and Reduced Ejection Fraction. Can J Cardiol 31:839-845
Available at: http://dx.doi.org/10.1016/j.cjca.2015.02.025.

Geil CR, Hayes DM, McClain JA, Liput DJ, Marshall SA, Chen KY, Nixon K (2014)
Alcohol and adult hippocampal neurogenesis: Promiscuous drug, wanton effects.
Prog Neuro-Psychopharmacology Biol Psychiatry 54:103—113 Available at:
http://dx.doi.org/10.1016/j.pnpbp.2014.05.003.

George CF, Kryger MH (1985) Sleep and control of heart rate. Clin Chest Med 6:595—
601.

Gerardy W, Herberg D, Kuhn HM (1960) [Comparative studies on pulmonary function
and the electroancephalogram in 2 patients with Pickwick’s syndrome]. Z Klin Med
156:362-380.

Ghias M, Scherlag BJ, Lu Z, Niu G, Moers A, Jackman WM, Lazzara R, Po SS (2009)
The role of ganglionated plexi in apnea-related atrial fibrillation. J Am Coll Cardiol
54:2075-2083 Available at: http://dx.doi.org/10.1016/j.jacc.2009.09.014.

Giachino C, Barz M, Tchorz JS, Tome M, Gassmann M, Bischofberger J, Bettler B,
Taylor V (2014) GABA suppresses neurogenesis in the adult hippocampus through
GABAB receptors. Development 141:83-90 Available at:
http://dev.biologists.org/cgi/doi/10.1242/dev.102608.

Giannakopoulou A, Lyras GA, Grigoriadis N (2017) Long-term effects of autoimmune
CNS inflammation on adult hippocampal neurogenesis. J Neurosci Res 95:1446—
1458.

Gilbert PE, Kesner RP, Lee | (2001) Dissociating hippocampal subregions: A double
dissociation between dentate gyrus and CA1. Hippocampus 11:626—636.

Gillman A, Roebuck T, Ho S, van Braak E, Naughton MT (2012) Comparison of supine-
only and REM-only obstructive sleep apnoea. Sleep Med 13:875-878 Available at:
http://dx.doi.org/10.1016/j.sleep.2012.01.016.

Gislason T, Reynisdottir H, Kristbjarnarson H, Benediktsdottir B (1993) Sleep habits and
sleep disturbances among the elderly--an epidemiological survey. J Intern Med
234:31-39.

Gjgrup PH, Sadauskiene L, Wessels J, Nyvad O, Strunge B, Pedersen EB (2007)
Abnormally Increased Endothelin-1 in Plasma During the Night in Obstructive Sleep

123



Apnea: Relation to Blood Pressure and Severity of Disease. Am J Hypertens
20:44-52.

Gleeson JG, Peter T L, Flanagan LA, Walsh CA (1999) Doublecortin is a microtubule-
associated protein and is expressed widely by migrating neurons. Neuron 23:257—
271.

Goldfarb E V., Chun MM, Phelps EA (2016) Memory-Guided Attention: Independent
Contributions of the Hippocampus and Striatum. Neuron 89:317-324 Available at:
http://dx.doi.org/10.1016/j.neuron.2015.12.014.

Gonzaga C, Bertolami A, Bertolami M, Amodeo C, Calhoun D (2015) Obstructive sleep
apnea, hypertension and cardiovascular diseases. J Hum Hypertens 29:705-712
Available at: http://dx.doi.org/10.1038/jhh.2015.15.

Goodman T, Trouche S, Massou |, Verret L, Zerwas M, Roullet P, Rampon C (2010)
Young hippocampal neurons are critical for recent and remote spatial memory in
adult mice. Neuroscience 171:769—778 Available at:
http://dx.doi.org/10.1016/j.neuroscience.2010.09.047.

Gottlieb DJ, Yenokyan G, Newman AB, O’Connor GT, Punjabi NM, Quan SF, Redline
S, Resnick HE, Tong EK, Diener-West M, Shahar E (2010) Prospective study of
obstructive sleep apnea and incident coronary heart disease and heart failure: The
sleep heart health study. Circulation 122:352-360.

Gozal D, Daniel JM, Dohanich GP (2001) Behavioral and anatomical correlates of
chronic episodic hypoxia during sleep in the rat. J Neurosci 21:2442-2450
Available at:
http://www.ncbi.nlm.nih.gov/pubmed/11264318%5Cnhttp://www.jneurosci.org/conte
nt/21/7/2442.abstract.

Gozal D, Khalyfa A, Capdevila OS, Kheirandish-Gozal L, Khalyfa A a., Kim J (2012)
Cognitive Function in Prepubertal Children with Obstructive Sleep Apnea: A
Modifying Role for NADPH Oxidase p22 Subunit Gene Polymorphisms? Antioxid
Redox Signal 16:171-177.

Gozal D, Nair D, Goldbart AD (2010) Physical activity attenuates intermittent hypoxia-
induced spatial learning deficits and oxidative stress. Am J Respir Crit Care Med
182:104-112.

Gozal D, Row BW, Gozal E, Kheirandish L, Neville JJ, Brittian KR, Sachleben LR, Guo
SZ (2003) Temporal aspects of spatial task performance during intermittent hypoxia
in the rat: evidence for neurogenesis. Eur J Neurosci 18:2335-2342 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/14622195.

Gozal D, Serpero LD, Sans Capdevila O, Kheirandish-Gozal L (2008) Systemic
inflammation in non-obese children with obstructive sleep apnea. Sleep Med
9:254-259.

Gratzner HG (1982) Monoclonal antibody to 5-bromo- and 5-iododeoxyuridine: A new
reagent for detection of DNA replication. Science 218:474—475.

Grunstein RR, Stenlof K, Hedner JA, Peltonen M, Karason K, Sjostrom L (2007) Two
year reduction in sleep apnea symptoms and associated diabetes incidence after
weight loss in severe obesity. Sleep 30:703—710 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/17580591%5Cnhttp://www.pubmedcentral.nih.
gov/articlerender.fcgi?artid=PMC1978357.

Gu Y, Arruda-Carvalho M, Wang J, Janoschka SR, Josselyn SA, Frankland PW, Ge S

124



(2012) Optical controlling reveals time-dependent roles for adult-born dentate
granule cells. Nat Neurosci 15:1700-1706 Available at:
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3509272&tool=pmcentre
z&rendertype=abstract.

Guilleminault C, Tilkian A, Dement WC (1976) The sleep apnea syndromes. Annu Rev
Med 27:465—-484 Available at: http://www.ncbi.nlm.nih.gov/pubmed/180875.

Guo J, Yu C, LiH, Liu F, Feng R, Wang H, Meng Y, Li Z, Ju G, Wang J (2010) Impaired
neural stem/progenitor cell proliferation in streptozotocin-induced and spontaneous
diabetic mice. Neurosci Res 68:329-336 Available at:
http://dx.doi.org/10.1016/j.neures.2010.08.012.

Hamanaka RB, Chandel NS (2010) Mitochondrial reactive oxygen species regulate
cellular signaling and dictate biological outcomes. Trends Biochem Sci 35:505-513
Available at: http://www.ncbi.nlm.nih.gov/pubmed/20430626.

Han Y-G, Spassky N, Romaguera-Ros M, Garcia-Verdugo J-M, Aguilar A, Schneider-
Maunoury S, Alvarez-Buylla A (2008) Hedgehog signaling and primary cilia are
required for the formation of adult neural stem cells. Nat Neurosci 11:277-284
Available at: http://www.nature.com/doifinder/10.1038/nn2059.

Harrison FE, Reiserer RS, Tomarken AJ, McDonald MP (2006) Spatial and nonspatial
escape strategies in the Barnes maze. Learn Mem 13:809-819 Available at:
http://www.learnmem.org/cgi/doi/10.1101/Im.334306.

Harry GJ, D’Hellencourt CL (2003) Dentate gyrus: Alterations that occur with
hippocampal injury. Neurotoxicology 24:343-356.

Hayano J, Yasuma F, Okada A, Mukai S, Fujinami T (1996) Respiratory sinus
arrhythmia. A phenomenon improving pulmonary gas exchange and circulatory
efficiency. Circulation 94:842-847 Available at:
http://circ.ahajournals.org/content/94/4/842.abstract.

Hayashi T, Yamashita C, Matsumoto C, Kwak C, Fujii K, Hirata T, Miyamura M, Mori T,
Ukimura A, Okada Y, Matsumura Y, Kitaura Y (2008) Role of gp91 phox -
containing NADPH oxidase in left ventricular remodeling induced by intermittent
hypoxic stress. Am J Physiol Heart Circ Physiol 294:H2197-H2203.

Hein M, Lanquart J-P, Loas G, Hubain P, Linkowski P (2017) Prevalence and risk
factors of moderate to severe obstructive sleep apnea syndrome in insomnia
sufferers: a study on 1311 subjects. Respir Res 18:135 Available at:
http://respiratory-research.biomedcentral.com/articles/10.1186/s12931-017-0616-8.

Heinzer R, Vat S, Marques-Vidal P, Marti-Soler H, Andries D, Tobback N, Mooser V,
Preisig M, Malhotra A, Waeber G, Vollenweider P, Tafti M, Haba-Rubio J (2015)
Prevalence of sleep-disordered breathing in the general population: the HypnoLaus
study. Lancet Respir Med 3:310-318 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/28299348.

Heneka MT et al. (2015) Neuroinflammation in Alzheimer’s disease. Lancet Neurol
14:388-405.

Hensley K, Mhatre M, Mou S, Pye QN, Stewart C, West M, Williamson KS (2006) On
the Relation of Oxidative Stress to Neuroinflammation: Lessons Learned from the
G93A-SOD1 Mouse Model of Amyotrophic Lateral Sclerosis. Antioxid Redox Signal
8:2075-2087 Available at:
http://www.liebertonline.com/doi/abs/10.1089/ars.2006.8.2075.

125



Hernandez-Rabaza V, Llorens-Martin M, Velazquez-Sanchez C, Ferragud A, Arcusa A,
Gumus HG, Gomez-Pinedo U, Pérez-Villalba A, Rosell6 J, Trejo JL, Barcia JA,
Canales JJ (2009) Inhibition of adult hippocampal neurogenesis disrupts contextual
learning but spares spatial working memory, long-term conditional rule retention
and spatial reversal. Neuroscience 159:59-68 Available at:
http://dx.doi.org/10.1016/j.neuroscience.2008.11.054.

Hodge RD, Hevner RF (2011) Expression and actions of transcription factors in adult
hippocampal neurogenesis. Dev Neurobiol 71:680—689.

Hodge RD, Kowalczyk TD, Wolf S a, Encinas JM, Rippey C, Enikolopov G,
Kempermann G, Hevner RF (2008) Intermediate progenitors in adult hippocampal
neurogenesis: Tbr2 expression and coordinate regulation of neuronal output. J
Neurosci 28:3707-3717 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/18385329.

Hodge RD, Nelson BR, Kahoud RJ, Yang R, Mussar KE, Reiner SL, Hevner RF (2012)
Tbr2 is essential for hippocampal lineage progression from neural stem cells to
intermediate progenitors and neurons. J Neurosci 32:6275-6287 Available at:
http://www.jneurosci.org/cgi/doi/10.1523/JNEUROSCI.0532-12.2012.

Horner RL (2007) Respiratory motor activity: influence of neuromodulators and
implications for sleep disordered breathing. Can J Physiol Pharmacol 85:155—-165.

Hota SK, Barhwal K, Singh SB, llavazhagan G (2008) Chronic hypobaric hypoxia
induced apoptosis in CA1 region of hippocampus: a possible role of NMDAR
mediated p75NTR upregulation. Exp Neurol 212:5-13 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/18466900.

Hoth KF, Zimmerman ME, Meschede KA, Arnedt JT, Aloia MS (2013) Obstructive sleep
apnea: impact of hypoxemia on memory. Sleep Breath 17:811-817 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/23065547.

Hoyos CM, Killick R, Yee BJ, Grunstein RR, Liu PY (2012) Effects of testosterone
therapy on sleep and breathing in obese men with severe obstructive sleep
apnoea: A randomized placebo-controlled trial. Clin Endocrinol (Oxf) 77:599-607.

Hunsaker MR, Rosenberg JS, Kesner RP (2008) The role of the dentate gyrus, CA3a,b,
and CA3c for detecting spatial and environmental novelty. Hippocampus 18:1064—
1073.

Huxtable AG, Smith SMC, Vinit S, Watters JJ, Mitchell GS (2013) Systemic LPS
induces spinal inflammatory gene expression and impairs phrenic long-term
facilitation following acute intermittent hypoxia. J Appl Physiol 114:879-887
Available at:
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=36334 37 &tool=pmcentre
z&rendertype=abstract.

Iftikhar IH, Bittencourt L, Youngstedt SD, Ayas N, Cistulli P, Schwab R, Durkin MW,
Magalang UJ (2017) Comparative efficacy of CPAP, MADs, exercise-training, and
dietary weight loss for sleep apnea: a network meta-analysis. Sleep Med 30:7-14
Available at: http://dx.doi.org/10.1016/j.sleep.2016.06.001.

Iftikhar IH, Kline CE, Youngstedt SD (2014) Effects of exercise training on sleep apnea:
a meta-analysis. Lung 192:175-184 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/24077936.

Ikkai A, Curtis CE (2011) Common neural mechanisms supporting spatial working

126



memory, attention and motor intention. Neuropsychologia 49:1428-1434 Available
at: http://dx.doi.org/10.1016/j.neuropsychologia.2010.12.020.

Imayoshi |, Sakamoto M, Ohtsuka T, Takao K, Miyakawa T, Yamaguchi M, Mori K,
Ikeda T, Itohara S, Kageyama R (2008) Roles of continuous neurogenesis in the
structural and functional integrity of the adult forebrain. Nat Neurosci 11:1153-1161
Available at: http://www.ncbi.nlm.nih.gov/pubmed/18758458.

Ip MS, Lam B, Chan LY, Zheng L, Tsang KW, Fung PC, Lam WK (2000) Circulating
nitric oxide is suppressed in obstructive sleep apnea and is reversed by nasal
continuous positive airway pressure. Am J Respir Crit Care Med 162:2166-2171
Available at:
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Ci
tation&list_uids=11112132.

Ip MSM, Lam B, Lauder IJ, Tsang KWT, Chung KF, Mok YW, Lam WK (2001) A
community study of sleep-disordered breathing in middle-aged Chinese men in
Hong Kong. Chest 119:62—69 Available at:
http://dx.doi.org/10.1378/chest.119.1.62.

Ip MSM, Lam B, Ng MMT, Lam WAHKIT, Tsang KWT, Lam KSL (2002) Obstructive
Sleep Apnea Is Independently Associated with Insulin Resistance. Am J Respir Crit
Care Med 165:670-676.

Ip MSM, Lam B, Tang LCH, Lauder IJ, Ip TY, Lam WK (2004) A Community Study of
Sleep-Disordered Breathing in Middle-Aged Chinese Women in Hong Kong:
Prevalence and Gender Differences. Chest 125:127-134 Available at:
http://dx.doi.org/10.1378/chest.125.1.127.

Izquierdo |, Cammarota M, Da Silva WC, Bevilaqua LR, Rossato JI, Bonini JS, Mello P,
Benetti F, Costa JC, Medina JH (2008) The evidence for hippocampal long-term
potentiation as a basis of memory for simple tasks. Ann Brazilian Acad Sci 80:115—
127.

Jackson-Guilford J, Leander JD, Nisenbaum LK (2000) The effect of streptozotocin-
induced diabetes on cell proliferation in the rat dentate gyrus. Neurosci Lett
293:91-94 Available at: http://www.ncbi.nlm.nih.gov/pubmed/11027841.

Jackson ML, Howard ME, Barnes M (2011) Cognition and daytime functioning in sleep-
related breathing disorders. Prog Brain Res 190:53—68 Available at:
http://dx.doi.org/10.1016/B978-0-444-53817-8.00003-7.

Jacobs NS, Allen TA, Nguyen N, Fortin NJ (2013) Critical Role of the Hippocampus in
Memory for Elapsed Time. J Neurosci 33:13888-13893 Available at:
http://www.jneurosci.org/cgi/doi/10.1523/JNEUROSCI.1733-13.2013.

Javaheri S (2006) Sleep disorders in systolic heart failure: a prospective study of 100
male patients. The final report. Int J Cardiol 106:21-28 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/16321661.

Jennum P, Tgnnesen P, Ibsen R, Kjellberg J (2017) Obstructive sleep apnea: effect of
comorbidities and positive airway pressure on all-cause mortality. Sleep Med
36:62—66 Available at: http://dx.doi.org/10.1016/j.sleep.2017.04.018.

Jessberger S, Clark RE, Broadbent NJ, Gregory D Clemenson J, Consiglio A, Lie DC,
Squire LR, Gage FH (2009) Dentate gyrus-specific knockdown of adult
neurogenesis impairs spatial and object recognition memory in adult rats. Learn
Mem 16:147-154.

127



Jessberger S, Parent JM (2015) Epilepsy and adult neurogenesis. Cold Spring Harb
Perspect Biol 7.

Jin K, Peel AL, Mao XO, Xie L, Cottrell BA, Henshall DC, Greenberg DA (2004)
Increased hippocampal neurogenesis in Alzheimer’s disease. Proc Natl Acad Sci
101:343-347 Available at: http://www.pnas.org/cgi/doi/10.1073/pnas.2634794100.

Jin K, Wang X, Xie L, Mao XO, Zhu W, Wang Y, Shen J, Mao Y, Banwait S, Greenberg
DA (2006) Evidence for stroke-induced neurogenesis in the human brain. Proc Natl
Acad Sci U S A 103:13198-13202 Available at:
http://www.pnas.org/content/103/35/13198.full.

Johansson P, Alehagen U, Ulander M, Svanborg E, Dahlstrom U, Brostrom A (2011)
Sleep disordered breathing in community dwelling elderly: Associations with
cardiovascular disease, impaired systolic function, and mortality after a six-year
follow-up. Sleep Med 12:748-753 Available at:
http://dx.doi.org/10.1016/j.sleep.2011.03.012.

Jones K, Harrison Y (2001) Frontal lobe function, sleep loss and fragmented sleep.
Sleep Med Rev 5:463—-475 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/12531154.

Jordan AS, McEvoy RD (2003) Gender differences in sleep apnea: Epidemiology,
clinical presentation and pathogenic mechanisms. Sleep Med Rev 7:377-3809.

Jung R, Kuhlo W (1965) Neurophysiological Studies of Abnormal Night Sleep and the
Pickwickian Syndrome. In: Sleep Mechanisms (Akert K, Bally C, Schadé JP, eds),
pp 140-159 Progress in Brain Research. Elsevier. Available at:
http://www.sciencedirect.com/science/article/pii/S0079612308635906.

Kabir MM, Kohler M, Pamula Y, Martin J, Kennedy D, Abbott D, Baumert M (2013)
Respiratory sinus arrhythmia during sleep in children with upper airway obstruction.
J Sleep Res 22:463-470 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/23398203.

Kahn A, Blum D, Rebuffat E, Sottiaux M, Levitt J, Bochner A, Alexander M,
Grosswasser J, Muller MF (1988) Polysomnographic studies of infants who
subsequently died of sudden infant death syndrome. Pediatrics 82:721-727
Available at: http://www.ncbi.nlm.nih.gov/pubmed/3186351.

Kalman E, Keay KA (2014) Different patterns of morphological changes in the
hippocampus and dentate gyrus accompany the differential expression of disability
following nerve injury. J Anat 225:591-603.

Kamsler A, Segal M (2003) Hydrogen peroxide modulation of synaptic plasticity. J
Neurosci 23:269-276.

Kan H, Hu W, Wang Y, Wu W, Yin Y, Liang Y, Wang C, Huang D, Li W (2015) NADPH
oxidase-derived production of reactive oxygen species is involved in learning and
memory impairments in 16-month-old female rats. Mol Med Rep 12:4546-4553
Available at: http://www.ncbi.nlm.nih.gov/pubmed/2605894 3.

Kaneko Y, Hajek VE, Zivanovic V, Raboud J, Bradley TD (2003) Relationship of sleep
apnea to functional capacity and length of hospitalization following stroke. Sleep
26:293-297.

Kaplan MS, Bell DH (1984) Mitotic neuroblasts in the 9-day-old and 11-month-old
rodent hippocampus. J Neurosci 4:1429-1441.

Kaplan MS, Hinds JW (1977) Neurogenesis in the adult rat: electron microscopic

128



analysis of light radioautographs. Science 197:1092—1094.

Kato M, Roberts-thomson P, Phillips BG, Haynes WG, Winnicki M, Accurso V, Somers
VK (2000) Impairment of Endothelium-Dependent Vasodilation of Resistance
Vessels in Patients With Obstructive Sleep Apnea. :2607-2611.

Kawaguchi D, Furutachi S, Kawai H, Hozumi K, Gotoh Y (2013) DII1 maintains
quiescence of adult neural stem cells and segregates asymmetrically during
mitosis. Nat Commun 4:1880 Available at: http://dx.doi.org/10.1038/ncomms2895.

Kee N, Teixeira CM, Wang AH, Frankland PW (2007) Preferential incorporation of adult-
generated granule cells into spatial memory networks in the dentate gyrus. Nat
Neurosci 10:355-362 Available at:
http://www.nature.com/doifinder/10.1038/nn1847%5Cnpapers3://publication/doi/10.
1038/nn1847.

Kempermann G, Chesler EJ, Lu L, Williams RW, Gage FH (2006) Natural variation and
genetic covariance in adult hippocampal neurogenesis. Proc Natl Acad SciU S A
103:780-785 Available at:
http://eutils.ncbi.nim.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&id=16407118
&retmode=ref&cmd=prlinks%5Cnpapers3://publication/doi/10.1073/pnas.05102911
03.

Kempermann G, Jessberger S, Steiner B, Kronenberg G (2004) Milestones of neuronal
development in the adult hippocampus. Trends Neurosci 27:447-452.

Kempermann G, Kuhn HG, Gage FH (1997) More hippocampal neurons in adult mice
living in an enriched environment. Nature 386:493—495 Available at:
http://www.nature.com/doifinder/10.1038/386493a0.

Kendzerska T, Gershon AS, Hawker G, Tomlinson G, Leung RS (2014) Obstructive
Sleep Apnea and Incident Diabetes. A Historical Cohort Study. Am J Respir Crit
Care Med 190:218-225 Available at:
http://www.atsjournals.org/doi/abs/10.1164/rccm.201312-22090C.

Kesner RP, Taylor JO, Hoge J, Andy F (2015) Role of the dentate gyrus in mediating
object-spatial configuration recognition. Neurobiol Learn Mem 118:42—48 Available
at: http://dx.doi.org/10.1016/j.nIm.2014.11.004.

Khan A, Ramar K, Maddirala S, Friedman O, Pallanch JF, Olson EJ (2009)
Uvulopalatopharyngoplasty in the management of obstructive sleep apnea: the
mayo clinic experience. Mayo Clin Proc 84:795-800 Available at:
http://dx.doi.org/10.4065/84.9.795.

Khan S a, Nanduri J, Yuan G, Kinsman B, Kumar GK, Joseph J, Kalyanaraman B,
Prabhakar NR (2011) NADPH oxidase 2 mediates intermittent hypoxia-induced
mitochondrial complex | inhibition: relevance to blood pressure changes in rats.
Antioxid Redox Signal 14:533-542.

Kheirandish L, Row BW, Li RC, Brittian KR, Gozal D (2005) Apolipoprotein E-deficient
mice exhibit increased vulnerability to intermittent hypoxia-induced spatial learning
deficits. Sleep 28:1412-1417.

Kheirbek MA, Drew LJ, Burghardt NS, Costantini DO, Tannenholz L, Ahmari SE, Zeng
H, Fenton AA, Henl R (2013) Differential control of learning and anxiety along the
dorsoventral axis of the dentate gyrus. Neuron 77:955-968.

Kim H, Joo E, Suh S, Kim J-H, Kim ST, Hong SB (2016) Effects of long-term treatment
on brain volume in patients with obstructive sleep apnea syndrome. Hum Brain

129



Mapp 37:395—409 Available at: http://doi.wiley.com/10.1002/hbm.23038.

Kim JJ, Diamond DM (2002) THE STRESSED HIPPOCAMPUS, SYNAPTIC
PLASTICITY AND LOST MEMORIES. Nat Rev 3:453—-462.

Kim JK, In KH, Kim JH, You SH, Kang KH, Shim JJ, Lee SY, Lee JB, Lee SG, Park C,
Shin C (2004) Prevalence of sleep-disordered breathing in middle-aged Korean
men and women. Am J Respir Crit Care Med 170:1108-1113.

Kippin TE, Martens DJ, van der Kooy D (2005) p21 loss compromises the relative
quiescence of forebrain stem cell proliferation leading to exhaustion of their
proliferation capacity. Genes Dev 19:756—767 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/15769947.

Kishi T (2012) Heart failure as an autonomic nervous system dysfunction. J Cardiol
59:117-122 Available at: http://dx.doi.org/10.1016/j.jjcc.2011.12.006.

Klann E, Roberson ED, Knapp LT, Sweatt JD (1998) A role for superoxide in protein
kinase C activation and induction of long-term potentiation. J Biol Chem 273:4516—
4522 Available at: http://www.ncbi.nlm.nih.gov/pubmed/9468506.

Kleisiaris CF, Kritsotakis El, Daniil Z, Tzanakis N, Papaioannou A, Gourgoulianis Kl
(2014) The prevalence of obstructive sleep apnea-hypopnea syndrome-related
symptoms and their relation to airflow limitation in an elderly population receiving
home care. Int J Chron Obstruct Pulmon Dis 9:1111-1117 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/25336942.

Kline CE, Crowley EP, Ewing GB, Burch JB, Blair SN, Durstine JL, Davis JM,
Youngstedt SD (2011) The effect of exercise training on obstructive sleep apnea
and sleep quality: a randomized controlled trial. Sleep 34:1631-1640 Available at:
https://academic.oup.com/sleep/article-lookup/doi/10.5665/sleep.1422.

Knauert M, Naik S, Gillespie MB, Kryger M (2015) Clinical consequences and economic
costs of untreated obstructive sleep apnea syndrome. World J Otorhinolaryngol
Neck Surg 1:17-27 Available at:
http://linkinghub.elsevier.com/retrieve/pii/S2095881115300081.

Knierim JJ (2015) The hippocampus. Curr Biol 25:R1116-R1121.

Koch H, Zanella S, Elsen GE, Smith L, Doi A, Garcia AJ, Wei AD, Xun R, Kirsch S,
Gomez CM, Hevner RF, Ramirez J-M (2013) Stable respiratory activity requires
both P/Q-type and N-type voltage-gated calcium channels. J Neurosci 33:3633—
3645 Available at: http://www.jneurosci.org/cgi/doi/10.1523/JNEUROSCI.6390-
11.2013.

Koo BB, Patel SR, Strohl K, Hoffstein V (2008) Rapid eye movement-related sleep-
disordered breathing: Influence of age and gender. Chest 134:1156-1161 Available
at: http://dx.doi.org/10.1378/chest.08-1311.

Koo JW, Duman RS (2008) IL-1beta is an essential mediator of the antineurogenic and
anhedonic effects of stress. Proc Natl Acad Sci U S A 105:751-756 Available at:
http://www.pnas.org/cgi/doi/10.1073/pnas.0708092105.

Kotterba S, Rasche K, Widdig W, Duscha C, Blombach S, Schultze-Werninghaus G,
Malin JP (1998) Neuropsychological investigations and event-related potentials in
obstructive sleep apnea syndrome before and during CPAP-therapy. J Neurol Sci
159:45-50.

Kronenberg G, Bick-Sander A, Bunk E, Wolf C, Ehninger D, Kempermann G (2005)
Physical exercise prevents age-related decline in precursor cell activity in the

130



mouse dentate gyrus. Neurobiol Aging 27:1505-1513.

Kuhn HG, Dickinson-Anson H, Gage FH (1996) Neurogenesis in the dentate gyrus of
the adult rat: age-related decrease of neuronal progenitor proliferation. J Neurosci
16:2027-2033 Available at: http://www.ncbi.nim.nih.gov/pubmed/8604047.

Kumar GK, Prabhakar NR (2008) Post-translational modification of proteins during
intermittent hypoxia. Respir Physiol Neurobiol 164:272—-276 Available at:
http://www.sciencedirect.com/science/article/pii/S1569904808001559.

Kumar GK, Rai V, Sharma SD, Ramakrishnan DP, Peng Y-J, Souvannakitti D,
Prabhakar NR (2006) Chronic intermittent hypoxia induces hypoxia-evoked
catecholamine efflux in adult rat adrenal medulla via oxidative stress. J Physiol
575:229-239 Available at:
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1819426&tool=pmcentre
z&rendertype=abstract.

Kumar R, Macey PM, Cross RL, Woo MA, Yan-Go FL, Harper RM (2009) Neural
alterations associated with anxiety symptoms in obstructive sleep apnea syndrome.
Depress Anxiety 26:480—491 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/18828142.

Kuniyoshi FHS, Garcia-Touchard A, Gami AS, Romero-Corral A, van der Walt C,
Pusalavidyasagar S, Kara T, Caples SM, Pressman GS, Vasquez EC, Lopez-
Jimenez F, Somers VK (2008) Day-night variation of acute myocardial infarction in
obstructive sleep apnea. J Am Coll Cardiol 52:343-346 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/18652941.

Kushida CA et al. (2012) Effects of continuous positive airway pressure on
neurocognitive function in obstructive sleep apnea patients: The Apnea Positive
Pressure Long-term Efficacy Study (APPLES). Sleep 35:1593-1602 Available at:
https://academic.oup.com/sleep/article-lookup/doi/10.5665/sleep.2226.

Kushida CA, Littner MR, Hirshkowitz M, Morgenthaler Tl, Alessi CA, Bailey D,
Boehlecke B, Brown TM, Coleman JJ, Friedman L, Kapen S, Kapur VK, Kramer M,
Lee-Chiong T, Owens J, Pancer JP, Swick TJ, Wise MS (2006) Practice
parameters for the use of continuous and bilevel positive airway pressure devices
to treat adult patients with sleep-related breathing disorders. Sleep 29:375-380.

Kylstra WA, Aaronson JA, Hofman WF, Schmand BA (2013) Neuropsychological
functioning after CPAP treatment in obstructive sleep apnea: a meta-analysis.
Sleep Med Rev 17:341-347 Available at:
http://dx.doi.org/10.1016/j.smrv.2012.09.002.

Lagali PS, Corcoran CP, Picketts DJ (2010) Hippocampus development and function:
role of epigenetic factors and implications for cognitive disease. Clin Genet 78:321—
333 Available at: http://www.ncbi.nIm.nih.gov/pubmed/20681996.

Lam B, Ip MSM, Tench E, Ryan CF (2005) Craniofacial profile in Asian and white
subjects with obstructive sleep apnoea. Thorax 60:504-510 Available at:
http://thorax.bmj.com/cgi/doi/10.1136/thx.2004.031591.

Laurberg S (1979) Commissural and intrinsic connections of the rat hippocampus. J
Comp Neurol 184:685-708.

Lavado A, Lagutin O V., Chow LML, Baker SJ, Oliver G (2010) Prox1 Is required for
granule cell maturation and intermediate progenitor maintenance during brain
neurogenesis. PLoS Biol 8:43-44.

131



Lavery CE, Mittleman MA, Cohen MC, Muller JE, Verrier RL (1997) Nonuniform
nighttime distribution of acute cardiac events: a possible effect of sleep states.
Circulation 96:3321-3327.

Lavie L (2015) Oxidative stress in obstructive sleep apnea and intermittent hypoxia -
Revisited - The bad ugly and good: Implications to the heart and brain. Sleep Med
Rev 20:27-45 Available at: http://dx.doi.org/10.1016/j.smrv.2014.07.003.

Lazarov O, Mattson MP, Peterson D a., Pimplikar SW, van Praag H (2010) When
neurogenesis encounters aging and disease. Trends Neurosci 33:569-579
Available at: http://dx.doi.org/10.1016/j.tins.2010.09.003.

Lee SD, Kang S-H, Ju G, Han JW, Kim TH, Lee CS, Kim T, Kim KW, Yoon I-Y (2014)
The prevalence of and risk factors for sleep-disordered breathing in an elderly
Korean population. Respiration 87:372-378.

Lehmann ML, Brachman RA, Martinowich K, Schloesser RJ, Herkenham M (2013)
Glucocorticoids orchestrate divergent effects on mood through adult neurogenesis.
J Neurosci 33:2961-2972 Available at:
http://www.jneurosci.org/cgi/doi/10.1523/JNEUROSCI.3878-12.2013.

Leng Y, McEvoy CT, Allen IE, Yaffe K (2017) Association of Sleep-Disordered
Breathing With Cognitive Function and Risk of Cognitive Impairment: A Systematic
Review and Meta-analysis. JAMA Neurol 74:1237—-1245 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/28846764.

Leppanen T, Kulkas A, Duce B, Mervaala E, Toyras J (2017) Severity of individual
obstruction events is gender dependent in sleep apnea. Sleep Breath 21:397-404
Available at: http://www.ncbi.nlm.nih.gov/pubmed/27966055.

Lettieri CJ, Williams SG, Collen JF, Wickwire EM (2017) Treatment of Obstructive Sleep
Apnea. Sleep Med Clin 12:551-564 Available at:
http://linkinghub.elsevier.com/retrieve/pii/S1556407X17300929.

Li KK, Kushida C, Powell NB, Riley RW, Guilleminault C (2000) Obstructive sleep
apnea syndrome: a comparison between Far-East Asian and white men.
Laryngoscope 110:1689-1693 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/11037826.

LiZ, LiY, Yang L, Li T, Lei F, Vgontzas AN, Tang X (2015) Characterization of
obstructive sleep apnea in patients with insomnia across gender and age. Sleep
Breath 19:723-727.

Liang HL, Hilton G, Mortensen J, Regner K, Johnson CP, Nilakantan V (2009a)
MnTMPyP , a cell-permeant SOD mimetic , reduces oxidative stress and apoptosis
following renal ischemia-reperfusion. Am J Physiol - Ren Physiol 296:266-276.

Liang HL, Hilton G, Mortensen J, Regner K, Johnson CP, Nilakantan V (2009b)
MnTMPyP, a cell-permeant SOD mimetic, reduces oxidative stress and apoptosis
following renal ischemia-reperfusion. Am J Physiol Renal Physiol 296:F266—F276.

Licht T, Goshen I, Avital A, Kreisel T, Zubedat S, Eavri R, Segal M, Yirmiya R, Keshet E
(2011) Reversible modulations of neuronal plasticity by VEGF. Proc Natl Acad Sci
US A 108:5081-5086.

Lie D-C, Colamarino SA, Song H-J, Désiré L, Mira H, Consiglio A, Lein ES, Jessberger
S, Lansford H, Dearie AR, Gage FH (2005) Wnt signalling regulates adult
hippocampal neurogenesis. Nature 437:1370-1375 Available at:
http://www.nature.com/doifinder/10.1038/nature04108.

132



Lieberwirth C, Pan Y, Liu Y, Zhang Z, Wang Z (2016) Hippocampal adult neurogenesis:
Its regulation and potential role in spatial learning and memory. Brain Res
1644:127-140 Available at: http://dx.doi.org/10.1016/j.brainres.2016.05.015.

Lieske SP, Thoby-Brisson M, Telgkamp P, Ramirez JM (2000) Reconfiguration of the
neural network controlling multiple breathing patterns: eupnea, sighs and gasps
[see comment]. Nat Neurosci 3:600-607 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/10816317.

Lin C, Chen C, Lu M, Tsai C, Chiou J (2013) VBM reveals brain volume differences
between Parkinson ’ s disease and essential tremor patients. Front Hum Neurosci
7:1-10.

Lindberg E, Benediktsdottir B, Franklin KA, Holm M, Johannessen A, Jogi R, Gislason
T, Real FG, Schlinssen V, Janson C (2017) Women with symptoms of sleep-
disordered breathing are less likely to be diagnosed and treated for sleep apnea
than men. Sleep Med 35:17-22 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/28619177.

Lindvall O, Kokaia Z (2015) Neurogenesis following stroke affecting the adult brain.
Cold Spring Harb Perspect Biol 7:1-20.

Linz D, Schotten U, Neuberger H-R, Bohm M, Wirth K (2011) Negative tracheal
pressure during obstructive respiratory events promotes atrial fibrillation by vagal
activation. Hear Rhythm 8:1436—-1443 Available at:
http://dx.doi.org/10.1016/j.hrthm.2011.03.053.

Liu PY, Yee B, Wishart SM, Jimenez M, Jung DG, Grunstein RR, Handelsman DJ
(2003) The short-term effects of high-dose testosterone on sleep, breathing, and
function in older men. J Clin Endocrinol Metab 88:3605-3613.

Liu X, Wang Q, Haydar TF, Bordey A (2005) Nonsynaptic GABA signaling in postnatal
subventricular zone controls proliferation of GFAP-expressing progenitors. Nat
Neurosci 8:1179—-1187 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/16116450.

Logan AG, Perlikowski SM, Mente A, Tisler A, Tkacova R, Niroumand M, Leung RS,
Bradley TD (2001) High prevalence of unrecognized sleep apnoea in drug-resistant
hypertension. J Hypertens 19:2271-2277.

Legmo T (1966) Frequency potentiation of excitatory synaptic activity in the dentate area
of the hippocampal formation. Acta Physiol Scand 68:128.

Lépez-Padilla D, Alonso-Moralejo R, Martinez-Garcia MA, De la Torre Carazo S, Diaz
de Atauri MJ (2016) Continuous positive airway pressure and survival of very
elderly persons with moderate to severe obstructive sleep apnea. Sleep Med
19:23-29 Available at: http://dx.doi.org/10.1016/j.sleep.2015.10.015.

Louis M, Punjabi NM (2009) Effects of acute intermittent hypoxia on glucose
metabolism in awake healthy volunteers. :1538—1544.

Lugert S, Basak O, Knuckles P, Haussler U, Fabel K, G6tz M, Haas CA, Kempermann
G, Taylor V, Giachino C (2010) Quiescent and active hippocampal neural stem
cells with distinct morphologies respond selectively to physiological and
pathological stimuli and aging. Cell Stem Cell 6:445-456.

Macaulay IC, Voet T (2014) Single Cell Genomics: Advances and Future Perspectives.
PLoS Genet 10.

Macey PM, Kumar R, Woo M a, Valladares EM, Yan-Go FL, Harper RM (2008) Brain

133



structural changes in obstructive sleep apnea. Sleep 31:967-977.

Madisen L et al. (2012) A toolbox of Cre-dependent optogenetic transgenic mice for
light-induced activation and silencing. Nat Neurosci 15:793—-802.

Madsen TM, Kristjansen PEG, Bolwig TG, Woértwein G (2003) Arrested neuronal
proliferation and impaired hippocampal function following fractionated brain
irradiation in the adult rat. Neuroscience 119:635-642.

Maekawa M, Namba T, Suzuki E, Yuasa S, Kohsaka S, Uchino S (2009) NMDA
receptor antagonist memantine promotes cell proliferation and production of mature
granule neurons in the adult hippocampus. Neurosci Res 63:259-266.

Maiti P, Singh SB, Mallick B, Muthuraju S, llavazhagan G (2008) High altitude memory
impairment is due to neuronal apoptosis in hippocampus, cortex and striatum. J
Chem Neuroanat 36:227-238 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/18692566.

Malairaman U, Dandapani K, Katyal A (2014) Effect of Ca2ZEDTA on zinc mediated
inflammation and neuronal apoptosis in hippocampus of an in vivo mouse model of
hypobaric hypoxia. PLoS One 9:e110253 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/25340757.

Marin JM, Carrizo SJ, Vicente E, Agusti AGN (2005) Long-term cardiovascular
outcomes in men with obstructive sleep apnoea-hypopnoea with or without
treatment with continuous positive airway pressure: an observational study. Lancet
(London, England) 365:1046—1053 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/15781100.

Marshall NS, Wong KKH, Cullen SRJ, Knuiman MW, Grunstein RR (2014) Sleep apnea
and 20-year follow-up for all-cause mortality, stroke, and cancer incidence and
mortality in the Busselton Health Study cohort. J Clin Sleep Med 10:355-362
Available at:
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=396037 5&tool=pmcentre
z&rendertype=abstract.

Marshall NS, Wong KKH, Liu PY, Cullen SRJ, Knuiman MW, Grunstein RR (2008)
Sleep apnea as an independent risk factor for all-cause mortality: the Busselton
Health Study. Sleep 31:1079-1085 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/18714779%5Cnhttp://www.pubmedcentral.nih.
gov/articlerender.fcgi?artid=PMC2542953.

Martin SE, Brander PE, Deary |J, Douglas NJ (1999) The effect of clustered versus
regular sleep fragmentation on daytime function. J Sleep Res 8:305-311 Available
at: http://www.ncbi.nlm.nih.gov/pubmed/10646171.

Martin SE, Engleman HM, Deary |J, Douglas NJ (1996) The effect of sleep
fragmentation on daytime function. Am J Respir Crit Care Med 153:1328-1332
Available at: http://www.ncbi.nlm.nih.gov/pubmed/8616562.

Martin SJ, Grimwood PD, Morris RGM (2000) SYNAPTIC PLASTICITY AND
MEMORY : An Evaluation of the Hypothesis. Annu Rev Neurosci 23:649-711.

Marxreiter F, Regensburger M, Winkler J (2013) Adult neurogenesis in Parkinson’s
disease. Cell Mol Life Sci 70:459-473.

Matsumoto AM, Sandblom RE, Schoene RB, Lee KA, Giblin EC, Pierson DJ, Bremner
WJ (1985) Testosterone replacement in hypogonadal men: effects on obstructive
sleep apnoea, respiratory drives, and sleep. Clin Endocrinol (Oxf) 22:713-721.

134



May AM, Mehra R (2014) Obstructive sleep apnea: role of intermittent hypoxia and
inflammation. Semin Respir Crit Care Med 35:531-544 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/25333334.

Mazumdar J, O’Brien WT, Johnson RS, LaManna JC, Chavez JC, Klein PS, Simon MC
(2010) O2 regulates stem cells through Wnt/B-catenin signalling. Nat Cell Biol
12:1007-1013 Available at: http://dx.doi.org/10.1038/ncb2102.

McDaid C, Durée KH, Griffin SC, Weatherly HLA, Stradling JR, Davies RJO, Sculpher
MJ, Westwood ME (2009) A systematic review of continuous positive airway
pressure for obstructive sleep apnoea-hypopnoea syndrome. Sleep Med Rev
13:427-436 Available at: http://www.ncbi.nlm.nih.gov/pubmed/19362029.

Meny RG, Carroll JL, Carbone MT, Kelly DH (1994) Cardiorespiratory recordings from
infants dying suddenly and unexpectedly at home. Pediatrics 93:44—49 Available
at: http://www.ncbi.nlm.nih.gov/pubmed/8265322.

Miles PG, Vig PS, Weyant RJ, Forrest TD, Rockette HE (1996) Craniofacial structure
and obstructive sleep apnea syndrome--a qualitative analysis and meta-analysis of
the literature. Am J Orthod Dentofacial Orthop 109:163-172.

Miller JA, Nathanson J, Franjic D, Shim S, Dalley RA, Shapouri S, Smith KA, Sunkin
SM, Bernard A, Bennett JL, Lee C-K, Hawrylycz MJ, Jones AR, Amaral DG, Sestan
N, Gage FH, Lein ES (2013) Conserved molecular signatures of neurogenesis in
the hippocampal subgranular zone of rodents and primates. Development
140:4633—-4644 Available at: http://dev.biologists.org/cgi/doi/10.1242/dev.097212.

Ming GL, Song H (2011) Adult Neurogenesis in the Mammalian Brain: Significant
Answers and Significant Questions. Neuron 70:687-702 Available at:
http://dx.doi.org/10.1016/j.neuron.2011.05.001.

Miyazaki H, Okuma Y, Nomura J, Nagashima K, Nomura Y (2003) Age-related
alterations in the expression of glial cell line-derived neurotrophic factor in the
senescence-accelerated mouse brain. J Pharmacol Sci 92:28-34.

Mokhlesi B, Finn LA, Hagen EW, Young T, Hla KM, Van Cauter E, Peppard PE (2014)
Obstructive sleep apnea during REM sleep and hypertension. Results of the
Wisconsin Sleep Cohort. Am J Respir Crit Care Med 190:1158-1167 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/25295854.

Mokhlesi B, Scoccia B, Mazzone T, Sam S (2012) Risk of obstructive sleep apnea in
obese and nonobese women with polycystic ovary syndrome and healthy
reproductively normal women. Fertil Steril 97:786—791 Available at:
http://dx.doi.org/10.1016/j.fertnstert.2011.12.024.

Monje ML, Toda H, Palmer TD (2003) Inflammatory blockade restores adult
hippocampal neurogenesis. Science 302:1760-1765 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/14615545.

Mooe T, Franklin K a, Holmstrom K, Rabben T, Wiklund U (2001) Sleep-disordered
breathing and coronary artery disease: long-term prognosis. Am J Respir Crit Care
Med 164:1910-1913.

Mooe T, Franklin K a, Wiklund U, Rabben T, Holmstrom K (2000) Sleep-disordered
breathing and myocardial ischemia in patients with coronary artery disease. Chest
117:1597-1602 Available at: http://www.ncbi.nlm.nih.gov/pubmed/10858389.

Moore SJ, Deshpande K, Stinnett GS, Seasholtz AF, Murphy GG (2013) Conversion of
short-term to long-term memory in the novel object recognition paradigm. Neurobiol

135



Learn Mem 105:174—185 Available at: http://dx.doi.org/10.1016/j.nlm.2013.06.014.

Moro JA, Almenar L, Fernandez-Fabrellas E, Ponce S, Blanquer R, Salvador A (2009)
Hypertension and sleep apnea-hypopnea syndrome: changes in echocardiographic
abnormalities depending on the presence of hypertension and treatment with
CPAP. Sleep Med 10:344-352.

Morrell MJ, McRobbie DW, Quest R a., Cummin ARC, Ghiassi R, Corfield DR (2003)
Changes in brain morphology associated with obstructive sleep apnea. Sleep Med
4:451-454 Available at: http://www.ncbi.nlm.nih.gov/pubmed/14592287.

Morrell MJ, Twigg G (2006) Neural consequences of sleep disordered breathing: the
role of intermittent hypoxia. Adv Exp Med Biol 588:75—-88.

Morris RGM (1989) Synaptic Plasticity and Learning : Selective Impairment of Learning
in Rats and Blockade of Long-Term Potentiation in viva by the IV-Methyl-D-
Aspartate Receptor Antagonist AP5. J Neurosci 9:3040-3057.

Mu Y, Gage FH (2011) Adult hippocampal neurogenesis and its role in Alzheimer’s
disease. Mol Neurodegener 6:85 Available at:
http://www.sciencemag.org/cgi/doi/10.1126/science.1132814.

Mu Y, Lee SW, Gage FH (2010) Signaling in adult neurogenesis. Curr Opin Neurobiol
20:416-423 Available at: http://dx.doi.org/10.1016/j.conb.2010.04.010.

Muxfeldt ES, Margallo VS, Guimaraes GM, Salles GF (2014) Prevalence and
associated factors of obstructive sleep apnea in patients with resistant
hypertension. Am J Hypertens 27:1069-1078 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/24705438.

Naber PA, Lopes Da Silva FH, Witter MP (2001) Reciprocal connections between the
entorhinal cortex and hippocampal fields CA1 and the subiculum are in register with
the projections from CA1 to the subiculum. Hippocampus 11:99-104.

Nacher J, Alonso-Llosa G, Rosell DR, McEwen BS (2003) NMDA receptor antagonist
treatment increases the production of new neurons in the aged rat hippocampus.
Neurobiol Aging 24:273-284.

Nadeem R, Singh M, Nida M, Waheed |, Khan A, Ahmed S, Naseem J, Champeau D
(2014) Effect of obstructive sleep apnea hypopnea syndrome on lipid profile: a
meta-regression analysis. J Clin Sleep Med 10:475-489.

Naegele B, Thouvard V, Pepin J-L, Levy P, Bonnet C, Perret JE, Pellat J, Feuerstein C
(1995) Deficits of Cognitive Executive Functions in Patients With Sleep Apnea
Syndrome. Sleep 18:43-52.

Nagayoshi M, Lutsey PL, Benkeser D, Wassel CL, Folsom AR, Shahar E, Iso H, Allison
MA, Criqui MH, Redline S (2016) Association of sleep apnea and sleep duration
with peripheral artery disease: The Multi-Ethnic Study of Atherosclerosis (MESA).
Atherosclerosis 251:467-475 Available at:
http://dx.doi.org/10.1016/j.atherosclerosis.2016.06.040.

Nakamichi N, Takarada T, Yoneda Y (2009) Neurogenesis mediated by gamma-
aminobutyric acid and glutamate signaling. J Pharmacol Sci 110:133-149 Available
at: http://www.ncbi.nlm.nih.gov/pubmed/19483378.

Nakamura A, Fukuda Y, Kuwaki T (2003) Sleep apnea and effect of chemostimulation
on breathing instability in mice. J Appl Physiol 94:525-532 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/12433867.

Nakashiba T, Cushman JD, Pelkey KA, Renaudineau S, Buhl DL, McHugh TJ,

136



Rodriguez Barrera V, Chittajallu R, lwamoto KS, McBain CJ, Fanselow MS,
Tonegawa S (2012) Young dentate granule cells mediate pattern separation,
whereas old granule cells facilitate pattern completion. Cell 149:188—-201 Available
at: http://dx.doi.org/10.1016/j.cell.2012.01.046.

Nakata K, Miki T, Tanno M, Ohnishi H, Yano T, Muranaka A, Sato T, Oshima H,
Tatekoshi Y, Mizuno M, Abe K, Miura T (2017) Distinct impacts of sleep-disordered
breathing on glycemic variability in patients with and without diabetes mellitus.
PLoS One 12:e0188689 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/29261679.

Nanduri J, Wang N, Yuan G, Khan SA, Souvannakitti D, Peng Y-J, Kumar GK, Garcia
JA, Prabhakar NR (2009) Intermittent hypoxia degrades HIF-2alpha via calpains
resulting in oxidative stress: implications for recurrent apnea-induced morbidities.
Proc Natl Acad Sci U S A 106:1199-1204 Available at:
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2626608&tool=pmcentre
z&rendertype=abstract.

Ndubuizu O, LaManna JC (2007) Brain Tissue Oxygen Concentration Measurements.
Antioxid Redox Signal 9:1207-1220 Available at:
http://www.liebertonline.com/doi/abs/10.1089/ars.2007.1634.

Netzer NC, Eliasson AH, Strohl KP (2003) Women with sleep apnea have lower levels
of sex hormones. Sleep Breath 7:25-29.

Neuberger EJ, Swietek B, Corrubia L, Prasanna A, Santhakumar V (2017) Enhanced
Dentate Neurogenesis after Brain Injury Undermines Long-Term Neurogenic
Potential and Promotes Seizure Susceptibility. Stem cell reports 9:972—984
Available at: http://dx.doi.org/10.1016/j.stemcr.2017.07.015.

Neves G, Cooke SF, Bliss TV (2008) Synaptic plasticity , memory and the
hippocampus : a neural network approach to causality. Nat Rev 9:65-75.

Newman AB, Foster G, Givelber R, Nieto FJ, Redline S, Young T (2005) Progression
and regression of sleep-disordered breathing with changes in weight: the Sleep
Heart Health Study. Arch Intern Med 165:2408—-2413 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/16287771.

Niu W, Zang T, Smith DK, Vue TY, Zou Y, Bachoo R, Johnson JE, Zhang C (2015)
SOX2 reprograms resident astrocytes into neural progenitors in the adult brain.
Stem cell reports 4:780-794 Available at:
http://dx.doi.org/10.1016/j.stemcr.2015.03.006.

Nowakowski RS, Rakic P (1979) The mode of migration of neurons to the hippocampus:
a Golgi and electron microscopic analysis in foetal rhesus monkey. J Neurocytol
8:697-718.

O’Connor C, Thornley KS, Hanly PJ (2000) Gender differences in the polysomnographic
features of obstructive sleep apnea. Am J Respir Crit Care Med 161:1465-1472.

O’Leary OF, Cryan JF (2014) A ventral view on antidepressant action: Roles for adult
hippocampal neurogenesis along the dorsoventral axis. Trends Pharmacol Sci
35:675-687 Available at: http://dx.doi.org/10.1016/j.tips.2014.09.011.

Ogden CL, Carroll MD, Kit BK, Flegal KM (2014) Prevalence of childhood and adult
obesity in the United States, 2011-2012. J Am Med Assoc 311:806-814 Available
at: http://www.ncbi.nlm.nih.gov/pubmed/24570244.

Olaithe M, Bucks RS (2013) Executive Dysfunction in OSA Before and After Treatment:

137



A Meta-Analysis. Sleep 36:1297-1305.

Olsen RW (2006) Picrotoxin-like channel blockers of GABA A receptors. Proc Natl Acad
Sci 103:6081-6082.

Oltmanns KM, Gehring H, Rudolf S, Schultes B, Rook S, Schweiger U, Born J, Fehm
HL, Peters A (2004) Hypoxia Causes Glucose Intolerance in Humans. Am J Respir
Crit Care Med 169:1231-1237 Available at:
http://www.atsjournals.org/doi/abs/10.1164/rccm.200308-12000C.

Ottone C, Krusche B, Whitby A, Clements M, Quadrato G, Pitulescu ME, Adams RH,
Parrinello S (2014) Direct cell-cell contact with the vascular niche maintains
quiescent neural stem cells. Nat Cell Biol 16:1045-1056 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/25283993.

Overstreet-Wadiche LS, Bensen AL, Westbrook GL (2006) Delayed development of
adult-generated granule cells in dentate gyrus. J Neurosci 26:2326-2334 Available
at: http://www.jneurosci.org/cgi/doi/10.1523/JNEUROSCI.4111-05.2006.

Overstreet-Wadiche LS, Westbrook GL (2006) Functional maturation of adult-generated
granule cells. Hippocampus 16:208-215 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/16411232.

Overstreet Wadiche L, Bromberg DA, Bensen AL, Westbrook GL (2005) GABAergic
signaling to newborn neurons in dentate gyrus. J Neurophysiol 94:4528—-4532
Available at: http://jn.physiology.org/cgi/doi/10.1152/jn.00633.2005.

Padamsey Z, Emptage N (2014) Two sides to long-term potentiation: a view towards
reconciliation. Philos Trans R Soc Lond B Biol Sci 369:20130154 Available at:
http://rstb.royalsocietypublishing.org/content/369/1633/20130154.long.

Palmer TD, Ray J, Gage FH (1995) FGF-2-responsive neuronal progenitors reside in
proliferative and quiescent regions of the adult rodent brain. Mol Cell Neurosci
6:474-486 Available at: http://www.ncbi.nlm.nih.gov/pubmed/8581317.

Palmer TD, Takahashi J, Gage FH (1997) The adult rat hippocampus contains
primordial neural stem cells. Mol Cell Neurosci 8:389-404 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/9143557.

Panchision DM (2009) The role of oxygen in regulating neural stem cells in
development and disease. J Cell Physiol 220:562-568 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/19441077.

Panossian LA, Avidan AY (2009) Review of Sleep Disorders. Med Clin North Am
93:407—-425 Available at:
http://www.sciencedirect.com/science/article/pii/S0025712508001314.

Panossian L, Daley J (2013) Sleep-disordered breathing. Continuum (Minneap Minn)
19:86—103 Available at: http://www.ncbi.nlm.nih.gov/pubmed/23385696.

Park EH, Burghardt NS, Dvorak D, Hen R, Fenton A a. (2015) Experience-Dependent
Regulation of Dentate Gyrus Excitability by Adult-Born Granule Cells. J Neurosci
35:11656-11666 Available at:
http://www.jneurosci.org/cgi/doi/10.1523/JNEUROSCI.0885-15.2015.

Park HR, Park M, Choi J, Park K-Y, Chung HY, Lee J (2010) A high-fat diet impairs
neurogenesis: involvement of lipid peroxidation and brain-derived neurotrophic
factor. Neurosci Lett 482:235-239 Available at:
http://dx.doi.org/10.1016/j.neulet.2010.07.046.

Park JG, Ramar K, Olson EJ (2011) Updates on Definition, Consequences, and

138



Management of Obstructive Sleep Apnea. Mayo Clin Proc 86:549-555 Available at:
http://linkinghub.elsevier.com/retrieve/pii/S0025619611600529.

Payne RS, Goldbart A, Gozal D, Schurr A (2004) Effect of intermittent hypoxia on long-
term potentiation in rat hippocampal slices. Brain Res 1029:195-199.

Pedroni A, Minh DD, Mallamaci A, Cherubini E (2014 ) Electrophysiological
characterization of granule cells in the dentate gyrus immediately after birth. Front
Cell Neurosci 8:1-9 Available at:
http://journal.frontiersin.org/article/10.3389/fncel.2014.00044/abstract.

Pedroso D, Nunes AR, Diogo LN, Oudot C, Monteiro EC, Brenner C, Vieira HLA (2016)
Hippocampal neurogenesis response: What can we expect from two different
models of hypertension? Brain Res 1646:199-206 Available at:
http://dx.doi.org/10.1016/j.brainres.2016.05.044.

Peixoto-santos JE, Velasco TR, Galvis-alonso OY, Araujo D, Kandratavicius L, Assirati
JA, Carlotti CG, Scandiuzzi RC, Carlos A, Leite JP (2015) Temporal lobe epilepsy
patients with severe hippocampal neuron loss but normal hippocampal volume:
Extracellular matrix molecules are important for the maintenance of hippocampal
volume. Epilepsia 56:1562—1570.

Peker Y, Kraiczi H, Hedner J, LOth S, Johansson A, Bende M (1999) An independent
association between obstructive sleep apnoea and coronary artery disease. Eur
Respir J 14:179-184 Available at: http://www.ncbi.nim.nih.gov/pubmed/10489848.

Pelayo R, Dement WC (2011) History of Sleep Physiology and Medicine. In: Principles
and Practice of Sleep Medicine 6th ed, 6th ed. (Kryger MH, Roth T, Dement W,
eds), pp 3—-15. New York: Elsevier.

Peng Y-J, Kline DD, Dick TE, Prabhakar NR (2001) Chronic intermittent hypoxia
enhances carotid body chemoreceptor response to low oxygen. Adv Exp Med Biol
4995:33-38.

Peng Y-J, Prabhakar NR (2003) Reactive oxygen species in the plasticity of respiratory
behavior elicited by chronic intermittent hypoxia. J Appl Physiol 94:2342-2349
Available at: http://www.ncbi.nlm.nih.gov/pubmed/12533494.

Peng Y-J, Yuan G, Ramakrishnan D, Sharma SD, Bosch-Marce M, Kumar GK,
Semenza GL, Prabhakar NR (2006) Heterozygous HIF-1alpha deficiency impairs
carotid body-mediated systemic responses and reactive oxygen species generation
in mice exposed to intermittent hypoxia. J Physiol 577:705-716.

Peng Y-JJ, Overholt JL, Kline DD, Kumar GK, Prabhakar NR (2003) Induction of
sensory long-term facilitation in the carotid body by intermittent hypoxia:
implications for recurrent apneas. Proc Natl Acad Sci 100:10073-10078 Available
at: http://www.ncbi.nlm.nih.gov/pubmed/12907705.

Peng YJ, Nanduri J, Khan SA, Yuan G, Wang N, Kinsman B, Vaddi DR, Kumar GK,
Garcia JA, Semenza GL, Prabhakar NR (2011) Hypoxia-inducible factor 2alpha
(HIF-2alpha) heterozygous-null mice exhibit exaggerated carotid body sensitivity to
hypoxia, breathing instability, and hypertension. Proc Natl Acad Sci U S A
108:3065-3070.

Peppard PE (2000) Longitudinal Study of Moderate Weight Change and Sleep-
Disordered Breathing. Jama 284:3015 Available at:
http://jama.jamanetwork.com/article.aspx?doi=10.1001/jama.284.23.3015.

Peppard PE, Young T, Barnet JH, Palta M, Hagen EW, Hla KM (2013) Increased

139



prevalence of sleep-disordered breathing in adults. Am J Epidemiol 177:1006—
1014.

Perry EK, Johnson M, Ekonomou A, Perry RH, Ballard C, Attems J (2012) Neurogenic
abnormalities in Alzheimer’s disease differ between stages of neurogenesis and
are partly related to cholinergic pathology. Neurobiol Dis 47:155-162 Available at:
http://dx.doi.org/10.1016/j.nbd.2012.03.033.

Peters R (2006) Ageing and the brain. Postgr Med J 82:84-88.

Phillips S a, Olson EB, Lombard JH, Morgan BJ (2006) Chronic intermittent hypoxia
alters NE reactivity and mechanics of skeletal muscle resistance arteries. J Appl
Physiol 100:1117-1123.

Pistollato F, Chen HL, Schwartz PH, Basso G, Panchision DM (2007) Oxygen tension
controls the expansion of human CNS precursors and the generation of astrocytes
and oligodendrocytes. Mol Cell Neurosci 35:424—435.

Polotsky VY, Rubin AE, Balbir A, Dean T, Smith PL, Schwartz AR, O’Donnell CP (2006)
Intermittent hypoxia causes REM sleep deficits and decreases EEG delta power in
NREM sleep in the C57BL/6J mouse. Sleep Med 7:7-16 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/16309961.

Prabhakar NR, Peng Y-J, Kumar GK, Pawar A (2007) Altered carotid body function by
intermittent hypoxia in neonates and adults: relevance to recurrent apneas. Respir
Physiol Neurobiol 157:148-153 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/17317339.

Prakash YS, Smithson KG, Sieck GC (1994) Application of the Cavalieri principle in
volume estimation using laser confocal microscopy. Neuroimage 1:325-333
Available at: http://www.ncbi.nlm.nih.gov/pubmed/9343582.

Prozorovski T, Schulze-Topphoff U, Glumm R, Baumgart J, Schroter F, Ninnemann O,
Siegert E, Bendix I, Brustle O, Nitsch R, Zipp F, Aktas O (2008) Sirt1 contributes
critically to the redox-dependent fate of neural progenitors. Nat Cell Biol 10:385—
394 Available at: http://www.nature.com/doifinder/10.1038/ncb1700.

Prut L, Belzung C (2003) The open field as a paradigm to measure the effects of drugs
on anxiety-like behaviors: A review. Eur J Pharmacol 463:3-33.

Punjabi NM (2008) The epidemiology of adult obstructive sleep apnea. Proc Am Thorac
Soc 5:136-143.

Punjabi NM, Shahar E, Redline S, Gottlieb DJ, Givelber R, Resnick HE (2004) Sleep-
disordered breathing, glucose intolerance, and insulin resistance: The sleep heart
health study. Am J Epidemiol 160:521-530.

Punjabi NM, Sorkin JD, Katzel LI, Goldberg AP, Schwartz AR, Smith PL (2002) Sleep-
disordered breathing and insulin resistance in middle-aged and overweight men.
Am J Respir Crit Care Med 165:677—682.

Quan SF, Chan CS, Dement WC, Gevins A, Goodwin JL, Gottlieb DJ, Green S,
Guilleminault C, Hirshkowitz M, Hyde PR, Kay GG, Leary EB, Nichols D a,
Schweitzer PK, Simon RD, Walsh JK, Kushida C a (2011) The association between
obstructive sleep apnea and neurocognitive performance--the Apnea Positive
Pressure Long-term Efficacy Study (APPLES). Sleep 34:303—314B Available at:
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3041706&tool=pmcentre
z&rendertype=abstract.

Quan SF, Howard B V, Iber C, Kiley JP, Nieto FJ, O’Connor GT, Rapoport DM, Redline

140



S, Robbins J, Samet JM, Wahl PW (1997) The Sleep Heart Health Study: design,
rationale, and methods. Sleep 20:1077-1085.

Quintero M, Gonzalez-Martin MDC, Vega-Agapito V, Gonzalez C, Obeso A, Farré R,
Agapito T, Yubero S (2013) The effects of intermittent hypoxia on redox status, NF-
KB activation, and plasma lipid levels are dependent on the lowest oxygen
saturation. Free Radic Biol Med 65:1143—-1154 Available at:
http://dx.doi.org/10.1016/j.freeradbiomed.2013.08.180.

Ramanathan L, Gozal D, Siegel JM (2005) Antioxidant responses to chronic hypoxia in
the rat cerebellum and pons. J Neurochem 93:47-52 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/15773904.

Ramar K, Dort LC, Katz SG, Lettieri CJ, Harrod CG, Thomas SM, Chervin RD (2015)
Clinical Practice Guideline for the Treatment of Obstructive Sleep Apnea and
Snoring with Oral Appliance Therapy: An Update for 2015. J Clin Sleep Med
11:773-827 Available at: http://www.ncbi.nlm.nih.gov/pubmed/26094920.

Ramirez J-M (2011) The human pre-Botzinger complex identified. Brain 134:8—-10
Available at: http://www.ncbi.nlm.nih.gov/pubmed/21186262.

Ramirez J-M, Garcia AJ, Anderson TM, Koschnitzky JE, Peng Y-J, Kumar GK,
Prabhakar N (2013) Central and Peripheral factors contributing to Obstructive
Sleep Apneas. Respir Physiol Neurobiol 189:344—-353.

Rao MS, Hattiangady B, Shetty AK (2006) The window and mechanisms of major age-
related decline in the production of new neurons within the dentate gyrus of the
hippocampus. Aging Cell 5:545-558 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/17129216.

Ray J, Peterson DA, Schinstine M, Gage FH (1993) Proliferation, differentiation, and
long-term culture of primary hippocampal neurons. Proc Natl Acad SciU S A
90:3602-3606 Available at: http://www.ncbi.nlm.nih.gov/pubmed/8475109.

Redline S, Kump K, Tishler P V, Browner |, Ferrette V (1994) Gender differences in
sleep disordered breathing in a community-based sample. Am J Respir Crit Care
Med 149:722-726 Available at: http://www.ncbi.nlm.nih.gov/pubmed/8118642.

Reichmuth KJ, Austin D, Skatrud JB, Young T (2005) Association of sleep apnea and
type Il diabetes: A population-based study. Am J Respir Crit Care Med 172:1590—
1595.

Remmers JE, DeGroot WJ, Sauerland EK, Anch a M (1978) Pathogenesis of upper
airway occlusion during sleep. J Appl Physiol 44:931-938 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/670014.

Reshef R, Kreisel T, Beroukhim Kay D, Yirmiya R (2014) Microglia and their CX3CR1
signaling are involved in hippocampal- but not olfactory bulb-related memory and
neurogenesis. Brain Behav Immun 41:239-250 Available at:
http://dx.doi.org/10.1016/j.bbi.2014.04.009.

Rice RA, Spangenberg EE, Yamate-Morgan H, Lee RJ, Arora RPS, Hernandez MX,
Tenner AJ, West BL, Green KN (2015) Elimination of Microglia Improves Functional
Outcomes Following Extensive Neuronal Loss in the Hippocampus. J Neurosci
35:9977-9989 Available at:
http://www.jneurosci.org/cgi/doi/10.1523/JNEUROSCI.0336-15.2015.

Roberts JL, Reed WR, Mathew OP, Thach BT (1986) Control of respiratory activity of
the genioglossus muscle in micrognathic infants. J Appl Physiol 61:1523—-1533

141



Available at: http://www.ncbi.nlm.nih.gov/pubmed/3781966.

Rodriguez F, Bonacasa B, Fenoy FJ, Salom MG (2013) Reactive oxygen and nitrogen
species in the renal ischemia/reperfusion injury. Curr Pharm Des 19:2776-2794.

Rola R, Mizumatsu S, Otsuka S, Morhardt DR, Noble-Haeusslein LJ, Fishman K, Potts
MB, Fike JR (2006) Alterations in hippocampal neurogenesis following traumatic
brain injury in mice. Exp Neurol 202:189-199.

Rosen GD, Harry JD (1990) Brain volume estimation from serial section measurements:
a comparison of methodologies. J Neurosci Methods 35:115-124 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/2283883.

Rosenfeld CS, Ferguson SA (2014) Barnes maze testing strategies with small and large
rodent models. J Vis Exp:e51194 Available at:
http://www.jove.com/video/51194/barnes-maze-testing-strategies-with-small-and-
large-rodent-models.

Row BW, Liu R, Xu W, Kheirandish L, Gozal D (2003) Intermittent hypoxia is associated
with oxidative stress and spatial learning deficits in the rat. Am J Respir Crit Care
Med 167:1548-1553 Available at: http://www.ncbi.nlm.nih.gov/pubmed/12615622.

Sabbatini M, Catalani A, Consoli C, Marletta N, Tomassoni D, Avola R (2002) The
hippocampus in spontaneously hypertensive rats: An animal model of vascular
dementia? Mech Ageing Dev 123:547-559.

Sahay A, Scobie KN, Hill AS, O&apos;Carroll CM, Kheirbek MA, Burghardt NS, Fenton
AA, Dranovsky A, Hen R (2011) Increasing adult hippocampal neurogenesis is
sufficient to improve pattern separation. Nature 472:466—470.

Sanders AE, Akinkugbe AA, Slade GD, Essick GK (2016) Tooth loss and obstructive
sleep apnea signs and symptoms in the US population. Sleep Breath 20:1095—
1102 Available at: http://dx.doi.org/10.1007/s11325-015-1310-z.

Santarnecchi E, Sicilia |, Richiardi J, Vatti G, Polizzotto NR, Marino D, Rocchi R, Van
De Ville D, Rossi A (2013) Altered cortical and subcortical local coherence in
obstructive sleep apnea: a functional magnetic resonance imaging study. J Sleep
Res 22:337-347 Available at: http://www.ncbi.nlm.nih.gov/pubmed/23171248.

Santilli G, Lamorte G, Carlessi L, Ferrari D, Rota Nodari L, Binda E, Delia D, Vescovi
AL, De Filippis L (2010) Mild hypoxia enhances proliferation and multipotency of
human neural stem cells. PLoS One 5:e8575 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/20052410.

Sapin E, Peyron C, Roche F, Gay N, Carcenac C, Savasta M, Levy P, Dematteis M
(2015) Chronic Intermittent Hypoxia Induces Chronic Low-Grade
Neuroinflammation in the Dorsal Hippocampus of Mice. Sleep 38:1537-1546
Available at: http://www.ncbi.nlm.nih.gov/pubmed/26085297.

Sato K (2015) Effects of Microglia on Neurogenesis. Glia 63:1394—1405 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/26010551.

Saunamaki T, Jehkonen M (2007) A review of executive functions in obstructive sleep
apnea syndrome. Acta Neurol Scand 115:1-11.

Savransky V, Nanayakkara A, Li J, Bevans S, Smith PL, Rodriguez A, Polotsky VY
(2007) Chronic Intermittent Hypoxia Induces Atherosclerosis. Am J Respir Crit Care
Med 175:1290-1297.

Saxe MD, Battaglia F, Wang J-W, Malleret G, David DJ, Monckton JE, Garcia ADR,
Sofroniew M V., Kandel ER, Santarelli L, Hen R, Drew MR (2006) Ablation of

142



hippocampal neurogenesis impairs contextual fear conditioning and synaptic
plasticity in the dentate gyrus. Proc Natl Acad Sci 103:17501-17506 Available at:
http://www.pnas.org/cgi/doi/10.1073/pnas.0607207103.

Schieber M, Chandel NS (2014) ROS function in redox signaling and oxidative stress.
Curr Biol 24:R453-R462 Available at: http://dx.doi.org/10.1016/j.cub.2014.03.034.

Schindelin J, Arganda-Carreras |, Frise E, Kaynig V, Longair M, Pietzsch T, Preibisch S,
Rueden C, Saalfeld S, Schmid B, Tinevez J-Y, White DJ, Hartenstein V, Eliceiri K,
Tomancak P, Cardona A (2012) Fiji: an open-source platform for biological-image
analysis. Nat Methods 9:676—682 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/22743772.

Schmidt-Hieber C, Jonas P, Bischofberger J (2004) Enhanced synaptic plasticity in
newly generated granule cells of the adult hippocampus. Nature 429:184—-187
Available at: http://www.ncbi.nlm.nih.gov/pubmed/15107864.

Schneider CA, Rasband WS, Eliceiri KW (2012) NIH Image to ImageJ: 25 years of
image analysis. Nat Methods 9:671-675 Available at:
http://dx.doi.org/10.1038/nmeth.2089.

Scholzen T, Gerdes J (2000) The Ki-67 protein: From the known and the unknown. J
Cell Physiol 182:311-322.

Schreurs A, Sabanov V, Balschun D (2017) Distinct Properties of Long-Term
Potentiation in the Dentate Gyrus along the Dorsoventral Axis : Influence of Age
and Inhibition. Sci Rep 7:1-10.

Schréder CM, O’Hara R (2005) Depression and Obstructive Sleep Apnea (OSA). Ann
Gen Psychiatry 4:13 Available at: http://www.ncbi.nlm.nih.gov/pubmed/15982424.

Schwarzacher SW, Rub U, Deller T (2011) Neuroanatomical characteristics of the
human pre-Bétzinger complex and its involvement in neurodegenerative brainstem
diseases. Brain 134:24-35 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/21115469.

Scortegagna M, Ding K, Oktay Y, Gaur A, Thurmond F, Yan L-J, Marck BT, Matsumoto
AM, Shelton JM, Richardson JA, Bennett MJ, Garcia JA (2003) Multiple organ
pathology, metabolic abnormalities and impaired homeostasis of reactive oxygen
species in Epas1-/- mice. Nat Genet 35:331-340 Available at:
http://www.nature.com/doifinder/10.1038/ng1266.

Seaberg RM, van der Kooy D (2002) Adult rodent neurogenic regions: the ventricular
subependyma contains neural stem cells, but the dentate gyrus contains restricted
progenitors. J Neurosci 22:1784—-1793 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/11880507.

Seibenhener ML, Wooten MC (2015) Use of the Open Field Maze to Measure
Locomotor and Anxiety-like Behavior in Mice. J Vis Exp JoVE:1-6.

Semenza GL (2000) HIF-1: mediator of physiological and pathophysiological responses
to hypoxia. J Appl Physiol 88:1474—1480 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/10749844.

Semenza GL, Prabhakar NR (2007) HIF-1—-Dependent Respiratory, Cardiovascular, and
Redox Responses to Chronic Intermittent Hypoxia. Antioxid Redox Signal 9:1391—
1396 Available at: http://www.liebertonline.com/doi/abs/10.1089/ars.2007.1691.

Senaratna C V., Perret JL, Lodge CJ, Lowe AJ, Campbell BE, Matheson MC, Hamilton
GS, Dharmage SC (2017) Prevalence of obstructive sleep apnea in the general

143



population: A systematic review. Sleep Med Rev 34:70-81 Available at:
http://dx.doi.org/10.1016/j.smrv.2016.07.002.

Seress L (1992) Morphological variability and developmental aspects of monkey and
human granule cells: differences between the rodent and primate dentate gyrus.
Epilepsy Res Suppl 7:3-28.

Sforza E, Roche F (2012) Sleep apnea syndrome and cognition. Front Neurol 3:87
Available at: http://www.ncbi.nlm.nih.gov/pubmed/22661967.

Sgado P, Genovesi S, Kalinovsky A, Zunino G, Macchi F, Allegra M, Murenu E,
Provenzano G, Prakash P, Casarosa S, Joyner AL, Bozzi Y (2013) Loss of
GABAergic neurons in the hippocampus and cerebral cortex of Engrailed-2 null
mutant mice : Implications for autism spectrum disorders. Exp Neurol 247:496-505
Available at: http://dx.doi.org/10.1016/j.expneurol.2013.01.021.

Shahar E, Redline S, Young T, Boland LL, Baldwin CM, Nieto FJ, O’'Connor GT,
Rapoport DM, Robbins JA (2003) Hormone replacement therapy and sleep-
disordered breathing. Am J Respir Crit Care Med 167:1186—1192.

Shahar E, Whitney CW, Redline S, Lee ET, Newman AB, Nieto FJ, O’Connor GT,
Boland LL, Schwartz JE, Samet JM (2001) Sleep-disordered breathing and
cardiovascular disease: cross-sectional results of the Sleep Heart Health Study.
Am J Respir Crit Care Med 163:19-25 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/11208620.

Sharma S, Rakoczy S, Brown-borg H (2010) Assessment of spatial memory in mice.
Life Sci 87:521-536 Available at: http://dx.doi.org/10.1016/j.1fs.2010.09.004.

Sharma SS, Gupta S (2007) Neuroprotective effect of MNTMPyP, a superoxide
dismutase/catalase mimetic in global cerebral ischemia is mediated through
reduction of oxidative stress and DNA fragmentation. Eur J Pharmacol 561:72-79.

Shepertycky MR, Banno K, Kryger MH (2005) Differences between men and women in
the clinical presentation of patients diagnosed with obstructive sleep apnea
syndrome. Sleep 28:309-314.

Shetty AK, Hattiangady B, Shetty GA (2005) Stem/progenitor cell proliferation factors
FGF-2, IGF-1, and VEGF exhibit early decline during the course of aging in the
hippocampus: Role of astrocytes. Glia 51:173—-186.

Shingo T, Sorokan ST, Shimazaki T, Weiss S (2001) Erythropoietin regulates the in
vitro and in vivo production of neuronal progenitors by mammalian forebrain neural
stem cells. J Neurosci 21:9733-9743 Available at:
http://www.jneurosci.org/content/21/24/9733.full.pdf.

Shors TJ, Miesegaes G, Beylin A, Zhao M, Rydel T, Gould E (2001) Neurogenesis in
the adult is involved in the formation of trace memories. Nature 410:372-376.

Shorvon SD (2009) Drug treatment of epilepsy in the century of the ILAE: the first 50
years, 1909-1958. Epilepsia 50 Suppl 3:69-92 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/19298434.

Sierra A, Encinas JM, Deudero JJP, Chancey JH, Enikolopov G, Overstreet-Wadiche
LS, Tsirka SE, Maletic-Savatic M (2010) Microglia shape adult hippocampal
neurogenesis through apoptosis-coupled phagocytosis. Cell Stem Cell 7:483—495
Available at: http://dx.doi.org/10.1016/j.stem.2010.08.014.

Sims JR, Lee S-W, Topalkara K, Qiu J, Xu J, Zhou Z, Moskowitz MA (2009) Sonic
hedgehog regulates ischemia/hypoxia-induced neural progenitor proliferation.

144



Stroke 40:3618-3626 Available at: http://www.ncbi.nim.nih.gov/pubmed/19762700.

Sinai D, Tikotzky L (2012) Infant sleep, parental sleep and parenting stress in families of
mothers on maternity leave and in families of working mothers. Infant Behav Dev
35:179-186 Available at: http://dx.doi.org/10.1016/j.infbeh.2012.01.006.

Sloviter RS, Valiquette G, Abrams GM, Ronk EC, Sollas AL, Paul LA, Neubort S (1989)
Selective Loss of Hippocampal Granule Cells in the Mature Rat Brain after
Adrenalectomy. Science (80- ) 243:535-538.

Smith PL, Gold AR, Meyers DA, Haponik EF, Bleecker ER (1985) Weight loss in mildly
to moderately obese patients with obstructive sleep apnea. Ann Intern Med
103:850-855.

Smith SMC, Friedle S a., Watters JJ (2013) Chronic intermittent hypoxia exerts CNS
region-specific effects on rat microglial inflammatory and TLR4 gene expression.
PLoS One 8.

Snyder B, Shell B, Cunningham JT, Cunningham RL (2017) Chronic intermittent
hypoxia induces oxidative stress and inflammation in brain regions associated with
early-stage neurodegeneration. Physiol Rep 5:1-13.

SNYDER F, HOBSON JA, MORRISON DF, GOLDFRANK F (1964) CHANGES IN
RESPIRATION, HEART RATE, AND SYSTOLIC BLOOD PRESSURE IN HUMAN
SLEEP. J Appl Physiol 19:417-422 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/14174589.

Snyder JS et al. (2001) Effects of Adult Neurogenesis on Synaptic Plasticity in the Rat
Dentate Gyrus. J Neurophysiol 85:2423-2431.

Snyder JS, Choe JS, Clifford MA, Jeurling SI, Hurley P, Brown A, Kamhi JF, Cameron
HA (2009) Adult-Born Hippocampal Neurons Are More Numerous, Faster Maturing,
and More Involved in Behavior in Rats than in Mice. J Neurosci 29:14484—-14495
Available at: http://www.jneurosci.org/cgi/doi/10.1523/JNEUROSCI.1768-09.2009.

Snyder JS, Hong NS, McDonald RJ, Wojtowicz JM (2005) A role for adult neurogenesis
in spatial long-term memory. Neuroscience 130:843-852 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/15652983.

Sola-Soler J, Giraldo BF, Fiz JA, Jane R (2015) Cardiorespiratory Phase
Synchronization in OSA subjects during wake and sleep states. Conf Proc . Annu
Int Conf IEEE Eng Med Biol Soc IEEE Eng Med Biol Soc Annu Conf 2015:7708—
7711 Available at: http://www.ncbi.nIm.nih.gov/pubmed/26738078.

Somers VK, Dyken ME, Mark AL, Abboud FM (1993) Sympathetic-nerve activity during
sleep in normal subjects. N Engl J Med 328:303-307 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/8419815.

Somers VK, White DP, Amin R, Abraham WT, Costa F, Culebras A, Daniels S, Floras
JS, Hunt CE, Olson LJ, Pickering TG, Russell R, Woo M, Young T (2008) Sleep
Apnea and Cardiovascular Disease: An American Heart Association/American
College of Cardiology Foundation Scientific Statement From the American Heart
Association Council for High Blood Pressure Research Professional Education
Committee, Council on. Circulation 118:1080-1111 Available at:
http://circ.ahajournals.org/cgi/doi/10.1161/CIRCULATIONAHA.107.189420.

Song D, Fang G, Greenberg H, Fang S (2015) Chronic intermittent hypoxia exposure-
induced atherosclerosis : a brief review. Immunol Res 63:121-130.

Song J, M. Christian K, Ming GL, Song H (2012a) Modification of hippocampal circuitry

145



by adult neurogenesis. Dev Neurobiol 72:1032—1043.

Song J, Zhong C, Bonaguidi MA, Sun GJ, Hsu D, Gu Y, Meletis K, Huang ZJ, Ge S,
Enikolopov G, Deisseroth K, Luscher B, Christian KM, Ming GL, Song H (2012b)
Neuronal circuitry mechanism regulating adult quiescent neural stem-cell fate
decision. Nature 489:150-154 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/22842902%5Cnhttp://www.nature.com/nature/
journal/v489/n7414/pdf/nature11306.pdf.

Souvannakitti D, Kumar GK, Fox A, Prabhakar NR (2009) Contrasting effects of
intermittent and continuous hypoxia on low O(2) evoked catecholamine secretion
from neonatal rat chromaffin cells. Adv Exp Med Biol 648:345-349 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/19536498.

Spalding KL, Bergmann O, Alkass K, Bernard S, Salehpour M, Huttner HB, Bostrom E,
Westerlund |, Vial C, Buchholz BA, Possnert G, Mash DC, Druid H, Frisén J (2013)
Dynamics of Hippocampal Neurogenesis in Adult Humans. Cell 153:1219-1227
Available at: http://linkinghub.elsevier.com/retrieve/pii/S0092867413005333.

St-John WM, Waki H, Dutschmann M, Paton JFR (2007) Maintenance of eupnea of in
situ and in vivo rats following riluzole: a blocker of persistent sodium channels.
Respir Physiol Neurobiol 155:97-100 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/16901771.

Stanford SC (2007) The Open Field Test: reinventing the wheel. J Psychopharmacol
21:134-135.

Steiner B, Kronenberg G, Jessberger S, Brandt MD, Reuter K, Kempermann G (2004)
Differential Regulation of Gliogenesis in the Context of Adult Hippocampal
Neurogenesis in Mice. Glia 46:41-52.

Stiles J, Jernigan TL (2010) The basics of brain development. Neuropsychol Rev
20:327-348 Available at: http://www.ncbi.nlm.nih.gov/pubmed/21042938.

Studer L, Csete M, Lee SH, Kabbani N, Walikonis J, Wold B, McKay R (2000)
Enhanced proliferation, survival, and dopaminergic differentiation of CNS
precursors in lowered oxygen. J Neurosci 20:7377-7383 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/11007896.

Suh H, Consiglio A, Ray J, Sawai T, D’Amour KA, Gage FH (2007) In Vivo Fate
Analysis Reveals the Multipotent and Self-Renewal Capacities of Sox2+ Neural
Stem Cells in the Adult Hippocampus. Cell Stem Cell 1:515-528.

Suh H, Deng W, Gage FH (2009) Signaling in Adult Neurogenesis. Annu Rev Cell Dev
Biol 25 Available at:
http://arjournals.annualreviews.org/doi/abs/10.1146/annurev.cellbio.042308.113256

Sullivan CE, Issa FG, Berthon-Jones M, Eves L (1981) Reversal of obstructive sleep
apnoea by continuous positive airway pressure applied through the nares. Lancet
(London, England) 1:862—-865.

Sun GJ, Zhou Y, Stadel RP, Moss J, Yong JHA, Ito S, Kawasaki NK, Phan AT, Oh JH,
Modak N, Reed RR, Toni N, Song H, Ming G (2015) Tangential migration of
neuronal precursors of glutamatergic neurons in the adult mammalian brain. Proc
Natl Acad Sci 112:9484-9489 Available at:
http://www.pnas.org/lookup/doi/10.1073/pnas.1508545112.

Sun MY, Yetman MJ, Lee TC, Chen Y, Jankowsky JL (2014) Specificity and efficiency

146



of reporter expression in adult neural progenitors vary substantially among nestin-
CreERT2lines. J Comp Neurol 522:1191-1208.

Tahawi Z, Orolinova N, Joshua |G, Bader M, Fletcher EC, Orolinova N, Joshua IG,
Bader M, Con- ECFS (2001) Altered vascular reactivity in arterioles of chronic
intermittent hypoxic rats. J Appl Physiol 90:2007-2013.

Tan H-L, Gozal D, Kheirandish-Gozal L (2013) Obstructive sleep apnea in children: a
critical update. Nat Sci Sleep 5:109-123 Available at:
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3792928&tool=pmcentre
z&rendertype=abstract.

Tan W, Janczewski WA, Yang P, Shao XM, Callaway EM, Feldman JL (2008) Silencing
preBotzinger complex somatostatin-expressing neurons induces persistent apnea
in awake rat. Nat Neurosci 11:538-540 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/18391943.

Tashiro A, Makino H, Gage FH (2007) Experience-specific functional modification of the
dentate gyrus through adult neurogenesis: a critical period during an immature
stage. J Neurosci 27:3252-3259 Available at:
http://www.jneurosci.org/content/27/12/3252.short.

Tashiro A, Sandler VM, Toni N, Zhao C, Gage FH (2006) NMDA-receptor-mediated,
cell-specific integration of new neurons in adult dentate gyrus. Nature 442:929-933
Available at: http://www.nature.com/doifinder/10.1038/nature05028.

Tashkandi Y, Badr MS, Rowley JA (2005) Determinants of the apnea index in a sleep
center population. Sleep Breath 9:181-186.

Temprana SG, Mongiat LA, Yang SM, Trinchero MF, Alvarez DD, Kropff E, Giacomini
D, Beltramone N, Lanuza GM, Schinder AF (2015) Delayed coupling to feedback
inhibition during a critical period for the integration of adult-born granule cells.
Neuron 85:116—-130 Available at: http://dx.doi.org/10.1016/j.neuron.2014.11.023.

The National Sleep Foundation (2014) Sleep Health Index 2014.

The National Sleep Foundation (2015) 2015 Sleep in America Poll. Sleep Heal 1:e14—
e375 Available at: http://linkinghub.elsevier.com/retrieve/pii/S2352721815000534.

Thomas M, Sing H, Belenky G, Holcomb H, Mayberg H, Dannals R, Wagner H, Thorne
D, Popp K, Rowland L, Welsh A, Balwinski S, Redmond D (2000) Neural basis of
alertness and cognitive performance impairments during sleepiness. |. Effects of 24
h of sleep deprivation on waking human regional brain activity. J Sleep Res 9:335—
352 Available at: http://www.ncbi.nim.nih.gov/pubmed/11123521.

Thomas RJ, Rosen BR, Stern CE, Weiss JW, Kwong KK (2005) Functional imaging of
working memory in obstructive sleep-disordered breathing. J Appl Physiol 98:2226—
2234 Available at:
http://jap.physiology.org/cgi/doi/10.1152/japplphysiol.01225.2004.

Tishler P V., Larkin EK, Schluchter MD, Redline S (2003) Incidence of Sleep-Disordered
Breathing in an Urban Adult Population. Jama 289:2230 Available at:
http://jama.jamanetwork.com/article.aspx?doi=10.1001/jama.289.17.2230.

Tkacova R, McNicholas WT, Javorsky M, Fietze |, Sliwinski P, Parati G, Grote L,
Hedner J (2014) Nocturnal intermittent hypoxia predicts prevalent hypertension in
the European Sleep Apnoea Database cohort study. Eur Respir J 44:931-941.

Tomassoni D, Avola R, Di Tullio MA, Sabbatini M, Vitaioli L, Amenta F (2004) Increased
expression of glial fibrillary acidic protein in the brain of spontaneously hypertensive

147



rats. Clin Exp Hypertens 26:335-350 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/15195688.

Torelli F, Moscufo N, Garreffa G, Placidi F, Romigi A, Zannino S, Bozzali M, Fasano F,
Giulietti G, Djonlagic |, Malhotra A, Marciani MG, Guttmann CRG (2011) Cognitive
profile and brain morphological changes in obstructive sleep apnea. Neuroimage
54:787-793 Available at: http://dx.doi.org/10.1016/j.neuroimage.2010.09.065.

Torrella M, Castells |, Gimenez-Perez G, Recasens A, Miquel M, Simo O, Barbeta E,
Sampol G (2015) Intermittent hypoxia is an independent marker of poorer
glycaemic control in patients with uncontrolled type 2 diabetes. Diabetes Metab
41:312-318.

Tosur Z, Green D, De Chavez PJ, Knutson KL, Goldberger JJ, Zee P, Liu K, Kim KY,
Carnethon MR (2014) The association between sleep characteristics and
prothrombotic markers in a population-based sample: Chicago Area Sleep Study.
Sleep Med 15:973-978 Available at: http://dx.doi.org/10.1016/j.sleep.2014.04.005.

Triposkiadis F, Karayannis G, Giamouzis G, Skoularigis J, Louridas G, Butler J (2009)
The sympathetic nervous system in heart failure physiology, pathophysiology, and
clinical implications. J Am Coll Cardiol 54:1747-1762 Available at:
http://dx.doi.org/10.1016/j.jacc.2009.05.015.

Trzepizur W, Le Vaillant M, Meslier N, Pigeanne T, Masson P, Humeau MP, Bizieux-
Thaminy A, Goupil F, Chollet S, Ducluzeau PH, Gagnadoux F (2013) Independent
association between nocturnal intermittent hypoxemia and metabolic dyslipidemia.
Chest 143:1584-1589.

Tufik S, Santos-Silva R, Taddei JA, Bittencourt LRA (2010) Obstructive Sleep Apnea
Syndrome in the Sao Paulo Epidemiologic Sleep Study. Sleep Med 11:441-446
Available at: http://dx.doi.org/10.1016/j.sleep.2009.10.005.

Tuomilehto H, Seppa J, Uusitupa M, Peltonen M, Martikainen T, Sahlman J, Kokkarinen
J, Randell J, Pukkila M, Vanninen E, Tuomilehto J, Gylling H (2014) The impact of
weight reduction in the prevention of the progression of obstructive sleep apnea: An
explanatory analysis of a 5-year observational follow-up trial. Sleep Med 15:329—
335 Available at: http://dx.doi.org/10.1016/j.sleep.2013.11.786.

Tzivoni D, Stern S (1973) Electrocardiographic pattern during sleep in healthy subjects
and in patients with ischemic heart disease. J Electrocardiol 6:225-230.

Udwadia ZF, Doshi A V., Lonkar SG, Singh Cl (2004) Prevalence of Sleep-disordered
Breathing and Sleep Apnea in Middle-aged Urban Indian Men. Am J Respir Crit
Care Med 169:168-173.

van Praag H, Christie BR, Sejnowski TJ, Gage FH (1999a) Running enhances
neurogenesis, learning, and long-term potentiation in mice. Proc Natl Acad Sci
96:13427-13431 Available at:
http://www.pnas.org/cgi/doi/10.1073/pnas.96.23.13427.

van Praag H, Kempermann G, Gage FH (1999b) Running increases cell proliferation
and neurogenesis in the adult mouse dentate gyrus. Nat Neurosci 2:266-270
Available at:
http://www.ncbi.nlm.nih.gov/pubmed/10195220%255Cnhttp://www.nature.com/neur
o/journal/v2/n3/pdf/nn0399_266.pdf.

van Praag H, Schinder AF, Christie BR, Toni N, Palmer TD, Gage FH (2002) Functional
neurogenesis in the adult hippocampus. Nature 415:1030-1034 Available at:

148



http://www.nature.com/nature/journal/v415/n6875/pdf/4151030a.pdf.

van Praag H, Shubert T, Zhoa C, Gage FH (2005) Exercise Enhances Learning and
Hippocampal Neurogenesis in Aged Mice. J Neurosci 25:8680—-8685 Available at:
http://www.jneurosci.org/cgi/doi/10.1523/JNEUROSCI.1731-05.2005.

Varela-Nallar L, Rojas-Abalos M, Abbott AC, Moya EA, lturriaga R, Inestrosa NC (2014)
Chronic hypoxia induces the activation of the Wnt/B-catenin signaling pathway and
stimulates hippocampal neurogenesis in wild-type and APPswe-PS1AE9
transgenic mice in vivo. Front Cell Neurosci 8:17 Available at:
http://journal.frontiersin.org/article/10.3389/fncel.2014.00017/abstract.

Varga AW, Kishi A, Mantua J, Lim J, Koushyk V, Leibert DP, Osorio RS, Rapoport DM,
Ayappa | (2014) Apnea-Induced Rapid Eye Movement Sleep Disruption Impairs
Human Spatial Navigational Memory. J Neurosci 34:14571-14577.

Vaz Fragoso CA, Gill TM (2007) Sleep complaints in community-living older persons: a
multifactorial geriatric syndrome. J Am Geriatr Soc 55:1853—1866 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/17916123.

Veasey SC, Davis CW, Fenik P, Zhan G, Hsu Y-J, Pratico D, Gow A (2004) Long-term
intermittent hypoxia in mice: protracted hypersomnolence with oxidative injury to
sleep-wake brain regions. Sleep 27:194—-201 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/15124711.

Venkatesan A, Nath A, Ming G, Song H (2007) Adult hippocampal neurogenesis:
regulation by HIV and drugs of abuse. Cell Mol Life Sci 64:2120-2132 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/17530169.

Verrier RL, Muller JE, Hobson JA (1996) Sleep, dreams, and sudden death: the case for
sleep as an autonomic stress test for the heart. Cardiovasc Res 31:181-211.

Vgontzas AN, Legro RS, Bixler EO, Grayev A, Kales A, Chrousos GP (2001) Polycystic
ovary syndrome is associated with obstructive sleep apnea and daytime
sleepiness: role of insulin resistance. J Clin Endocrinol Metab 86:517-520
Available at: http://dx.doi.org/10.1210/jcem.86.2.7185.

Vieira HLA, Alves PM, Vercelli A (2011) Modulation of neuronal stem cell differentiation
by hypoxia and reactive oxygen species. Prog Neurobiol 93:444—-455 Available at:
http://dx.doi.org/10.1016/j.pneurobio.2011.01.007.

Villasana LE, Westbrook GL, Schnell E (2014) Neurologic impairment following closed
head injury predicts post-traumatic neurogenesis. Exp Neurol 261:156—-162
Available at: http://dx.doi.org/10.1016/j.expneurol.2014.05.016.

Volianskis A, Bannister N, Collett VJ, Irvine MW, Monaghan DT, Fitzjohn SM, Jensen
MS, Jane DE, Collingridge GL (2013) Different NMDA receptor subtypes mediate
induction of long-term potentiation and two forms of short-term potentiation at CA1
synapses in rat hippocampus in vitro. J Physiol 591:955-972 Available at:
http://doi.wiley.com/10.1113/jphysiol.2012.247296.

von Kanel R, Loredo JS, Ancoli-Israel S, Mills PJ, Natarajan L, Dimsdale JE (2007)
Association between polysomnographic measures of disrupted sleep and
prothrombotic factors. Chest 131:733-739 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/17356087.

Wachs F-P, Winner B, Couillard-Despres S, Schiller T, Aigner R, Winkler J, Bogdahn U,
Aigner L (2006) Transforming growth factor-beta1 is a negative modulator of adult
neurogenesis. J Neuropathol Exp Neurol 65:358-370 Available at:

149



http://www.ncbi.nlm.nih.gov/pubmed/16691117.

Wahner-Roedler DL, Olson EJ, Narayanan S, Sood R, Hanson AC, Loehrer LL, Sood A
(2007) Gender-specific differences in a patient population with obstructive sleep
apnea-hypopnea syndrome. Gend Med 4:329-338.

Wali SO, Abalkhail B, Krayem A (2017) Prevalence and risk factors of obstructive sleep
apnea syndrome in a Saudi Arabian population. Ann Thorac Med 12:88-94
Available at:
http://www.ncbi.nlm.nih.gov/pubmed/284697 18 %0Ahttp://www.pubmedcentral.nih.g
ov/articlerender.fcgi?artid=PMC5399696.

Walker RP, Durazo-Arvizu R, Wachter B, Gopalsami C (2001) Preoperative differences
between male and female patients with sleep apnea. Laryngoscope 111:1501—
1505.

Wall AM, Corcoran AE, O’Halloran KD, O’Connor JJ (2014) Effects of prolyl-
hydroxylase inhibition and chronic intermittent hypoxia on synaptic transmission
and plasticity in the rat CA1 and dentate gyrus. Neurobiol Dis 62:8—17 Available at:
http://dx.doi.org/10.1016/j.nbd.2013.08.016.

Wang M, lliff JJ, Liao Y, Chen MJ, Shinseki MS, Venkataraman A, Cheung J, Wang W,
Nedergaard M (2012) Cognitive deficits and delayed neuronal loss in a mouse
model of multiple microinfarcts. J Neurosci 32:17948-17960 Available at:
http://www.jneurosci.org/cgi/doi/10.1523/JNEUROSCI.1860-12.2012.

Wang S, Scott BW, Wojtowicz JM (2000) Heterogenous properties of dentate granule
neurons in the adult rat. J Neurobiol 42:248-257.

Ward CP, McCoy JG, McKenna JT, Connolly NP, McCarley RW, Strecker RE (2009)
Spatial learning and memory deficits following exposure to 24 h of sleep
fragmentation or intermittent hypoxia in a rat model of obstructive sleep apnea.
Brain Res 1294:128—-137 Available at:
http://dx.doi.org/10.1016/j.brainres.2009.07.064.

Ware JC, McBrayer RH, Scott JA (2000) Influence of sex and age on duration and
frequency of sleep apnea events. Sleep 23:165-170.

Warner-Schmidt JL, Madsen TM, Duman RS (2008) Electroconvulsive seizure restores
neurogenesis and hippocampus-dependent fear memory after disruption by
irradiation. Eur J Neurosci 27:1485-1493 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/18336568.

Watson NF (2016) Health Care Savings: The Economic Value of Diagnostic and
Therapeutic Care for Obstructive Sleep Apnea. J Clin Sleep Med 12:1075-1077
Available at:
http://www.ncbi.nlm.nih.gov/pubmed/27448424%5Cnhttp://www.pubmedcentral.nih.
gov/articlerender.fcgi?artid=PMC4957182.

Weaver TE, Grunstein RR (2008) Adherence to continuous positive airway pressure
therapy: the challenge to effective treatment. Proc Am Thorac Soc 5:173-178
Available at: http://pats.atsjournals.org/cgi/doi/10.1513/pats.200708-119MG.

Weeden CSS, Roberts JM, Kamm AM, Kesner RP (2015) The role of the ventral
dentate gyrus in anxiety-based behaviors. Neurobiol Learn Mem 118:143—-149
Available at: http://dx.doi.org/10.1016/j.nim.2014.12.002.

Weese-Mayer DE, Lieske SP, Boothby CM, Kenny AS, Bennett HL, Silvestri JM,
Ramirez JM (2006) Autonomic nervous system dysregulation: Breathing and heart

150



rate perturbation during wakefulness in young girls with rett syndrome. Pediatr Res
60:443-449.

Wexler EM, Paucer A, Kornblum HI, Palmer TD, Plamer TD, Geschwind DH (2009)
Endogenous Wnt signaling maintains neural progenitor cell potency. Stem Cells
27:1130-1141 Available at: http://www.ncbi.nlm.nih.gov/pubmed/19418460.

Wilhoit SC, Suratt PM (1987) Obstructive Sleep Apnea in Premenopausal WWomen.
Chest 91:654—658 Available at:
http://linkinghub.elsevier.com/retrieve/pii/S0012369216587947.

Winocur G, Wojtowicz JM, Huang J, Tannock IF (2014) Physical exercise prevents
suppression of hippocampal neurogenesis and reduces cognitive impairment in
chemotherapy-treated rats. Psychopharmacology (Berl) 231:2311-2320.

Winocur G, Wojtowicz JM, Sekeres M, Snyder JS, Wang S (2006) Inhibition of
neurogenesis interferes with hippocampus-dependent memory function.
Hippocampus 16:296—-304 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/16411241.

Woitke F, Ceanga M, Rudolph M, Niv F, Witte OW, Redecker C, Kunze A, Keiner S
(2017) Adult hippocampal neurogenesis poststroke: More new granule cells but
aberrant morphology and impaired spatial memory. PLoS One 12:e0183463
Available at: http://www.ncbi.nlm.nih.gov/pubmed/28910298.

Won CH, Chun HJ, Chandra SM, Sarinas PS, Chitkara RK, Heidenreich PA (2013)
Severe obstructive sleep apnea increases mortality in patients with ischemic heart
disease and myocardial injury. Sleep Breath 17:85-91 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/22294346.

Wu J, Stefaniak J, Hafner C, Schramel JP, Kaun C, Wojta J, Ullrich R, Tretter VE,
Markstaller K, Klein KU (2016) Intermittent hypoxia causes inflammation and injury
to human adult cardiac myocytes. Anesth Analg 122:373-380.

Wulbrand H, McNamara F, Thach BT (2008) The role of arousal related brainstem
reflexes in causing recovery from upper airway occlusion in infants. Sleep 31:833—
840 Available at:
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2442409&tool=pmcentre
z&rendertype=abstract.

Xie H, Leung K, Chen L, Chan Y, Ng P, Fok T, Wing Y, Ke Y, Li AM, Yung W (2010)
Brain-derived neurotrophic factor rescues and prevents chronic intermittent
hypoxia-induced impairment of hippocampal long-term synaptic plasticity. Neurobiol
Dis 40:155-162 Available at: http://www.ncbi.nlm.nih.gov/pubmed/20553872.

Xu R-Y, Huang R, Xiao Y, Chen L-F, Lin X, Fang Q, Yan X-W (2015) Attenuated
macrophage cholesterol efflux function in patients with obstructive sleep apnea—
hypopnea syndrome. Sleep Breath 19:369-375 Available at:
http://link.springer.com/10.1007/s11325-014-1030-9.

Yaffe K, Laffan AM, Harrison SL, Redline S, Spira AP, Ensrud KE, Ancoli-Israel S,
Stone KL (2011) Sleep-disordered breathing, hypoxia, and risk of mild cognitive
impairment and dementia in older women. JAMA 306:613-619 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/21828324.

Yamamoto K, Eubank W, Franzke M, Mifflin S (2013) Resetting of the sympathetic
baroreflex is associated with the onset of hypertension during chronic intermittent
hypoxia. Auton Neurosci Basic Clin 173:22-27.

151



Yamashita T, Murakawa Y, Hayami N, Sezaki K, Inoue M, Fukui El, Omata M (1998)
Relation between aging and circadian variation of paroxysmal atrial fibrillation. Am
J Cardiol 82:1364-1367.

Yang HP, Kang JH, Su HY, Tzeng CR, Liu WM, Huang SY (2009) Apnea-hypopnea
index in nonobese women with polycystic ovary syndrome. Int J Gynecol Obstet
105:226-229.

Yassa MA, Stark CEL (2011) Pattern separation in the hippocampus. Trends Neurosci
34:515-525 Available at: http://dx.doi.org/10.1016/j.tins.2011.06.006.

Yee LTS, Warren DE, Voss JL, Duff MC, Tranel D, Cohen NJ (2014) The hippocampus
uses information just encountered to guide efficient ongoing behavior.
Hippocampus 24:154-164.

Youn M, Kwon JY, Lee KS, Park JH, Lee HW (2015) Gender Differences in Rapid Eye
Movement-Related Sleep Disordered Breathing. Health (Irvine Calif) 7:106—111
Available at:
http://www.scirp.org/journal/doi.aspx?D0OI1=10.4236/health.2015.71012.

Young T, Finn L, Peppard PE, Szklo-Coxe M, Austin D, Nieto FJ, Stubbs R, Hla KM
(2008) Sleep disordered breathing and mortality: eighteen-year follow-up of the
Wisconsin sleep cohort. Sleep 31:1071-1078 Available at:
http://linkinghub.elsevier.com/retrieve/pii/S8756345208791813.

Young T, Palta M, Dempsey J, Peppard PE, Nieto FJ, Hla KM (2009) Burden of sleep
apnea: rationale, design, and major findings of the Wisconsin Sleep Cohort study.
WMJ 108:246-249 Available at: http://www.ncbi.nlm.nih.gov/pubmed/19743755.

Young T, Palta M, Dempsey J, Skatrud J, Weber S, Badr S (1993) The occurrence of
sleep-disordered breathing among middle-aged adults. N Engl J Med 328:1230-
1235 Available at: http://www.ncbi.nlm.nih.gov/pubmed/8464434.

Young T, Shahar E, Nieto FJ, Redline S, Newman AB, Gottlieb DJ, Walsleben JA, Finn
L, Enright P, Samet JM, Sleep Heart Health Study Research Group (2002)
Predictors of sleep-disordered breathing in community-dwelling adults: the Sleep
Heart Health Study. Arch Intern Med 162:893-900 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/11966340.

Yuan CJ, Quiocho JMD, Kim A, Wee S, Mandyam CD (2011) Extended access
methamphetamine decreases immature neurons in the hippocampus which results
from loss and altered development of neural progenitors without altered dynamics
of the S-phase of the cell cycle. Pharmacol Biochem Behav 100:98-108 Available
at: http://dx.doi.org/10.1016/j.pbb.2011.08.004.

Yuan G, Nanduri J, Bhasker CR, Semenza GL, Prabhakar NR (2005) Ca2+/calmodulin
kinase-dependent activation of hypoxia inducible factor 1 transcriptional activity in
cells subjected to intermittent hypoxia. J Biol Chem 280:4321-4328.

Yuan G, Nanduri J, Khan S, Semenza GL, Prabhakar NR (2008) Induction of HIF-1a
expression by intermittent hypoxia: Involvement of NADPH oxidase, Ca2+
signaling, prolyl hydroxylases, and mTOR. J Cell Physiol 217:674-685.

Yuan P, Raz N (2014) Prefrontal cortex and executive functions in healthy adults: a
meta-analysis of structural neuroimaging studies. Neurosci Biobehav Rev 42:180—
192 Available at: http://dx.doi.org/10.1016/j.neubiorev.2014.02.005.

Yuet E, Lau Y, Eskes GA, Morrison DL, Rajda M, Spurr KF (2010) Executive function in
patients with obstructive sleep apnea treated with continuous positive airway

152



pressure. J Int Neuropsychol Soc 16:1077-1088.

Zhang C-L, Zou Y, He W, Gage FH, Evans RM (2008) A role for adult TLX-positive
neural stem cells in learning and behaviour. Nature 451:1004—-1007 Available at:
http://www.nature.com/doifinder/10.1038/nature06562.

Zhang H, Sun X-R, Wang J, Zhang Z-Z, Zhao H-T, Li H-H, Ji M-H, Li K-Y, Yang J-J
(2016) Reactive Oxygen Species-mediated Loss of Phenotype of Parvalbumin
Interneurons Contributes to Long-term Cognitive Impairments After Repeated
Neonatal Ketamine Exposures. Neurotox Res 30:593—-605 Available at:
http://www.ncbi.nlm.nih.gov/pubmed/27443555.

Zhang J, Zheng L, Cao J, Chen B, Jin D (2015a) Inflammation induced by increased
frequency of intermittent hypoxia is attenuated by tempol administration. Brazilian J
Med Biol Res 48:1115-1121.

Zhang K, Zhou Y, Zhao T, Wu L, Huang X, Wu K, Xu L, Li D, Liu S, Zhao Y, Fan M, Zhu
L (2015b) Reduced cerebral oxygen content in the DG and SVZ in situ promotes
neurogenesis in the adult rat brain in vivo. PLoS One 10:1-15.

Zhang S, Cui W (2014) Sox2, a key factor in the regulation of pluripotency and neural
differentiation. World J Stem Cells 6:305-311 Available at:
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4131272&tool=pmcentre
z&rendertype=abstract.

Zhang Z, Wang H, Jin Z, Cai X, Gao N, Cui X, Liu P, Zhang J, Yang S, Yang X (2015c)
Downregulation of survivin regulates adult hippocampal neurogenesis and
apoptosis, and inhibits spatial learning and memory following traumatic brain injury.
Neuroscience 300:219-228 Available at:
http://dx.doi.org/10.1016/j.neuroscience.2015.05.025.

Zhao C, Deng W, Gage FH (2008) Mechanisms and Functional Implications of Adult
Neurogenesis. Cell 132:645-660.

Zhao C, Teng EM, Jr RGS, Ming G, Gage FH (2006) Distinct Morphological Stages of
Dentate Granule Neuron Maturation in the Adult Mouse Hippocampus. 26:3-11.

Zhao L-P, Tan A, Tai B-C, Loo G, Tan H-C, Lee C-H (2014) Effects of gender on the
prevalence of obstructive sleep apnea in patients with coronary artery disease. J
Clin Sleep Med 10:1279-1284 Available at:
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4237519&tool=pmcentre
z&rendertype=abstract.

Zheng W, ZhuGe Q, Zhong M, Chen G, Shao B, Wang H, Mao X, Xie L, Jin K (2013)
Neurogenesis in adult human brain after traumatic brain injury. J Neurotrauma
30:1872—-1880 Available at:
http://online.liebertpub.com/doi/abs/10.1089/neu.2010.1579.

Zhu B, Ma C, Chaiard J, Shi C (2017) Effect of continuous positive airway pressure on
glucose metabolism in adults with type 2 diabetes: a systematic review and meta-
analysis of randomized controlled trials. Sleep Breath:1-9 Available at:
http://www.springeronline.com/sgw/cda/frontpage/0,11855,1-40109-70-39223762-
0,00.htmI%0Ahttp://ovidsp.ovid.com/ovidweb.cgi?T=JS&PAGE=reference&D=emex
&NEWS=N&AN=618082070.

Zhu L-L, Zhao T, Li H-S, Zhao H, Wu L-Y, Ding A-S, Fan W-H, Fan M (2005)
Neurogenesis in the adult rat brain after intermittent hypoxia. Brain Res 1055:1-6.

Zhu X-H, Yan H-C, Zhang J, Qu H-D, Qiu X-S, Chen L, Li S-J, Cao X, Bean JC, Chen

153



L-H, Qin X-H, Liu J-H, Bai X-C, Mei L, Gao T-M (2010) Intermittent Hypoxia
Promotes Hippocampal Neurogenesis and Produces Antidepressant-Like Effects in
Adult Rats. J Neurosci 30:12653—-12663 Available at:
http://www.jneurosci.org/cgi/doi/10.1523/JNEUROSCI.6414-09.2010.

Zhu Y, Fenik P, Zhan G, Mazza E, Kelz M, Aston-Jones G, Veasey SC (2007) Selective
Loss of Catecholaminergic Wake Active Neurons in a Murine Sleep Apnea Model. J
Neurosci 27:10060-10071 Available at:
http://www.jneurosci.org/cgi/doi/10.1523/JNEUROSCI.0857-07.2007.

Zinchuk AV, Gentry MJ, Concato J, Yaggi HK (2017) Phenotypes in obstructive sleep
apnea : A definition, examples and evolution of approaches. Sleep Med Rev
35:113-123 Available at: http://dx.doi.org/10.1016/j.smrv.2016.10.002.

Zucker RS (1989) Short-term synaptic plasticity. Annu Rev Neurosci 12:13—-31 Available
at: papers3://publication/doi/10.1146/annurev.ne.12.030189.000305.

154



Data Attribution

The conceptualization of this thesis project was completed by Chelsea M Pagan
(CMP), Alfredo J Garcia lll (AJG), and Jan-Marino Ramirez (JMR). Experimental design
was completed by CMP, AJG, JMR, and Rebecca D Hodge (RDH). The acquisition and
establishment of genetically modified mice was completed by RDH, AJG, CMP and
Maggie A Khuu (MAK). The mouse colony was maintained and confirmed by
genotyping by CMP and MAK. Exposure to chronic intermittent hypoxia was completed
by CMP, MAK, and AJG. Genetic birth-labeling of hippocampal neurons was completed
by CMP. Antioxidant treatment was performed by CMP and Seattle Children’s Research
Institute Office of Animal Care Staff. Behavioral examinations were completed by MAK
and analyzed by CMP and MAK. Electrophysiology experiments were conducted and
analyzed by MAK and AJG. Tissue processing and histology were conducted by CMP,
MAK, RDH, Alexi Z Christakis (AZC), Karissa Lam, (KL) and Emily Parlan (EP). Image
collection was completed by CMP, MAK, AZC, KL, EP and RDH. Image quantitation
was completed by CMP and MAK. Cell lineage analysis was completed by CMP. Sholl
analysis was completed by Thara Nallamothu (TN). CMP and MAK generated the
figures used throughout this dissertation. The organization and writing of this
dissertation was completed by CMP, with guidance from AJG, MAK, JMR, Robert F

Hevner, Kathleen J Millen, and Olivia Bermingham-McDonogh.

155



Chelsea M. Pagan

701 17" Ave. Apt. 407 Cell Phone: 909-234-1252
Seattle, WA 98122 E-mail: chelsea.pagan@gmail.com
EDUCATION

2011-2018 Ph.D. Pathology - Molecular Basis of Disease Program

Howard Hughes Molecular Medicine Certificate
University of Washington, Seattle, WA
2015-2018 Ramirez Lab, Seattle Children’s Research Institute
2012-2015  Mahoney Lab, UW-South Lake Union

2001-2006 B.S. Biological Sciences — Neurobiology Emphasis
Psychology Minor
University of California, Irvine, CA

PROFESSIONAL EXPERIENCE

01/15-present Graduate Research Fellow, University of Washington, Seattle, WA
Jan-Marino “Nino” Ramirez, Ph.D.

e Research project: Sleep apnea impairs hippocampal function and adult neurogenesis

e Technical skills: fluorescent immunohistochemistry; confocal microscopy; animal breeding,
husbandry, drug administration, and surgical procedures; statistical analyses

e Designed and executed multiple experiments to yield first-authored submitted manuscript

e Disseminated research by poster, print, and oral presentation at internal, departmental, and
national conferences

e Responsible for complete IACUC protocol submission and approval for Ramirez Lab

e Mentored, trained, and supervised 3 rotational students on experiments of my design

e Facilitated long-term collaboration on multiple experiments with off-site colleagues

07/12-01/15 Graduate Research Fellow, University of Washington, Seattle, WA
William Mahoney III, Ph.D.

e Research project: Potential therapeutic properties of monocytes on vascular remodeling following
myocardial infarction.

e Technical skills: Murine cell culture, transfection, and RNA expression; animal handling, drug
administration, and surgical procedures; micro-CT angiography; statistical analyses

e Designed several animal-use experiments, obtained IACUC approval, executed protocols

e Coordinated several small collaborative projects with labs within the department, outside of the
department, and at independent research institutes

e Created internal standards of practice for techniques learned during off-site collaboration

e Disseminated research by poster and oral presentation at internal, departmental, and national
conferences

03/07-09/11 Staff Research Associate II, University of California, Irvine, CA
156



CDREF SCI Core Laboratory: Aileen Anderson, Ph.D. Director

e Research projects: Effect of thrombate on early inflammatory response following contusion spinal
cord injury; synthetic scaffolds as bridges for regeneration following hemisection spinal cord
injury

e Temporarily supervised 5 technicians and undergraduates during lab manager’s L.O.A.

e Facilitated collaborative projects between the CDRF Core and CDRF Consortium associates,
CDREF Pilot Project Grantees, and CDRF Biotech Initiative laboratories

e Coordinated multiple projects to maximize personnel, animal, and surgical resources

e Supervised and performed project planning, rodent survival surgical procedures, animal behavior
testing, drug administration, histology, microscopic imaging, data analysis

e Trained internal and external personnel in surgical, behavioral, and histological procedures

e Responsible for equipment and supply purchases and maintenance

e Prepared multiple IACUC protocols and modification for approval

02/08-09/11 Lecturer, The Berkeley Review, Claremont, Irvine, and Los Angeles, CA
Physiology Department: Todd Bennett, M.S. Chief Executive Officer
e Prepared and taught lessons on human physiology including, but not limited to, Cardiovascular,
Renal, Reproductive, and Immune Systems
e Taught test-taking strategies to students preparing to take the Medical College Admissions Test
and to the UC Irvine Post-baccalaureate program

9/04-06/06 Research Assistant, University of California, Irvine, CA
Laboratory: Aileen Anderson, Ph.D.
e Research projects: Role of complement proteins in a mouse model of spinal cord injury,
Comparison of complement levels in various commonly-used mouse strains
e Using CH50 assays and stereological quantification of injured spinal tissue
e Post-operative daily care of injured research animals

VOLUNTEER EXPERIENCE

03/17-present HOA Board Secretary, Manhattan Plaza HOA, Seattle, WA

e Prepare agenda and minutes for open and closed meetings of the Board and HOA
Evaluate financial, legal, and domestic plans for HOA
Instruct property management company of all Board decisions
Correspond with and advise legal team regarding collections for unpaid dues
Served as one of several on-site managers for emergent housing issues

5/16-11/17 Bargaining Team Member, UAW 4121, University of Washington
David Parsons, Local UAW 4121 President

e Facilitated membership and involvement of members in region 5 departments

e Evaluated financial and organizational plans for Local as an executive board member

e Prepared correspondence collaboratively on behalf of the Local for membership-wide
communications, University of Washington representatives, and activist organizations

¢ Aid in the collaborative preparation of bargaining demands and negotiations for employment
contracts with representatives of the University of Washington

e Facilitated yearly orientation to new student members in multiple departments
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09/15-9/17 G.E.M.S. mentor
Association for Women in Science, Seattle, WA
Girls in Engineering Math and Science: Jac Fitzgerald, co-chair (2016-17)
e Taught interactive science lessons to JH-aged girls: genetics, neuroscience, engineering
e Led small team of volunteer instructors: genetics, neuroscience, engineering
e Instructed hands-on laboratory experiments: chromatography, forensics, computer science

1/15-3/17 Laboratory Assistant, Seattle Children’s Research Institute, Seattle, WA
Science Adventure Lab: Amanda Jones, Ph.D.
e Led elementary school aged students on educational field trip through SCRI
e Assisted in age-appropriate lessons in neuroscience, respiration, and career choices
e Table lead for Guinness Book of World Records “Greatest Number of Simultaneous DNA
Extractions”

11/14-5/16 Union Steward, Local UAW 4121, University of Washington
David Parsons, Local UAW 4121 President
e Facilitated membership and involvement of members in region 5 departments
e Liaised with members regarding employment contract compliance and insurance coverage
e Served on the by-laws committee interpreting the language of proposed amendments and advising
the membership on potential conflicts with the originating by-laws
e Facilitated yearly orientation to new student members in multiple departments

10/12-10/16 Scientist Volunteer, Pacific Science Center, Seattle, WA
Life Science Research Weekend (LSRW): Valerie Kravis
South Lake Union Group: Jill Weyers, PhD
e Hosted a table presenting hands-on study of DNA at yearly LSRW
e Led primarily elementary school aged students in DNA extraction protocol
e Coordinated scheduling of additional volunteers and materials acquisition and disposal

HONORS AND AWARDS

HHMI/ UW Molecular Medicine Scholar Award, University of Washington 2017, Seattle, WA
Invited Speaker, APS — Respiration, Experimental Biology Conference 2016, San Diego, CA
Recipient of NAVBO travel award for Vasculata 2013, San Diego, CA

Invited Speaker, School of Medicine PhD Welcome, University of Washington, Seattle, WA
Nelson Fausto Graduate Research Presentation Award, University of Washington, Seattle, WA
Dean’s List, University of California, Irvine, CA

SELECTED PUBLICATIONS, POSTERS, AND ABSTRACTS

Khuu MA*, Pagan CM*, Nallamothu T, Hevner RF, Hodge RD, Ramirez JM, and Garcia AJ I1I.
Intermittent hypoxia-dependent ROS signaling disrupts adult neurogenesis and synaptic plasticity. Journal
of Clinical Investigation. Submitted.

Pagan CM, Khuu MA, Christakis AZ, Ramirez JM, and Garcia AJ III. A Murine Model of Obstructive
Sleep Apnea Disrupts Synaptic Plasticity and Suppresses Adult Neurogenesis In The Dentate Gyrus.
(2017) Keystone Symposia: Neurogenesis during Development and in the Adult Brain, Olympic Valley,
CA
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Pagan CM, Khuu MA, Christakis AZ, Ramirez JM, and Garcia AJ III. Chronic Intermittent Hypoxia
Suppresses Adult Neurogenesis And Disrupts Synaptic Plasticity In The Dentate Gyrus Of The
Hippocampus. (2016) Experimental Biology 2016, San Diego, CA

Lundy SD, Gantz JA, Pagan CM, Filice D, and Laflamme MA. Pluripotent Stem Cell Derived
Cardiomyocytes for Cardiac Repair. Current Treatment Options in Cardiovascular Medicine 2014
Jul;16(7):319.

Pagan CM, Weyers JJ, Minami E, Giannandrea M, Dupras S, Parks WC, Murry CE, and Mahoney WM.
Graft vascularization: the role of monocytes in regulating myocardial vascular remodeling. (2013)
Vasculata 2013: meeting of the North American Vascular Biology Organization, La Jolla, CA
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