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Abstract

This review explores forms of respiratory and autonomic plasticity, and associated outcome
measures, that are initiated by exposure to intermittent hypoxia. The review focuses primarily

on studies that have been completed in humans and primarily explores the impact of mild
intermittent hypoxia on outcome measures. Studies that have explored two forms of respiratory
plasticity, progressive augmentation of the hypoxic ventilatory response and long-term facilitation
of ventilation and upper airway muscle activity, are initially reviewed. The role these forms

of plasticity might have in sleep disordered breathing are also explored. Thereafter, the role

of intermittent hypoxia in the initiation of autonomic plasticity is reviewed and the role this

form of plasticity has in cardiovascular and hemodynamic responses during and following
intermittent hypoxia is addressed. The role of these responses in individuals with sleep disordered
breathing and spinal cord injury are subsequently addressed. Ultimately an integrated picture

of the respiratory, autonomic and cardiovascular responses to intermittent hypoxia is presented.
The goal of the integrated picture is to address the types of responses that one might expect in
humans exposed to one-time and repeated daily exposure to mild intermittent hypoxia. This form
of intermittent hypoxia is highlighted because of its potential therapeutic impact in promoting
functional improvement and recovery in several physiological systems.
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Introduction

This review is focused on respiratory, autonomic and cardiovascular responses that have
been documented in humans following treatment with intermittent hypoxia. This stimulus
has been shown to initiate beneficial outcomes when a mild/moderate dose of hypoxia is
administered acutely (e.g. on a single visit to the laboratory) or repeatedly (e.g. multiple
visits to the laboratory on consecutive days) (Mateika et al., 2015; Mateika and Komnenov,
2017). Defining mild/moderate intermittent hypoxia is difficult because there are several
variables to be considered when developing a protocol for humans (Mateika and Sandhu,
2011; Navarrete-Opazo and Mitchell, 2014). These variables include, but are not limited to,
the intensity of hypoxia, the number and duration of hypoxic episodes and the profile of the
oxygen saturation/desaturation wave form (e.g. square wave vs. sinusoidal). To date, detailed
dose response studies in humans, which could provide guidance in selecting the appropriate
variables, have not been completed. Defining the intermittent nature of a protocol is more
difficult since the time frame of exposure varies greatly in the literature. The time frame

may range from a single bout of hypoxia each day versus exposure to repetitive episodes of
hypoxia each day for several days, including protocols that increase the number and duration
of cycles and the intensity of hypoxia over several weeks (Mateika and Sandhu, 2011).
Moreover, the duration of these hypoxic bouts may range from two minutes to several hours.
For example, therapeutic and therapeutic-like intermittent normobaric hypoxia protocols
may be defined by thirty minutes of hypoxia each day for ten days, or twelve 2-min cycles
of hypoxia interspersed with 2 min of normoxia administered each day for 15 days (Mateika
and Sandhu, 2011). Typically, the protocols used to initiate two forms of respiratory
plasticity in humans, which are outlined below, are comprised of a few episodes (e.g. 12
episodes) of short duration (e.g. 2 min) (Fig. 1). If repeated daily exposure is implemented,
the exposure typically has not extended beyond 3 weeks. To add to the variable nature of the
protocols used to initiate respiratory plasticity, those linked to autonomic and cardiovascular
outcomes are even more variable. Given this conundrum, the information included in this
review is based principally on the reporting of beneficial outcome measures rather than
specific dose requirements. Consequently, details of specific protocols are typically not
presented in the manuscript. Instead, asa serviceto our readerswe have summarized the
characteristics of each referenced protocol and the accompanying outcome measuresin
a supplemental file. Nonetheless, for those that require a distinct definition of mild/moderate
hypoxia, we consider an oxygen saturation level at or above 85% fulfills the definition
provided that the duration and number of hypoxic episodes are few. Although some
respiratory, autonomic and cardiovascular outcomes linked to mild intermittent hypoxia are
beneficial, detrimental outcomes are also outlined.

The review is directed toward experimentally induced intermittent hypoxia, however
beneficial outcomes coupled to naturally occurring intermittent hypoxia that is characteristic
of obstructive sleep apnea will also be mentioned. To establish context, findings obtained
from animal models are mentioned, but we have purposely avoided an extensive review of
the literature in this area to maintain focus on findings in human participants. In reviewing
the respiratory, autonomic and cardiovascular outcomes, we will address factors that might
influence the magnitude of the response including (i) the timing of administration (wake
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vs. sleep, morning vs. afternoon vs. evening) (ii) dose characteristics [e.g. single dose (i.e.
one day) vs. repeated dose (daily repeated intermittent hypoxia), (iii) the role of carbon
dioxide (if any) and (iv) anthropometric factors (e.g. sex, and age). In some cases, these
factors will not be addressed or will not be addressed under a specific heading because
published information is limited or not available. Furthermore, we excluded studies that
combine hypoxia with other perturbations (i.e. hypoxia administered during exercise). Thus,
the focus of the review is specific to normobaric hypoxia and removes potential confounders
including exercise. For reviews that focus on hypobaric hypoxia, hypoxia and exercise, and,
hypoxia and other perturbations, we direct the reviewers elsewhere (Hobbins et al., 2017;
Mallet et al., 2018; Scott et al., 2014; Serebrovskaya et al., 2008; Viscor et al., 2018).

Respiratory plasticity

Plasticity is a fundamental characteristic of a physiological system and may be defined as
the adaptive response of a system to a stimulus, or variation in environmental input, to
establish homeostasis and/or stability (Dennis et al., 2013; Mitchell and Johnson, 2003).
However, there can be maladaptive responses to the stimuli that result in impairment

in the function and/or recovery of a physiological system (Velotta and Cheviron, 2018).
Respiratory plasticity or respiratory motor neuronal plasticity is defined as the persistent
morphological and/or functional modification of neural pathways and synapses of the
nervous system involved in the control of breathing in response to chemical stimuli,
exercise, ascent to altitude, injury or stress (Mitchell and Johnson, 2003). These adaptive
responses to short-term or long-term perturbations in arousal state, metabolic demand or
environment, for example, are crucial to maintain homeostatic arterial blood gases and
ventilation. Respiratory plasticity can be expressed at the chemoreceptor (Prabhakar, 2011),
brainstem (Morris et al., 2003), spinal (Dale-Nagle et al., 2010) and neuromuscular (Rowley
et al., 2005) level of the control of breathing.

There are two forms of hypoxia-induced respiratory plasticity: progressive augmentation of
the hypoxic ventilatory response and long- term facilitation (Mateika and Narwani, 2009;
Mateika et al., 2018). Progressive augmentation is characterized by a progressive increase
in the ventilatory response to hypoxia that occurs from the initial to the final episode

of an intermittent hypoxia protocol (Fig. 2). Long-term facilitation is characterized by a
gradual increase in respiratory motor output relative to baseline during successive periods
of normoxia that separate hypoxic episodes, and the sustained elevation of the respiratory
motor output may last for up to 90 min following removal of the hypoxic stimulus (Fig.

2) (Mateika and Narwani, 2009; Mateika et al., 2018; Mateika and Sandhu, 2011). In
humans, acute intermittent hypoxia initiates a sustained increase in minute ventilation
which is termed ventilatory long-term facilitation and is described below. The occurrence of
progressive augmentation and long-term facilitation principally depends upon the paradigm
of the hypoxic stimulus that includes the duration (acute vs. chronic), intensity (mild vs.
severe) and pattern of hypoxia (intermittent vs. sustained). The following sections describe
each form of respiratory plasticity in detail.
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3. Progressive augmentation of the hypoxic ventilatory response

3.1.

Manifestation of progressive augmentation

Progressive augmentation was originally observed in inspiratory intercostal nerve activity
of cats (Fregosi and Mitchell, 1994) and has also been observed in the minute ventilation
responses of awake goats and ducks (Mitchell et al., 2001b; Turner and Mitchell, 1997) and
anesthetized rats (Nichols et al., 2012). Attempts to demonstrate progressive augmentation
during the administration of intermittent hypoxia, in both healthy humans (Mateika et al.,
2004; Morelli et al., 2004) and humans with sleep apnea (Khodadadeh et al., 2006), was
initially unsuccessful leading to the possible conclusion that progressive augmentation is
not a firmly established form of plasticity. On the other hand, the absence of progressive
augmentation could be because carbon dioxide levels were not maintained at or above
baseline levels (also see Ventilatory long-term facilitation for additional details regarding
the impact of carbon dioxide on long term facilitation). Typically, hypocapnia is induced in
response to hyperventilation initiated by hypoxia, which in turns serves to disfacilitate the
response. In support of this speculation, a progressive increase in minute ventilation during
exposure to intermittent hypoxia was evident when carbon dioxide levels were maintained
above baseline in both healthy individuals (Harris et al., 2006; Syed et al., 2013; Wadhwa
et al., 2008) and individuals with obstructive sleep apnea (Gerst 11 et al., 2011; Lee et

al., 2009). Similarly, numerous studies have shown that the response to hypoxia soon after
exposure to intermittent hypoxia was enhanced, compared to a sham protocol, when carbon
dioxide levels were at or above baseline in healthy individuals (Mateika et al., 2004;Morelli
et al., 2004) and individuals with obstructive sleep apnea (Gerst 111 et al., 2011; Khodadadeh
et al., 2006).

There are other circumstances in which progressive augmentation during exposure to mild
intermittent hypoxia may not be evident, even if carbon dioxide levels are maintained.
Progressive augmentation may be difficult to observe at extreme stimulus intensities. In
cats, progressive augmentation was less obvious in phrenic nerve activity compared to
intercostal nerve activity, because the phrenic response to the initial hypoxic episode

was greater than 90% of maximal activity (Fregosi and Mitchell, 1994). In other words,

if a maximal response is initiated early on in an intermittent hypoxia protocol it is

unlikely that progressive enhancement will be evident. On the other hand, work completed
in rats suggests that if the intensity of the hypoxic stimulus is too mild, progressive
augmentation will not be initiated. Nichols and colleagues reported in anesthetized rats that
a partial pressure of oxygen equivalent to 25-30 mmHg led to the initiation of progressive
augmentation (Nichols et al., 2012), while a more moderate stimulus (45-55 mmHg) under
the same experimental conditions did not initiate the phenomenon (Nichols et al., 2012).

Even if a progressive increase is evident during administration of intermittent hypoxia it
may be difficult to quantify. The hypoxic ventilatory response is determined by subtracting
minute ventilation during the hypoxic episode from the minute ventilation measured during
baseline (i.e. the recovery period from the previous hypoxic episode). The difference is
divided by the change in oxygen saturation measured during baseline periods and the
accompanying hypoxic episode. The issue in quantifying progressive augmentation is that
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measures of minute ventilation throughout the recovery periods of an intermittent hypoxia
protocol also typically increase. Thus, it is difficult to ascertain in some cases if the
progressive increase is the result of an enhanced response to hypoxia or the development
of long-term facilitation. In these cases, measures of the hypoxia ventilatory response
following exposure to an intermittent hypoxia protocol using a variety of different methods
(e.g. modified rebreathing method, sustained isocapnic hypoxia) might help to differentiate
the underlying phenomenon. Despite these concerns, there is sufficient evidence indicating
that progressive augmentation of the hypoxic ventilatory response occurs in response to
exposure to intermittent hypoxia in humans. From a translational perspective, enhancement
of the ventilatory response to hypoxia could lead to the perpetuation of apneic events (see
Progressive Augmentation, Long-Term Facilitation and Apnea Severity) (Dempsey et al.,
2010; Mateika and Narwani, 2009; Mateika and Syed, 2013).

3.2. Mechanistic underpinnings of progressive augmentation

The site of origin of progressive augmentation might be the carotid bodies, since these
receptors are the primary detectors of hypoxia (Duffin, 2007) and the ventilatory response
to hypoxia both during or after repeated daily exposure to intermittent hypoxia is enhanced
(Foster et al., 2009; Foster et al., 2005; Gerst Il et al., 2011; Gilmartin et al., 2008; Koehle
et al., 2007). Moreover, progressive augmentation of carotid sensory nerve activity has been
recorded in rats (Peng et al., 2003; Roy et al., 2018).

Independent of the site of origin, the accumulation of reactive oxygen species might be the
mechanistic link between intermittent hypoxia and the enhanced progressive augmentation
observed in sleep apnea participants. This postulation is supported by findings which
showed that chronic exposure to intermittent hypoxia led to an enhanced in vivo and ex
vivo carotid body sensory response to hypoxia (Peng and Prabhakar, 2004). The augmented
hypoxic carotid sensory response was abolished in a group of rats pre-treated with a potent
scavenger of superoxide anions (Peng and Prabhakar, 2003, 2004). More importantly for
the present review, measures of oxidative stress are correlated to loop gain (Panza et al.,
2019) in humans. Loop gain is in part impacted by the sensitivity of the response to hypoxia
(Puri et al., 2020). Likewise, increases in oxidative stress induced by repeated daily exposure
to intermittent hypoxia were positively correlated to increases in the ventilatory response

to hypoxia that occurred following 4 days of exposure to intermittent hypoxia (Pialoux et
al., 2009). This finding was further supported by results which showed that administration
of an antioxidant cocktail reduced progressive augmentation of the hypoxic ventilatory
response both during and following an acute exposure to intermittent hypoxia in humans
with obstructive sleep apnea (Lee et al., 2009).

In contrast, administration of a serotonin receptor antagonist to anesthetized cats (Fregosi
and Mitchell, 1994) and rats (Nichols et al., 2012), in addition to administration of an
adenosine receptor antagonist in rats (Nichols et al., 2012), did not impact the manifestation
of this phenomenon, which is dissimilar to its impact on long-term facilitation (Fregosi

and Mitchell, 1994; Nichols et al., 2012). However, it should be noted that a single study
completed in rats indicated that the response of the recurrent laryngeal and phrenic nerve

to an acute bout of hypoxia was enhanced 60 min following exposure to intermittent
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hypoxia (Bautista et al., 2012). This enhancement is indicative of progressive augmentation.
The response was eliminated following the application of a serotonin receptor antagonist
(Bautista et al., 2012), contrary to the previously cited investigations.

4. Ventilatory long-term facilitation

4.1. Manifestation of ventilatory long-term facilitation

Ventilatory long-term facilitation is defined by a persistent increase in minute ventilation
and/or its components (tidal volume and breathing frequency) following exposure to acute
intermittent hypoxia (Mateika and Narwani, 2009). Evidence from animal models indicate
that exposure to intermittent hypoxia evokes modifications in the cell bodies of medullary
respiratory and/or phrenic motor neurons. These modifications result in an increase in
neural activity, ultimately leading to a sustained increase in ventilation after cessation of the
hypoxic stimulus (Mitchell and Johnson, 2003).

Similar to progressive augmentation, results from early studies indicated that ventilatory
long-term facilitation was not initiated in healthy humans (Jordan et al., 2002; McEvoy et
al., 1997; Morelli et al., 2004) and in individuals with obstructive sleep apnea (Khodadadeh
et al., 2006) following exposure to intermittent hypoxia during wakefulness. However,
participants in these studies were exposed to poikilocapnic intermittent hypoxia that
constrained ventilation via disfacilitation of chemoreceptor feedback through the induction
of hypocapnia. Subsequent studies have shown that the manifestation of ventilatory long-
term facilitation in humans during wakefulness requires the maintenance of carbon dioxide
above baseline. Carbon dioxide levels were initially maintained 5 mmHg above baseline
(Harris et al., 2006). However, long-term facilitation has also been evident when carbon
dioxide is maintained ~2—-3 mmHg above baseline (EI- Chami et al., 2017; Gerst 111 et

al., 2011; Syed et al., 2013; Tester et al., 2014). The maintenance of carbon dioxide

above baseline values is not primarily responsible for the initiation of long-term facilitation
because control studies showed that the magnitude of sustained increases in ventilation were
significantly less following exposure to sustained carbon dioxide compared to the magnitude
of the response after exposure to intermittent hypoxia. Thus, it is established in humans

that intermittent hypoxia must be accompanied by the maintenance of carbon dioxide at or
above baseline levels to elicit ventilatory long-term facilitation. Since the initial discovery,
published work has shown that long- term facilitation of ventilation can be initiated in
healthy males and females (Babcock and Badr, 1998; Griffin et al., 2012; Harris et al., 2006;
Lee et al., 2009; Pierchala et al., 2008; Stuckless et al., 2020; Syed et al., 2013; Vermeulen et
al., 2020; Wadhwa et al., 2008), males and females with sleep apnea (Gerst 111 et al., 2011;
Lee et al., 2009; Syed et al., 2013), and males and females with spinal cord injury (Sankari
et al., 2015; Tester et al., 2014).

4.2. Mechanistic underpinnings of ventilatory long-term facilitation

Millhorn and colleagues originally demonstrated a ponto-medullary neural mechanism that
elicits a long lasting (up to 90 min) increase in phrenic motor output following episodic
carotid sinus nerve stimulation in anesthetized cats (Millhorn et al., 1980a; Millhorn et al.,
1980b). Subsequently, numerous investigators demonstrated that intermittent hypoxia can
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elicit phrenic nerve long-term facilitation in rats characterized by a persistent increase in
phrenic nerve burst amplitude lasting several hours after the final hypoxic episode (Bach
and Mitchell, 1996; Hayashi et al., 1993). The role of carotid sinus nerve stimulation and
intermittent hypoxia in inducing long-term facilitation indicates that the carotid bodies have
arole in initiating this phenomenon.

In order to assess the influence of carotid body afferent discharge on long-term facilitation
of ventilation following acute exposure to intermittent hypoxia in humans, Griffin and
associates exposed twelve healthy male participants to hyperoxia (to prevent stimulation of
carotid bodies) before and after exposure to intermittent hypoxia and sustained hypercapnia,
as well as, before and after sustained hypercapnia (Griffin et al., 2012). The authors
reported that hyperoxia-induced inhibition of carotid bodies did not affect the magnitude

of ventilatory long-term facilitation indicating that long-term facilitation occurs independent
of peripheral chemosensory plasticity in healthy humans (Griffin et al., 2012). This finding
is similar to the results from rodent models which showed that ventilatory long-term
facilitation was maintained despite inhibition of carotid body activity with hyperoxia after
exposure to acute intermittent hypoxia (Baker and Mitchell, 2000; Xing et al., 2013).
Considering their findings, Griffin and co-workers proposed that in addition to cellular
pathways dependent on carotid body stimulation and ultimately the release of serotonin,
lowering the pH of cerebrospinal spinal fluid in response to hypoxia and sustained
hypercapnia might partially contribute to ventilatory long-term facilitation (Griffin et al.,
2012). These authors also suggested that the time course of the phenomenon might reflect
the course of recovery of hydrogen ion concentration. However, at the present time there

is no evidence to support or refute this possibility. In contrast, Vermeulen and colleagues
recently reported that ventilatory long-term facilitation was attenuated, but not abolished,
following exposure to intermittent hypoxia (Vermeulen et al., 2020). This response occurred
after peripheral chemoreceptor activity was reduced with supplemental oxygen during the
recovery period (Vermeulen et al., 2020). This finding led Vermeulen and colleagues to
suggest that the carotid bodies have a role in modulating ventilatory long-term facilitation.

The potential role of the peripheral chemoreceptors in initiating long- term facilitation might
explain the enhanced magnitude of this phenomenon in individuals with obstructive sleep
apnea. Intermittent hypoxia induced by apneas repetitively and chronically stimulate the
carotid bodies in untreated patients with sleep apnea (Prabhakar, 2016). Chronic stimulation
of the carotid bodies enhances the magnitude of sensory long- term facilitation (Prabhakar
et al., 2009). Sensory long-term facilitation could be initiated by chronic nightly exposure

to intermittent hypoxia and could lead to an overall increase in magnitude of ventilatory
long- term facilitation in patients with obstructive sleep apnea. To test this hypothesis, our
group exposed obstructive sleep apnea patients and healthy adults to twelve 4-min episodes
of hypoxia (Lee et al., 2009). The results showed that the magnitude of ventilatory long-term
facilitation was greater in individuals with obstructive sleep apnea compared to healthy
controls during wakefulness (Lee et al., 2009).

The enhanced magnitude of carotid sensory long-term facilitation via exposure to chronic
intermittent hypoxia might be modulated by increased oxidative stress and the generation of
reactive oxygen species during re—oxygenation similar to ischemia-reperfusion (Katayama
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et al., 2005; Pialoux et al., 2009). Likewise, oxidative stress and reactive oxygen species
might also impact long-term facilitation independent of the peripheral chemoreceptors. More
specifically, superoxide anions localized in the region of the phrenic motor nucleus are
necessary for both induction and maintenance of phrenic long-term facilitation following
acute intermittent hypoxia in anesthetized rats. This finding is based on the result that
administration of a superoxide dismutase mimetic inhibits the expression of phrenic
long-term facilitation (MacFarlane and Mitchell, 2008). Likewise, the administration of
antioxidants in patients with obstructive sleep apnea reduced the magnitude of ventilatory
long-term facilitation during recovery compared to placebo. This response could be the
result of mitigating sensory long-term facilitation of the carotid bodies with the antioxidant
treatment (Lee et al., 2009). However, the contribution of sensory long-term facilitation to
respiratory long-term facilitation in obstructive sleep apnea is not completely understood
and requires future study. In addition, long-term facilitation of ventilation in healthy males
without sleep apnea was present and the magnitude unchanged after the administration of
antioxidants (Lee et al., 2009). This finding indicates that other mechanisms, independent
of accumulation of reactive oxygen species, contributes to the manifestation of long-term
facilitation.

In addition to oxidative stress, inflammation is a common feature of many clinical diseases
or disorders. Obstructive sleep apnea is viewed as a low-grade chronic inflammatory
disease and is found to be associated with inflammatory markers including interleukin-6
and tumor necrosis factor a (Kheirandish-Gozal and Gozal, 2019). Beaudin et al., 2015,

in their randomized cross-over study assessed the effect of inflammation on intermittent
hypoxia-induced respiratory plasticity. This group administered two non-steroidal anti-
inflammatory drugs in twelve healthy volunteers for 4 days prior to acute intermittent
hypoxia exposure. The results showed that inflammation does not impact augmentation of
minute ventilation following an acute intermittent hypoxia exposure in humans (Beaudin

et al., 2015). However, their model of healthy humans exposed to intermittent hypoxia

that matches the oxygen desaturation profile of obstructive sleep apnea is not an entirely
accurate representation of the clinical condition as increased negative intrathoracic pressure,
modulating carbon dioxide levels and sleep fragmentation associated with obstructive apneas
were absent (Mateika, 2019).

Moreover, it is important to note that the magnitude of inflammatory signaling is

impacted by the type of hypoxic stimulus (sustained vs intermittent) and the site of
inflammation. Evidence from animal models suggests that inflammation in medullary
respiratory centers contributes to chronic sustained hypoxia induced respiratory plasticity,
whereas inflammation of the ventral horn of the spinal cord abolishes phrenic long-term
facilitation induced by acute intermittent hypoxia (see review (Hocker et al., 2017) for more
details). These models also provide evidence that systemic inflammation induces central
nervous system inflammation by disrupting the integrity and permeability of the blood brain
barrier (Liu et al., 2020). Although it is known that obstructive sleep apnea causes systemic
inflammation, as evident by the inflammatory biomarkers in blood, there is no report of
inflammation in the central nervous system in humans with this disorder. Given the scarcity
of data and experiments conducted, it is presently difficult to comment on the definitive role
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of inflammation in respiratory plasticity, specifically ventilatory long-term facilitation, in
healthy humans or humans with sleep apnea.

5. Upper airway long-term facilitation

Long-term facilitation of upper airway muscle activity, including the genioglossus and
glossopharyngeal muscle, or the nerves that innervate the muscles, has been firmly
established in rats and cats (Cao et al., 2010; EIMallah et al., 2016; Mateika and Fregosi,
1997; Mateika and Sandhu, 2011; Wilkerson et al., 2018). Long-term facilitation of upper
airway muscle activity in humans could serve a beneficial purpose by increasing airway
patency leading to the mitigation or elimination of apneic events in individuals with
obstructive sleep apnea (Mateika et al., 2015; Mateika and Komnenov, 2017; Mateika and
Narwani, 2009). Electromyographic recordings of genioglossus muscle activity from healthy
individuals during wakefulness initially indicated that exposure to mild intermittent hypoxia
does not initiate long-term facilitation of genioglossus muscle activity (Jordan et al., 2002).
This response was absent in both males and females (Jordan et al., 2002). However, soon
after, long-term facilitation of genioglossus muscle activity was initiated in healthy males
during wakefulness (Harris et al., 2006) (Fig. 3). As with ventilatory long-term facilitation,
this phenomenon was only evident if carbon dioxide levels were sustained above baseline
(Harris et al., 2006). Along the same lines, work completed during sleep provided indirect
evidence that intermittent hypoxia induced long-term facilitation of upper airway muscle
activity was evident during sleep. Specifically, exposure to intermittent hypoxia resulted

in sustained reductions in upper airway resistance in flow limited individuals coupled to
long-term facilitation of ventilation (Babcock et al., 2003; Babcock and Badr, 1998). This
response was not evident in non-flow limited individuals (Babcock et al., 2003; Babcock and
Badr, 1998). The idea put forth was that long-term facilitation of the upper airway muscles
improved airway patency and reduced resistance (Rowley et al., 2007; Shkoukani et al.,
2002). This response alleviated flow limitation that ultimately led to sustained increases in
ventilation (Rowley et al., 2007; Shkoukani et al., 2002). In support of this idea, Chowdhuri
and colleagues directly showed that long-term facilitation of genioglossus muscle activity
induced by mild intermittent hypoxia could be initiated in healthy humans during sleep
(Chowdhuri et al., 2008). The magnitude of the response during sleep was similar in

males and females and was greater (~ 2 times greater than baseline) (Chowdhuri et al.,
2008) compared to wakefulness (~ 1.5 times greater than baseline) (Syed et al., 2013).
However, despite the presence of genioglossus long-term facilitation, a sustained increase
in ventilation was not evident (Chowdhuri et al., 2008). The authors proposed, based on
work in animals, that activation of the upper airway muscles in individuals with a favorable
upper airway anatomy might not lead to upper airway dilatation and decreased resistance
(Chowdhuri et al., 2008). As a result, despite initiation of long-term facilitation of upper
airway muscle activity increases in ventilation were not evident.

Despite the hypothesis, along with supporting evidence, that the maintenance of carbon
dioxide is required for the manifestation of long- term facilitation of upper airway muscle
activity (Harris et al., 2006), more recent work seems to contradict the hypothesis at first
glance (Deacon et al., 2017). Deacon and colleagues reported that long-term facilitation of
genioglossus muscle activity was not evident following exposure to intermittent hypoxia
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and intermittent hypercapnia, even though carbon dioxide was maintained at baseline levels
(Deacon et al., 2017). There are two possible reasons for these disparate findings. The

first is that end-tidal measures of carbon dioxide may not exactly reflect arterial measures.
Thus, because carbon dioxide was maintained at baseline levels and not slightly above,

as was done in the investigation of Harris and colleagues (Harris et al., 2006), there is a
possibility that arterial hypocapnia existed to some degree. The more likely possibility is
that the manner in which carbon dioxide was administered could have a significant effect

on the magnitude of long-term facilitation. In previous studies, carbon dioxide was sustained
at or above baseline levels throughout the protocol (Chowdhuri et al., 2008; Harris et al.,
2006). In other words, the same level of carbon dioxide was evident during both intermittent
hypoxia episodes and recovery periods. In contrast, in Deacon and colleagues study,
increases in carbon dioxide only occurred intermittently (Deacon et al., 2017). In other
words, participants were exposed to both intermittent hypoxia and hypercapnia. Published
findings have suggested that exposure to intermittent hypercapnia depresses phrenic nerve
burst frequency in rats and consequently limits the expression of ventilatory long-term
facilitation (Stipica et al., 2016; Valic et al., 2016). Thus, the use of intermittent hypoxia/
hypercapnia could lead to the activation of two pathways, one originating from the locus
coeruleus and the other from raphe nuclei. Investigations completed in animals indicate

that activation of the locus coeruleus might inhibit the serotonergic pathway (de Carvalho

et al., 2014). In contrast, the practice of maintaining carbon dioxide above the recruitment
threshold during exposure to intermittent hypoxia ensures that hypocapnia is prevented

and intermittent hypoxia initiated long-term facilitation is fully expressed [see review by
(Mateika et al., 2018) for more details]. Therefore, the discrepancy in Deacon et al. findings
compared to previous results might be explained by the variation in the application of carbon
dioxide (intermittent vs. sustained) (Deacon et al., 2017).

The discovery that long-term facilitation of upper airway muscle activity could be initiated
in humans was exciting because it presented the distinct possibility that initiation of this
phenomenon could mitigate sleep apnea. However, as addressed below (see Progressive
Augmentation, Long-Term Facilitation and Apnea Severity), exposure to therapeutic doses
of intermittent hypoxia is accompanied by increases in the apnea/hypopnea index (Syed et
al., 2013; Yokhana et al., 2012). The reason for this is that a concomitant enhancement of
the ventilatory response to chemical stimuli (i.e. progressive augmentation of the hypoxic
ventilatory response) negates the potential benefits of long-term facilitation of upper airway
muscle activity (Mateika et al., 2015; Mateika and Komnenov, 2017; Mateika and Narwani,
2009).

5.1. Upper airway long-term facilitation & therapeutic continuous positive airway

pressure

Based on this hypothesis, it was proposed that the beneficial impact of long-term facilitation
of upper airway muscle activity would only manifest if the effects of an augmented
ventilatory response were mitigated (Mateika and Komnenov, 2017). To address the
hypothesis, the impact that an enhanced ventilatory response might have on apneic events
was eliminated by treating participants with therapeutic continuous positive airway pressure
to prevent flow limitation (EI- Chami et al., 2017). At the same time, participants were
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exposed to 12 episodes of intermittent hypoxia (EI-Chami et al., 2017). Following exposure
to mild intermittent hypoxia, a reduction in upper airway resistance coupled to an increase
in flow was evident at the therapeutic continuous positive airway pressure established at
baseline (i.e. prior to exposure to mild intermittent hypoxia) (EI-Chami et al., 2017). In
contrast, following a sham protocol (i.e. exposure to compressed air for the duration of the
mild intermittent hypoxia protocol) the airway resistance and flow were similar to baseline
(El-Chami et al., 2017). After exposure to mild intermittent hypoxia, the positive airway
pressure was also reduced by 5-7 cmH»0 in a step-wise fashion (EI-Chami et al., 2017).
The results showed that airway resistance and airflow were maintained at baseline levels
despite the decrease in pressure (EI-Chami et al., 2017). In contrast, when the pressure

was decreased following the sham protocol, airway resistance increased, and flow decreased
compared to baseline (EI-Chami et al., 2017). Long-term facilitation of upper airway muscle
activity may have been initiated for these outcomes to be observed.

Although the impact of long-term facilitation of upper airway muscle activity apparently
does not manifest under natural conditions, a positive outcome (i.e. reductions in continuous
positive airway pressure) following initiation of long-term facilitation of upper airway
muscle activity was revealed (EI-Chami et al., 2017), when the potential detrimental effects
of an enhanced ventilatory response to chemical stimuli were mitigated. This outcome
measure could ultimately be a benefit for two primary reasons. The first is that reductions

in pressure might improve adherence with continuous positive airway pressure (Mateika and
Komnenov, 2017). This premise is supported by work showing that individuals using both
an oral compliance along with continuous positive airway pressure, results in reductions in
continuous positive airway pressure coupled to improved treatment adherence (Liu et al.,
2017). In addition, it was proposed that improvement in some co- morbidities would exceed
the response expected by the improved adherence (Mateika and Komnenov, 2017). It was
suggested this was the case because mild intermittent hypoxia has direct beneficial effects on
a number of physiological systems (Mateika and Komnenov, 2017).

Thus, it was investigated if repeated daily exposure to mild intermittent hypoxia leads

to long-term facilitation of upper airway muscle activity, reduced therapeutic continuous
positive airway pressure and improved adherence. This improved adherence could lead to
greater mitigation of cardiovascular co-morbidities. Thus, individuals with obstructive sleep
apnea were exposed daily to twelve 2-min episodes of hypoxia for 5 days/week over a
3-week period (Panza et al., 2020a, 2020b). Another group of individuals with obstructive
sleep apnea was also exposed to a sham protocol (i.e. twelve 2-min episodes of compressed
air for 5 days/week over a 3-week period) (Panza et al., 2020a, 2020b). Blood pressure was
measured over a 24-h time period before and after the treatment period (Panza et al., 2020a).
In addition, the critical closing pressure, therapeutic continuous positive airway pressure,
and at-home adherence to continuous positive airway pressure before and after 3 weeks

of treatment with mild intermittent hypoxia were also determined (Panza et al., 2020Db).

The results, published to date in abstract form, revealed that the critical closing pressure
following 3 weeks of mild intermittent hypoxia was less positive and this was coupled

to a reduction in therapeutic continuous positive airway pressure (Panza et al., 2020b).
These findings, along with the previous results, suggest that long-term facilitation of upper
airway muscle activity was likely responsible for the modification in the critical closing
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pressure and therapeutic continuous positive airway pressure (EI-Chami et al., 2017;Panza
et al., 2020b). In conjunction with these findings, nightly adherence with continuous
positive airway pressure significantly improved (Panza et al., 2020b). It is suggested that
the improved adherence was due in part to the reduction in continuous positive airway
pressure (EI-Chami et al., 2017; Panza et al., 2020b). Modifications in the arousal threshold
also likely contributed to improved adherence (Alex et al., 2019). The improved adherence
combined with the direct influence of intermittent hypoxia led to dramatic reductions in
blood pressure not typically seen after 3 weeks of treatment with continuous positive airway
pressure (Panza et al., 2020a).

6. Factors that impact the magnitude of respiratory plasticity

6.1. Sex

To our knowledge, only three studies have examined the impact of sex on progressive
augmentation. In two studies, progressive augmentation was evident during exposure to
intermittent hypoxia in males and females during wakefulness (Syed et al., 2013; Wadhwa
et al., 2008) but was not evident in either sex during sleep (Syed et al., 2013) (see Wake
vs. Sleep for a discussion on the impact of arousal state on progressive augmentation).
Although evident during wakefulness, the degree of progressive augmentation was similar
between males and females (Syed et al., 2013; Wadhwa et al., 2008). In contrast, following
exposure to intermittent hypoxia the ventilatory response to hypoxia and hypercapnia was
greater in males compared to females (Morelli et al., 2004). Additional work is required
to decipher the reason for the discrepant findings. Perhaps the issues associated with
quantifying the hypoxic ventilatory response during exposure to intermittent hypoxia make
it difficult to detect sex differences (see Manifestation of Progressive Augmentation for
additional discussion). On the other hand, participants in the studies designed to explore
sex differences in progressive augmentation were studied in the follicular phase of their
menstrual cycle (Morelli et al., 2004; Syed et al., 2013; Wadhwa et al., 2008). Thus,
additional work is required to determine if hormone fluctuations in the luteal phase of

the menstrual cycle will reveal any differences. However, given findings that have shown
that sex hormones are linked to differences in the ventilatory response to modifications in
oxygen or carbon dioxide levels (Lozo et al., 2017; Zhou et al., 2000), sex differences in
progressive augmentation might be anticipated. If this is the case, the increase in breathing
events that have been documented across the night might be greater in males compared

to females (Lozo et al., 2017) (see Progressive Augmentation, Long-Term Facilitation and
Apnea Severity).

Like progressive augmentation, the magnitude of ventilatory long- term facilitation could
also be impacted by sex differences. Administration of testosterone restores the expression
of ventilatory long-term facilitation in gonadectomized male rats (Zabka et al., 2006).
Similarly, the expression of ventilatory long-term facilitation in the proestrus phase of

the estrus cycle in freely breathing female rats (MclIntosh and Dougherty, 2019), and

the restoration of ventilatory long-term facilitation following estrogen supplementation in
ovariectomized female rats (Dougherty et al., 2017) indicates that estrogen signaling has a
role in the initiation of respiratory plasticity. Taken together, male and female sex hormones
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impact the magnitude of long-term facilitation in rats. Therefore, the manifestation or the
amplitude of respiratory motor plasticity in response to acute intermittent hypoxia exposure
could be different in human males compared to females.

However, in contrast to the findings from animal experiments, it was found that the
magnitude of ventilatory long-term facilitation was similar in healthy males and females
(Syed et al., 2013; Wadhwa et al., 2008), as well as, in men and women with obstructive
sleep apnea (Syed et al., 2013). Recently, Vermeulen and colleagues also reported that the
amplitude of long-term facilitation following intermittent hypercapnic hypoxia was similar
in healthy men and women (Vermeulen et al., 2020). These investigators suggested that the
phase of the menstrual cycle (i.e. early follicular phase when the estrogen level is not at

its peak) could have limited the positive influence of sex hormone on minute ventilation
(Vermeulen et al., 2020). Future work studying the manifestation of long-term facilitation
across different stages of the menstrual cycle is needed to fully understand the impact

of sex hormones on respiratory neural plasticity in humans. In contrast to the findings in
healthy men and women and those with sleep apnea, Tester et al. (2014) reported that

men with chronic incomplete spinal cord injury have a greater increase in ventilatory long-
term facilitation than women following repeated daily exposure to intermittent hypoxia,
although the sample size was limited (Tester et al., 2014). Post-injury alterations in the
levels of testosterone in men (Bauman et al., 2014) and estrogen in women (Lombardi et al.
2007) have been reported, indicating that sex hormones could impact on the magnitude of
long- term facilitation. However, serum levels of sex steroid hormones were not measured
in (Tester et al., 2014) investigation. Consequently, the impact of sex hormones on the
differential expression of ventilatory long-term facilitation in men and women with spinal
cord injury remains to be determined.

The effects of aging on the control of breathing are reflected in the modifications

to several neural, morphological and cellular biomarkers. These modifications include
reductions in (i) the number of phrenic motor neurons (Elliott et al., 2016; Fogarty et

al., 2018) (ii) phrenic motor neuron dendritic volume (Fogarty et al., 2018) (iii) brain-
derived neurotrophic factor expression in phrenic motoneurons (Greising et al., 2015) (iv)
serotonergic innervation of spinal segments in contact with the phrenic motor nucleus (Ko
et al., 1997) (v) the neurotrophic influence on diaphragmatic neuregulin (Bordoni et al.,
2020) (vi) transdiaphragmatic pressure (Khurram et al., 2018; Polkey et al., 1997; Tolep et
al., 1995) and (vii) reductions in the force generating capacity of the diaphragm (Greising
et al., 2013; Khurram et al., 2018). In addition, aging is also linked to increases in phrenic
nerve latency (Behan et al., 2002; Bordoni et al., 2020; Elliott et al., 2016; Shah et al., 2019).
These modifications suggest that age could have a profound impact on the manifestation
and/or magnitude of respiratory motor plasticity including ventilatory long-term facilitation
(see Mechanistic underpinnings of long-term facilitation for more details) Indeed, Zabka

et al. (2001a) showed that the magnitude of long-term facilitation following isocapnic
intermittent hypoxia in aged male rats was reduced compared to young rats (Zabka et al.,
2001a; Zabka et al., 2001b). These authors speculated that an age-related deterioration of
serotonergic modulation of respiratory motor output was responsible for the reduction.
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Chowdhuri and colleagues demonstrated in humans that aging is linked to a reduction in the
magnitude of long-term facilitation during non-rapid eye movement sleep since long-term
facilitation was found in young but not older men (Chowdhuri et al., 2015; Chowdhuri et al.,
2010). The authors suggested that the absence of ventilatory long-term facilitation in older
adults during sleep could be due to an age-dependent decline in raphe neuronal activity,
reduced availability of serotonin, or an age-related decrease in serum testosterone levels in
older men (Chowdhuri et al., 2015; Chowdhuri et al., 2010). However, their study was not
designed to tease out the relative contribution of age vs. reduction in sex hormone levels on
the magnitude of ventilatory long-term facilitation.

6.3. Wake vs. Sleep

Arousal state could play a role in the manifestation of respiratory plasticity. It was found,
in both males and females, that progressive augmentation was not evident during sleep

but was evident during wakefulness (Syed et al., 2013) (Fig. 4). This result was evident

in both healthy males and females, and in males and females with sleep apnea that were
treated with continuous positive airway pressure during sleep (Syed et al., 2013). The
absence of progressive augmentation during sleep has also been replicated in healthy older
and younger males and females (Chowdhuri et al., 2015). The absence of progressive
augmentation during sleep relative to wakefulness does not exclude this phenomenon from
being initiated during sleep. As stated above, progressive augmentation was not observed
in rats following exposure to an intermittent hypoxia protocol of moderate intensity but
was observed following exposure to a more severe intermittent hypoxia protocol (Nichols
et al., 2012). The intermittent hypoxia protocol used in Syed et al. study was of moderate
severity (Syed et al., 2013). Thus, it is reasonable to speculate that a more intense protocol
may have resulted in the manifestation of progressive augmentation during sleep (as it did
in anesthetized rats), while a less severe stimulus was required for the initiation of these
phenomenon during wakefulness.

The impact of arousal state (wake vs. sleep) on the magnitude of ventilatory long-term
facilitation is also important since this phenomenon could have a role in improving
ventilatory and upper airway stability during sleep (see Upper Airway Long-Term
Facilitation for details). Intermittent hypoxia may elicit ventilatory long-term facilitation
during sleep by preferentially recruiting upper airway dilator muscles (Chowdhuri et al.,
2008; El-Chami et al., 2017). In contrast, Deacon and colleagues did not observe ventilatory
long-term facilitation following exposure to intermittent hypoxia/hypercapnia during non-
rapid eye movement sleep in healthy males (Deacon et al., 2017). The absence of long-term
facilitation in Deacon et al. (2017) investigation could be linked to exposure to intermittent
hypercapnia as outlined above (see Upper Airway Long-Term Facilitation). On the other
hand, recent studies have reported that long-term facilitation of ventilation was initiated

in healthy humans following exposure to an intermittent hypoxia/hypercapnia protocol

(Ott et al., 2020; Vermeulen et al., 2020) similar to the one employed by Deacon and
colleagues (Deacon et al., 2017). The primary difference between the investigations is that
the participants in Deacon et al. (Deacon et al., 2017) study were exposed to intermittent
hypoxia/hypercapnia during sleep, while participants in subsequent investigations were
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exposed to this stimulus during wakefulness (Ott et al., 2020; Vermeulen et al., 2020). Thus,
arousal state might have a profound influence on the magnitude of long-term facilitation.

This suggestion is supported by the work from Syed and co-workers that systematically
examined the impact of arousal state on the magnitude of ventilatory long-term facilitation
in humans. Healthy adults and adults with obstructive sleep apnea were exposed to
intermittent hypoxia during both wakefulness and sleep (Syed et al., 2013). The amplitude
of ventilatory long-term facilitation in individuals with obstructive sleep apnea was reported
to be greater compared to healthy adults. It was suggested that chronic nightly exposure to
intermittent hypoxia, a hallmark of sleep apnea, could be responsible for the increased
amplitude of ventilatory long-term facilitation in obstructive sleep apnea patients. In
addition, the results showed that the amplitude of ventilatory long-term facilitation was
greater during wakefulness compared to sleep in both healthy adults and individuals with
sleep apnea (Syed et al., 2013) (Fig. 4). These findings were contrary to a hypothesis
developed from animal studies which suggested that the magnitude of long-term facilitation
would be greater during sleep compared to wakefulness.

The difference in magnitude of progressive augmentation and long- term facilitation
between arousal states could reflect the adjustment of neuromodulator(s) between
wakefulness and sleep. Serotonin would be an obvious possibility, since its levels vary
between wake and sleep (Espafia and Scammell, 2011). Likewise, serotonin plays an
important role in the initiation of ventilatory long-term facilitation (Bach and Mitchell,
1996). Alternatively, its impact on the magnitude of progressive augmentation in
anesthetized rats and cats (Fregosi and Mitchell, 1994; Nichols et al., 2012) is less certain.
Independent of the specific neuromodulator, this hypothesis relies on the premise that basal
discharge rates of neurons that release a given neuromodulator during wakefulness are
closer to maximal levels (Espafia and Scammell, 2011). If so, there would be a limited
capacity to increase activity during and following administration of intermittent hypoxia.
Consequently, the magnitude of progressive augmentation and long-term facilitation could
be marginal under these circumstances. Conversely, during sleep the basal discharge rate of
these neurons might be diminished. Accordingly, there might be room for a greater range of
activity during and after administration of intermittent hypoxia, before maximum rates are
achieved. As a result, the magnitude of progressive augmentation and long-term facilitation
might be greater during sleep compared with wakefulness. However, this speculation is not
supported by studies in humans during sleep, which reported that progressive augmentation
is not elicited during this arousal state (Chowdhuri et al., 2015; Chowdhuri et al., 2010; Syed
et al., 2013). Likewise, the magnitude of ventilatory long-term facilitation is reduced during
sleep compared to wakefulness. As stated above, the differences observed between arousal
states could be related to the intensity of the hypoxic stimulus. However, equally plausible is
that the absence of progressive augmentation and reductions in the magnitude of long-term
facilitation during sleep compared to wake are not principally dependent on modifications in
the dynamic range of neuromodulators in humans.

The increase in magnitude of long-term facilitation during wakefulness might be related
to the interaction between two cellular pathways (Gs and Gq) that are involved in the
initiation of long-term facilitation (Dale-Nagle et al., 2010; Pamenter and Powell, 2013).
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The Gs and Gq are known to exhibit crosstalk inhibition, whereby activation of the Gs
pathway diminishes the magnitude of long-term facilitation mediated initially by the Gq
pathway (Nichols et al., 2012). Adenosine initiates ventilatory long-term facilitation via
activation of the Gs pathway (via A, receptors), while serotonin activates the Gg pathway
(via 5HT;, receptors) following intermittent hypoxia (Dale-Nagle et al., 2010). Adenosine

is a metabolic by-product that progressively increases during wakefulness and gradually
declines, reaching its lowest concentration, during sleep (Brown et al., 2012). In the study
by Syed and colleagues, intermittent hypoxia was administered to participants soon after
waking from sleep in early morning (Syed et al., 2013). Thus, it possible that lower levels of
adenosine weakened the crosstalk inhibition of the Gq pathway that resulted in an increased
amplitude of ventilatory long-term facilitation during wakefulness. Lastly, orexin facilitates
serotonergic neurons located in the raphe nuclei (Berthoud et al., 2005; Yang et al., 2019)
and thus may have also contributed to the enhanced magnitude of ventilatory long-term
facilitation observed during wakefulness in the study by (Syed et al., 2013). Hence, the
magnitude of ventilatory long-term facilitation may be influenced by the interaction of
various neuromodulators that include, but are not limited to, serotonin, adenosine, and
orexin.

6.4. Repeated daily exposure

Repeated daily exposure to a mild intermittent hypoxia protocol of similar intensity,

over consecutive days, might impact the magnitude of progressive augmentation. The
repeated daily exposure could occur naturally because of obstructive sleep apnea or as

the result of experimentally administered intermittent hypoxia over a selected number of
consecutive days (Mateika and Narwani, 2009). If natural exposure to intermittent hypoxia
enhances progressive augmentation, one might anticipate an enhanced level of progressive
augmentation in individuals with obstructive sleep apnea compared to healthy individuals
during or immediately following a one-time acute exposure to intermittent hypoxia. Indeed,
it has been shown that the ventilatory response progressively increases from the initial to
the final episode of an intermittent hypoxia protocol in both healthy humans and humans
with obstructive sleep apnea (Lee et al., 2009). However, the ventilatory response during the
final hypoxic episode of the protocol was greater in individuals with obstructive sleep apnea
compared to matched healthy controls (Lee et al., 2009). Unfortunately, baseline measures
prior to each episode also gradually increased so it was difficult to quantify the hypoxic
ventilatory response (see Manifestation of Progressive Augmentation for further discussion).
No matter, this issue was eliminated when measures of the ventilatory response to hypoxia
using a rebreathing method was employed following exposure to intermittent hypoxia. The
results showed that the ventilatory response to hypoxia was greater in individuals with
obstructive sleep apnea compared to control, after accounting for the impact of carbon
dioxide (Lee et al., 2009). Given that the obstructive sleep apnea and control groups

were matched for several anthropometric variables, and the exposure to chemical stimuli
(hypoxia and hypercapnia) was similar between the groups it is believed that the nightly
chronic exposure to intermittent hypoxia was responsible for the enhanced progressive
augmentation.
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If this hypothesis is correct, the ventilatory response to a brief hypoxic exposure (e.g. 3
min) might be enhanced in individuals with sleep apnea, because this population is exposed
to intermittent hypoxia on a nightly basis. Some studies have indicated that the ventilatory
response to a brief hypoxic exposure is enhanced in obstructive sleep apnea participants
(Narkiewicz et al., 1999; Tun et al., 2000), while others have reported the opposite finding
(i.e. the hypoxic response is depressed) (Lin, 1994; Osanai et al., 1999). Reasons for the
divergent findings have not been fully explained. However, it was hypothesized previously
(Mateika and Narwani, 2009) that chronic exposure to mild hypoxia might enhance the
acute hypoxic response, while chronic exposure to severe hypoxia might blunt the response
(Mateika and Narwani, 2009), in a manner observed in individuals exposed to hypoxia

at high altitude for short (i.e. days) or long periods of time (i.e. years) (Weil, 1986).

Thus, factors such as age (i.e. duration of exposure to hypoxia), apnea/hypopnea index (i.e.
frequency of hypoxic exposure) and degree of oxygen desaturation at night (i.e. intensity
of hypoxemia) might impact on the acute response measured in individuals with obstructive
sleep apnea. If this is the case, enhancement of the ventilatory sensitivity to hypoxia might
be particularly evident in young individuals who experience mild-to-moderate forms of
apnea (Mateika and Narwani, 2009). Conversely, exposure to chronic intermittent hypoxia
might blunt these responses in individuals who are older and experience severe hypoxemia
throughout a given night (Mateika and Narwani, 2009).

This belief was initially supported by studies in animals which showed that repeated daily
exposure to intermittent hypoxia leads to enhanced progressive augmentation of ventilation
in awake cats or phrenic nerve activity in anesthetized rats (Ling et al., 2001; McGuire et
al., 2003; Pawar et al., 2008; Rey et al., 2004). These findings were subsequently reinforced
by unequivocal studies in healthy humans which showed that exposure to a small or large
number of hypoxic episodes of short duration, each day for a duration ranging from 4

days to two weeks, leads to enhancement of the hypoxic ventilatory response (Ainslie

et al., 2007; Foster et al., 2005; Gilmartin et al., 2008; Koehle et al., 2007). Likewise,

it was shown that exposure to intermittent hypoxia over a 10-day time period led to an
enhanced hypoxic ventilatory response on the last compared to the initial day of exposure in
individuals with obstructive sleep apnea (Gerst 111 et al., 2011). As an aside, repeated daily
exposure to sustained hypoxia more often than not also initiates a similar increase in the
hypoxic ventilatory response following exposure (Garcia et al., 2000; Katayama et al., 2001;
Lusina et al., 2006). Whether a similar mechanism is responsible for comparable outcome
measures, despite differences in protocol variables, is presently unknown.

Similar to progressive augmentation, repeated daily exposure to isocapnic intermittent
hypoxia for 12 h a day over 7 consecutive days increased the magnitude, as well as, the
duration of ventilatory long- term facilitation in spontaneously breathing awake rats. This
increase persisted for at least 3 days after exposure to intermittent hypoxia (McGuire et al.,
2003). This initial finding in rats supported the contention that the magnitude of ventilatory
long-term facilitation in humans may be enhanced following repeated daily exposure to
intermittent hypoxia. Thus, the effect of repeated daily exposure on the magnitude of
ventilatory long-term facilitation was investigated in sleep apnea patients following exposure
to intermittent hypoxia each day for 10-days (Gerst Il et al., 2011). Results showed that

the magnitude of ventilatory long-term facilitation was greater on day 10 vs. day 1 (Fig. 5).

Exp Neurol. Author manuscript; available in PMC 2021 October 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Puri et al.

Page 18

No difference was evident in minute ventilation and its components in sleep apnea patients
following a sham protocol (i.e. exposure to room air) (Fig. 5). It was proposed that the
enhanced amplitude of ventilatory long-term facilitation supported the notion that repeated
nighttime exposure to intermittent hypoxia experienced by the patients with sleep apnea
enhances the magnitude of long-term facilitation (Gerst Il et al., 2011). This suggestion was
supported by other findings, which showed that the magnitude of long-term facilitation was
greater in sleep apnea patients compared to healthy individuals following an acute exposure
to intermittent hypoxia (Lee et al., 2009; Syed et al., 2013).

Results from other studies have also provided indirect evidence that repeated exposure to
intermittent hypoxia enhances the expression of ventilatory long-term facilitation. Foster
and colleagues showed that repeated daily exposure to isocapnic hypoxic episodes for 12
days in healthy humans resulted in an increase in baseline breathing frequency (with no
difference in minute ventilation and tidal volume) on the final compared to the initial days
of the protocol (Foster et al., 2005). The increase in baseline breathing frequency could

be a marker of ventilatory long-term facilitation. However, the expression of ventilatory
long- term facilitation may have been limited because carbon dioxide was not maintained
above baseline levels (see Manifestation of ventilatory long- term facilitation for additional
details). Also note that repeated daily exposure to intermittent hypoxia did not initiate
increases in ventilation and/or its components in a couple of investigations (Ainslie et al.,
2007; Chacaroun et al., 2016). In at least one investigation, the lack of response may have
occurred because repeated daily exposure to a few brief episodes of hypoxia was only
administered over 3 days. Likewise, in both studies carbon dioxide was not sustained above
baseline values in contrast to the study by Gerst and co-workers (Gerst 111 et al., 2011).

6.5. Timing of application

In addition to the repeated application of intermittent hypoxia, the timing of the application
might also impact on the magnitude of progressive augmentation and the potential
detrimental outcome measures linked to this phenomenon (see Progressive Augmentation,
Long-Term Facilitation and Apnea Severity). Assuming that the number, duration and
intensity of hypoxic episodes are similar, the extent to which the hypoxic ventilatory
response progressively increases in response to intermittent hypoxia may be greatest in

the early evening compared to other times of the day. This may be the case because the
hypoxic ventilatory response is lower in the evening compared to other times of the day, at
least in individuals with obstructive sleep apnea (Gerst 11 et al., 2011). In support of this
notion, it has been shown that chemoreflex sensitivity and loop gain (which is impacted

in part by modifications in chemoreflex sensitivity) during sleep is lower in the evening
compared to the morning and afternoon in individuals with obstructive sleep apnea (EI-
Chami et al., 2014; Puri et al., 2020). Given these findings, there might be a greater range
available for the hypoxic ventilatory response to increase during exposure to intermittent
hypoxia. On the other hand, given that the absolute hypoxic ventilatory response is greater
in the morning (Gerst Il et al., 2011), the capacity to increase in magnitude could be
reduced compared to modifications in the evening. The modulation in absolute chemoreflex
sensitivity might be mediated by a circadian variation in one or more neuromodulators. The
most attractive possibility is melatonin, because it has been shown to enhance the response
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of the carotid bodies to hypoxia in rats (Chen et al., 2005; Tjong et al., 2006) and to vary
in a diurnal fashion (Brown et al., 1997). This suggestion is supported by the work of
Hernandez and colleagues who showed that melatonin peaked in the evening and declined
thereafter in healthy individuals (Hernandez et al., 2007). In contrast, melatonin was found
to gradually increase in individuals with obstructive sleep apnea, so that peak levels were
recorded in the morning compared with the evening (Hernandez et al., 2007). This finding
supports our hypothesis that the increase in the hypoxic ventilatory response observed in
the morning compared with the evening might be mediated by melatonin. Whether or not
this neuromodulator or a different modulator is responsible for the proposed variation in
progressive augmentation between the evening and morning requires further investigation.

Independent of the impact that circadian rhythmicity might have on the magnitude of
progressive augmentation, the time at which intermittent hypoxia is administered will likely
have an influence on potential outcome measures. If intermittent hypoxia is administered
immediately prior to sleep or perhaps during sleep, the detrimental effects of progressive
augmentation are likely to have their greatest impact (Syed et al., 2013; Yokhana et al.,
2012) (see Progressive Augmentation, Long-Term Facilitation and Apnea Severity). If
intermittent hypoxia is applied many hours prior to sleep (e.g. in the morning) any potential
effects linked to progressive augmentation might be mitigated. On the other hand, potential
beneficial effects that might serve to mitigate sleep apnea could also be minimized.

Furthermore, it has been reported that ventilatory long-term facilitation in obstructive sleep
apnea patients during wakefulness was greater in the evening compared to the morning on
the first and tenth day of exposure to intermittent hypoxia (Gerst Il et al., 2011). Moreover,
the difference in magnitude was augmented by repeated daily exposure to intermittent
hypoxia (Gerst 111 et al., 2011). Also, the magnitude of ventilatory long-term facilitation
during sleep in patients with obstructive sleep apnea was greater in the evening compared
to the morning (EI-Chami et al., 2017). Mechanistically, the diurnal variation in long-term
facilitation could be secondary to the day-night variation in the levels of serotonin or
brain-derived neurotrophic factor (Cain et al., 2017). Specifically, the acrophase of serotonin
is reported to be just before the onset of the dark period (Cain et al., 2017). In contrast, a
decreased synthesis and release is found in the early morning (Sun et al., 2002). Likewise,
brain-derived neurotrophic factor exhibits a 12-h circadian rhythm with peaks occurring

at the second half of the subjective day and night (Coria-Lucero et al., 2016). Thus,
circadian alterations in the levels of these neuromodulators may impact the magnitude of
ventilatory long-term facilitation. However, further human studies are required to support
this speculation, which is based on mechanistic findings from animal models.

Intermittent vs. sustained hypoxia

The profile of the hypoxic stimulus plays an important role in the expression of respiratory
motor plasticity. Long-term facilitation of phrenic nerve activity is more robust after
exposure to acute intermittent hypoxia compared to acute sustained hypoxia of a similar
intensity and cumulative duration, in awake goats (Dwinell et al., 1997) and rats (Baker
and Mitchell, 2000). Investigators initially hypothesized, with supporting evidence, that
intermittent hypoxia induced long-term facilitation is predominantly a central neural
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phenomenon mainly dependent on serotonergic neuromodulation of the respiratory network
including medullary respiratory neurons and phrenic motor neurons (Mitchell et al., 2001a).
In contrast, sustained hypoxia elicits ventilatory acclimatization, which is a time-dependent
phenomenon initiated by a cascade of cellular events in the carotid body that leads to an
increase in receptor sensitivity (Bisgard, 2000).

Several completed studies explored the impact of pattern sensitivity (sustained vs.
intermittent hypoxia) on the magnitude of respiratory plasticity in humans. The
preponderance of evidence from data collected over the last 3 decades indicates that
intermittent hypoxia initiates ventilatory long-term facilitation in humans (see section
Manifestation of ventilatory long-term facilitation). On the other hand, many investigations
have shown that exposure to sustained isocapnic hypoxia in either males or females does
not elicit long-term facilitation of ventilation (McEvoy et al., 1996; Querido et al., 2010;
Tamisier et al., 2005; Xie et al., 2001). Instead, termination of sustained hypoxia is typically
accompanied by the immediate return of ventilation to baseline levels.

Despite these latter findings, Griffin and coworkers reported that a sustained increase in
minute ventilation was evident following exposure to both acute intermittent hypoxia and
sustained hypoxia in awake healthy humans, when the partial pressure of carbon dioxide
was sustained 4-5 mmHg above baseline levels (Griffin et al., 2012). The mechanistic
explanation for the similar response remains to be determined. One possibility is that the
activation of two different cellular pathways led to a similar outcome. The initiation of
phrenic motor facilitation (that includes phrenic long-term-facilitation) may be mediated by
competing cellular pathways. One pathway is mediated by adenosine 2A receptors and the
other via serotonin 5HT-2 receptors. Activation of a given pathway might be dependent

on the pattern and severity of hypoxia (Devinney et al., 2016). Specifically, severe acute
sustained hypoxia (SaO, <80%) may elicit phrenic long-term facilitation via adenosine
receptor activation while serotonin receptor activation mediates moderate acute intermittent
hypoxia induced phrenic long-term facilitation (see section Mechanistic underpinnings of
ventilatory long-term facilitation for details). Thus, the initiation of long-term facilitation
following sustained hypoxia in Griffin et al. investigation compared to others could be linked
to the intensity of hypoxia employed (Griffin et al., 2012). However, oxygen saturation
levels achieved were not reported making it difficult to ascertain the intensity of the hypoxic
stimulus (moderate or severe) used in the protocol.

Progressive augmentation, long-term facilitation & apnea severity

It is uncertain if ventilatory long-term facilitation and long-term facilitation of upper airway
muscle activity is manifested spontaneously in obstructive sleep apnea patients who are
exposed to daily night- time intermittent hypoxia. The reason this form of plasticity might
not be evident is that carbon dioxide levels (i.e. hypocapnia) are often reduced (Mateika

et al., 2018), and the maintenance of carbon dioxide at normocapnic levels is necessary

for the manifestation of long-term facilitation in humans (Harris et al., 2006; Mateika et

al., 2018). When humans are exposed to intermittent hypoxia during sleep, ventilatory
long-term facilitation may be initiated (Chowdhuri et al., 2008; Syed et al., 2013). However,
the increase in ventilation might contribute to the reduction in the partial pressure of
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carbon dioxide, causing a subsequent reduction in minute ventilation, thereby limiting the
expression of long-term facilitation (Deacon et al., 2018; Mateika et al., 2015; Mateika and
Komnenov, 2017; Mateika and Narwani, 2009; Mateika and Syed, 2013). More specifically,
ventilatory long-term facilitation causes a leftward increase along the metabolic hyperbola
curve (Deacon et al., 2018) (Fig. 6). This leftward increase induced by long-term facilitation,
is coupled to another form of respiratory plasticity (i.e. progressive augmentation) (Mateika
et al., 2015; Mateika and Komnenov, 2017; Mateika and Syed, 2013), which is responsible
for the increased ventilatory response to hypoxia and/or hypercapnia (Fig. 6). As the apneic
threshold in humans is not altered by intermittent hypoxia (Chowdhuri et al., 2010), the
leftward increase along the metabolic hyperbola, coupled with the increased sensitivity to
hypoxia and/or hypercapnia, narrows the carbon dioxide reserve (which is the difference
between the partial pressure of carbon dioxide that corresponds to breathing at rest and

the partial pressure of carbon dioxide that demarcates the apneic threshold) (Chowdhuri et
al., 2010) (Fig. 6). The increased ventilatory response to hypoxia/hypercapnia coupled to a
reduced carbon dioxide reserve promotes an increase in apneic events during non-rapid eye
movement sleep by forcing carbon dioxide levels below the apneic threshold.

To investigate the impact of intermittent hypoxia on apnea severity, patients with obstructive
sleep apnea were exposed to twelve 4-min hypoxic episodes while carbon dioxide was
sustained 3 Torr above baseline (Yokhana et al., 2012). A second group of patients

with obstructive sleep apnea were exposed to a sham protocol that was identical to the
experimental protocol except for exposure to intermittent hypoxia (Yokhana et al., 2012).
The protocol was repeated each day over a 10-day period (Yokhana et al., 2012). On

the initial and final day of the protocol, sleep studies were completed 30 min after the
participants were exposed to either the experimental or sham protocol during wakefulness
(YYokhana et al., 2012). Despite the expression of ventilatory long-term facilitation

during wakefulness, the number and duration of apneas/hypopneas increased during sleep
indicating that ventilatory and upper airway muscle long-term facilitation did not manifest
during this state (Yokhana et al., 2012). The arousal state (see Wake vs. Sleep for further
discussion) and uncontrolled levels of carbon dioxide that resulted in hypocapnia during
sleep likely limited the expression of ventilatory and upper airway long-term facilitation.
Though unexpected, a reduction in the number of breathing events after 10 days of sham
(hypercapnia alone) exposure was reported in the control group (Yokhana et al., 2012). The
exposure to sustained levels of carbon dioxide might have resulted in a widening of the
carbon dioxide reserve, ultimately promoting breathing stability (Dempsey et al., 2010).
However, further experiments exploring this plausibility are required.

The increase in apnea frequency and duration was similar to the results obtained in a
subsequent study, which demonstrated an increase in apnea-hypopnea index following

acute exposure to intermittent hypoxia (i.e. twelve 2-min hypoxic episodes with sustained
hypercapnia - PeTCO» sustained at 3 Torr above baseline) compared to the sham protocol
(hypercapnia only) during sleep in both men and women with obstructive sleep apnea (Syed
et al., 2013). To explore the mechanism responsible for the increased apnea frequency and
duration following intermittent hypoxia exposure, loop gain and the arousal threshold during
non-rapid eye movement sleep immediately following exposure to intermittent hypoxia
during wakefulness were measured (Alex et al., 2019). The results showed that exposure to
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mild forms of intermittent hypoxia increases loop gain and the arousal threshold (Alex et

al., 2019). These modifications could lead to increases in apnea frequency and duration in
individuals with obstructive sleep apnea (Alex et al., 2019). Thus, exposure to intermittent
hypoxia during sleep might result in an increase in apnea severity and duration. This
outcome is likely in response to an increased ventilatory sensitivity to hypoxia/hypercapnia
that leads to hypocapnia secondary to arousal induced hyperventilation (Mateika et al., 2015;
Mateika and Narwani, 2009; Mateika and Syed, 2013). The hypocapnia coupled to a reduced
carbon dioxide reserve likely leads to the promation of apneic events (Mateika et al., 2015;
Mateika and Narwani, 2009; Mateika and Syed, 2013).

8. Autonomic, cardiovascular & hemodynamic responses to intermittent

hypoxia

In addition to studies that have explored respiratory plasticity in humans, numerous studies
have also explored the impact of hypoxia on autonomic plasticity and the accompanying
cardiovascular (Bernardi et al., 2001; Chacaroun et al., 2016; Cutler et al., 2004a; Cutler

et al., 2004b; Gilmartin et al., 2010; Jacob et al., 2020; Jouett et al., 2017; Moradkhan

et al., 2010; Ott et al., 2020; Stuckless et al., 2020; Xie et al., 2001) and hemodynamic
outcomes (Cutler et al., 2004b; Gilmartin et al., 2010; Moradkhan et al., 2010; Stuckless et
al., 2020; Tamisier et al., 2011; Xie et al., 2001). The protocols used to explore the impact
of intermittent hypoxia on autonomic plasticity and its associated outcomes in humans are
even more variable than those used to explore respiratory plasticity (See Excel Spreadsheet).
In some cases, intermittent hypoxia was employed as the primary stimulus (Bernardi et

al., 2001; Chacaroun et al., 2016; Cutler et al., 2004a; Cutler et al., 2004b; Gilmartin et

al., 2010; Tamisier et al., 2011). However, the induction of hypoxia coupled to intermittent
apneic events has also been used (Cutler et al., 2004a; Cutler et al., 2004b; Jouett et al.,
2017). Moreover, repeated exposure to intermittent hypoxia protocols has typically taken
two forms. Repeated daily exposure to a few, or many, brief episodes of hypoxia or repeated
daily exposure to sustained hypoxia for periods that extended beyond 60 min (See Excel
Spreadsheet). With this caveat in mind, we have attempted to highlight similar findings
across these protocols to explore the beneficial or detrimental autonomic/cardiovascular
outcomes linked to exposure to intermittent hypoxia. Ultimately, we have integrated (see
Section Integrated summary of responses to mild intermittent hypoxia below) the findings
from respiratory and autonomic plasticity studies to provide a unified overview of expected
respiratory/autonomic outcomes linked to mild forms of intermittent hypoxia.

9. Augmentation of autonomic & cardiovascular sensitivity during acute

exposure to hypoxia

Progressive augmentation of the hypoxic ventilatory response has been defined and
discussed above. Similar terminology has not been used in defining modifications in
autonomic and cardiovascular responses to hypoxia. However, the premise is analogous

to that outlined for the hypoxic ventilatory response. Specifically, studies have explored if
sympathetic nerve activity (Cutler et al., 2004b; Morgan et al., 1995), blood pressure or heart
rate sensitivity to hypoxia progressively increases from the initial to the final episode of an
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intermittent hypoxia protocol (Chacaroun et al., 2016; Foster et al., 2009; Foster et al., 2010;
Foster et al., 2005; Wadhwa et al., 2008; Wang et al., 2020; Zhang et al., 2014; Zhang et al.,
2010). The studies that have adequately quantified this response are few. On the other hand,
additional studies have explored the response to a step wise decrease in hypoxia before and
following exposure to intermittent hypoxia (Cutler et al., 2004b; Morgan et al., 1995). In all
but two studies (Foster et al., 2010; Zhang et al., 2010), these measures were made before
and after exposure to intermittent hypoxia over several consecutive days.

A progressive increase in heart rate from the initial to the final episode during a one-time
exposure to intermittent hypoxia while carbon dioxide was sustained slightly above baseline
has been reported (Wadhwa et al., 2008). This response was coupled to a progressive
increase in sympathovagal balance and a progressive reduction in parasympathetic nervous
system activity (as determined from measures of heart rate variability) in healthy males.
Although evident in men, these modifications were not evident or were less clear in women
(see Sex below for further discussion) (Wadhwa et al., 2008). Zhang et al. (2010 &2014)
also reported evidence of progressive augmentation of heart rate in a group of healthy men
and women exposed to intermittent hypoxia [see Fig. 4 in (Zhang et al., 2010) and Fig. 5

in (Zhang et al., 2014)]. The tachycardic response to reductions in the partial pressure of
end-tidal oxygen progressively increased from the 1st to 5th episode. Caution is required in
interpreting the data since heart rate during the 5th episode did not exceed values measured
during the 1st episode until the lowest values of the partial pressure of end-tidal oxygen
were achieved. Consequently, a lower baseline value prior to the 5th episode was responsible
for the result. In addition to these findings, Foster and colleagues [see (Foster et al., 2009;
Foster et al., 2010; Foster et al., 2005)] in a series of investigations showed that the blood
pressure response to hypoxia is increased during the last compared to the initial episode

of hypoxia (Foster et al., 2005), or during the last half compared to the initial half of an
intermittent protocol (Foster et al., 2009; Foster et al., 2010) (Fig. 7). Thus, there is evidence
to support the notion that heart rate and blood pressure sensitivity to a given level of hypoxia
is enhanced from the beginning to the end of intermittent hypoxia protocol.

In addition, a couple of studies (Cutler et al., 2004b;Morgan et al., 1995) have shown that
muscle sympathetic nerve activity in response to step-wise decreases in oxygen saturation
is enhanced after a one-time exposure to intermittent hypoxic apneas (Cutler et al., 2004b)
or after a one-time exposure to 20 min of sustained isocapnic hypoxia (Morgan et al., 1995)
(NB the enhanced response after sustained isocapnic hypoxia did not achieve statistical
significance P= 0.07). Interestingly, in contrast to the findings in the previous paragraph,
the corresponding blood pressure responses were not different from baseline [see Fig. 4

in (Cutler et al., 2004a)] (See Mechanistic underpinnings of autonomic and cardiovascular
plasticity during and following exposure to hypoxia for further discussion below).

10. Autonomic & cardiovascular responses following acute exposure to

intermittent hypoxia

Assessing autonomic and cardiovascular plasticity during recovery from acute intermittent
hypoxia is difficult because of the absence of a standard protocol. Nonetheless, results from
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publications which utilized brief episodes (i.e. less than 5 min) of hypoxia (Ainslie et al.,
2007; Chacaroun et al., 2016; Cutler et al., 2004a; Cutler et al., 2004b; Jouett et al., 2017)
or hypoxia/hypercapnia (Cutler et al., 2004a; Cutler et al., 2004b; Jacob et al., 2020; Ott et
al., 2020; Somers et al., 1991; Stuckless et al., 2020; Vermeulen et al., 2020) with (Cutler

et al., 2004a; Cutler et al., 2004b; Jouett et al., 2017) or without accompanying short apneas
for less than 2 h indicate that following an acute exposure to intermittent hypoxia sustained
increases in muscle sympathetic nerve activity (Cutler et al., 2004a; Cutler et al., 2004b; Ott
et al., 2020), or modifications in the firing pattern of the nerve (Ott et al., 2020), are typically
evident in healthy males and females. Likewise, modifications in heart rate variability
indicative of increases in sympathetic activity and decreases in parasympathetic activity
have also been reported (Chacaroun et al., 2016; Wadhwa et al., 2008), although not in all
cases (Chacaroun et al., 2016). Increases in muscle sympathetic nervous system activity are
generally accompanied by corresponding increases in diastolic and/or mean arterial pressure
(Jouett et al., 2017; Ott et al., 2020). Although less frequently, the absence of a change in
blood pressure has also been reported (Cutler et al., 2004a; Cutler et al., 2004b). The lack
of consistency regarding blood pressure measures may in part be linked to sex differences
(Jacob et al., 2020) (see Factors that impact the magnitude of autonomic and cardiovascular
plasticity - Sex). On the other hand, variations in the types of intermittent hypoxia protocols
employed might also account for the lack of consistency (see Excel spreadsheet). These
protocols might activate different mechanisms that compete with increases in sympathetic
activity to varying degrees ultimately resulting in different blood pressure responses (see
Mechanistic Underpinning of Autonomic and Cardiovascular Plasticity for further details).

In addition to modifications in blood pressure, Stuckless et al. (2020) reported that
exposure to a few brief episodes of hypoxia or hypoxia hypercapnia is also accompanied

by reductions in brachial blood flow, forearm vascular conductance and mean sheer rate
(Stuckless et al., 2020). These modifications are also accompanied by increases in systemic,
but not regional forearm, neurovascular transduction (Stuckless et al., 2020). Likewise,
exposure to intermittent hypoxia hypercapnia reportedly leads to increases in posterior and
middle cerebral artery neurovascular transduction (Vermeulen et al., 2020).

An acute one-time exposure to 20, 30 and 60 min of sustained hypoxia at 80% SaO,

results in sustained increases in muscle sympathetic nervous system activity for up to twenty
minutes following the hypoxic exposure (Lusina et al., 2006; Morgan et al., 1995; Querido
et al., 2010; Tamisier et al., 2005; Xie et al., 2001) (Fig. 8). Despite the sustained increase

in muscle sympathetic nervous system activity, no accompanying increase in heart rate or
blood pressure has typically been reported (Beaudin et al., 2015; Chacaroun et al., 2016;
Lusina et al., 2006; Tamisier et al., 2005; Xie et al., 2001), although there are exceptions
(Querido et al., 2010). Thus, short term exposure to sustained hypoxia appears to elicit

a sustained increase in muscle sympathetic nervous system activity, which is similar to
intermittent hypoxia. This similarity in autonomic plasticity contrasts with responses linked
to respiratory plasticity because sustained increases in ventilation (i.e. long-term facilitation)
are observed following exposure to intermittent hypoxia but not after exposure to sustained
hypoxia (McEvoy et al., 1996; Querido et al., 2010; Tamisier et al., 2005; Xie et al.,

2001). Indeed, following acute exposure to sustained hypoxia ventilation usually returns
immediately to baseline despite sustained increases in muscle sympathetic nervous system
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activity (see Mechanistic underpinnings of autonomic and cardiovascular plasticity during
acute exposure to intermittent hypoxia for further details) (Lusina et al., 2006; Morgan et al.,
1995; Tamisier et al., 2005; Xie et al., 2001). It is also interesting to note that in contrast

to intermittent hypoxia, a one-time exposure to sustained hypoxia often leads to increases in
muscle sympathetic nervous system activity with no accompanying modifications in blood
pressure, leg blood flow or vascular resistance (Morgan et al., 1995; Xie et al., 2001), tissue
oxygenation or muscle and prefrontal oxy-hemoglobin concentration (Chacaroun et al.,
2016). There is one exception to this generalization, since Tamisier and colleagues (Tamisier
et al., 2004) reported that exposure to acute sustained hypoxia led to increases in muscle
sympathetic nervous system activity and mean arterial pressure, which was not evident after
exposure to intermittent hypoxia. The reason for this discrepancy is not entirely clear, but

it should be noted that the intensity of the hypoxic exposure was significantly lower during
sustained (S40, = 85%) vs. intermittent hypoxia (S;02 = 92%). Collectively, published
findings indicate that increases in muscle sympathetic activity are evident following a
one-time exposure to a few brief episodes of intermittent hypoxia or a one-time exposure

to sustained hypoxia. Increases in blood pressure often accompany the increase in muscle
sympathetic activity following exposure to intermittent hypoxia. In contrast, blood pressure
responses are less likely to be elevated following a one-time exposure to sustained hypoxia.

11. Factors that impact the magnitude of autonomic and cardiovascular
plasticity
11.1. Sex

A progressive increase in sympathovagal balance and heart rate, coupled to a progressive
reduction in parasympathetic nervous system activity, is evident in men but not women
during exposure to intermittent hypoxia. Instead, reductions in parasympathetic nervous
system activity and increases in heart rate occur immediately (i.e. the initial hypoxic
episode) and remain unchanged throughout the remainder of the protocol in women
(Wadhwa et al., 2008). Although, a progressive increase in sympathetic nervous system
activation is evident in both men and women, a greater increase is ultimately achieved in
men. These sex differences might indicate that autonomic responses (i.e. vagal withdraw
and increases in sympathetic nervous system activity) are faster in women, as previously
speculated based on autonomic responses to a single bout of hypoxia (Jones et al., 1999).
Despite findings of sex differences in autonomic nervous system activity and heart rate, a
progressive increase in blood pressure in response to brief episodes of hypoxia has only been
reported in males at the present time (Foster et al., 2009; Foster et al., 2010; Foster et al.,
2005; Shatilo et al., 2008; Wang et al., 2020).

Sex differences may also be evident following exposure to hypoxia (See Excel Sheet).
Sustained increases in heart rate and sympathovagal balance coupled to decreases in
parasympathetic nervous system activity were evident in men but not women throughout
a 15-min recovery period following acute intermittent hypoxia (Wadhwa et al., 2008). In
women, heart rate remained elevated during the first 3-min following hypoxia but returned
to baseline, providing further support for the hypothesis that the autonomic response to a
given perturbation may be faster in women compared to men (Jones et al., 1999). On the
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other hand, this speculation is not supported by the recent findings of Jacob and colleagues
which showed that adjustments in muscle sympathetic nerve activity following exposure

to intermittent hypoxia was similar in males compared to females (Jacob et al., 2020).
Interestingly, despite this similarity, Jacob and colleagues also reported that blood pressure
was sustained above baseline after exposure to intermittent hypoxia in males but not females
(Jacob et al., 2020). Despite the outlined comparisons between sexes, this assessment is
typically not completed, despite the inclusion of men and women in many studies (Cutler et
al., 2004a; Cutler et al., 2004b; Jones et al., 1999; Moradkhan et al., 2010; Ott et al., 2020;
Somers et al., 1991; Tamisier et al., 2005). We assume that this lack of comparison is either
because differences between the sexes were not evident or because the sample sizes were too
small to reach a meaningful conclusion.

11.2. Carbon dioxide

The impact that carbon dioxide levels have on the sensitivity of autonomic, cardiovascular
and hemodynamic responses during or following exposure to intermittent or sustained
hypoxia is largely unknown. The reason is that few studies have systematically compared if
measures obtained in the presence of isocapnia (Lusina et al., 2006) or slightly elevated
levels of carbon dioxide (Cutler et al., 2004a; Cutler et al., 2004b; Morgan et al.,

1995; Xie et al., 2001) are similar to measures obtained under conditions of hypocapnia
(Ainslie et al., 2007; Foster et al., 2009). However, indirect evidence indicates that the
maintenance of carbon dioxide may not be important when measuring the sensitivity of
blood pressure to hypoxia. An increase in the blood pressure response is evident independent
of whether carbon dioxide levels are maintained (i.e. isocapnic) (Cutler et al., 2004b;
Foster et al., 2005; Lusina et al., 2006) or uncontrolled (Ainslie et al., 2007; Foster et

al., 2009) (i.e. poikilocapnic). Likewise, modifications in autonomic, cardiovascular or
hemodynamic measures are similar when carbon dioxide levels are reduced or maintained
during recovery, compared to baseline (Foster et al., 2009; Morgan et al., 1995; Ott et

al., 2020). Alternatively, one outcome measure that might be impacted by carbon dioxide

is cerebral blood flow. Modifications in cerebral hemodynamics indicate that the cerebral
vasodilatory response to hypoxia might decrease following exposure to daily repeated
intermittent hypoxia. However, Ainslie and colleagues provided an alternative explanation
by showing that reductions in carbon dioxide, that were correlated to the hypoxic ventilatory
response, were also correlated to reductions in cerebral blood flow velocity (Ainslie et al.,
2007). Thus, in some cases modifications in carbon dioxide could be responsible for the
reductions in cerebral blood flow.

Modifying levels of carbon dioxide have also been used to confirm that enhancement

of autonomic and cardiovascular/hemodynamic responses to hypoxia during or following
intermittent hypoxia are the consequence of exposure to hypoxia and no other stimulus.
Enhancement of blood pressure responses to hypoxia were independent of the level of
carbon dioxide during exposure to intermittent hypoxia, which ranged from isocapnia to
hypercapnia (Cutler et al., 2004b). Moreover, enhancement of blood pressure responses to
normoxic hypercapnic were not evident following exposure to intermittent hypoxia (Foster
et al., 2009). Thus, the importance of hypoxia as a stimulus to initiate plasticity, as well
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as identifying the potential chemoreceptor that mediates the response, was confirmed by
exposure to varying levels of carbon dioxide.

11.3. Repeated daily exposure

Several studies have explored if repeated daily exposure to brief episodes of intermittent
hypoxia ultimately leads to modifications in heart rate and blood pressure sensitivity to
hypoxia. Studies (Ainslie et al., 2007; Foster et al., 2009) have shown that the change

in systolic, diastolic and mean arterial blood pressure in response to acute isocapnic or
poikilocapnic stepwise reductions in oxygen saturation is enhanced following exposure to
intermittent hypoxia for 4 (Foster et al., 2009) or 12 days (Ainslie et al., 2007). In addition,
increases in cerebral vascular resistance (Foster et al., 2009), coupled to reductions in
cerebral oxygen saturation (Foster et al., 2005) and cerebral blood flow velocity (Ainslie
et al., 2007) during isocapnic hypoxia indicate that the cerebral vasodilatory response

to hypoxia might decrease following exposure to daily repeated intermittent hypoxia. In
contrast, Foster and colleagues reported an increase in cerebral blood flow velocity during
the final day (i.e. 4th day) of exposure to intermittent hypoxia (Foster et al., 2009).
However, these authors suggested that this response coupled to increases in cerebral vascular
resistance indicated the loss of autoregulation.

Repeated daily exposure (i.e. 10 days) to 60 min of sustained hypoxia is accompanied by

an enhanced muscle sympathetic nerve response to hypoxia (Lusina et al., 2006). Likewise,
repeated daily exposure (i.e. 7 days) to sustained hypoxia (i.e. 1 h each day) (Katayama

et al., 2001) or exposure to sustained hypoxia for a period of 12 days (Ainslie et al.,

2007) also enhances the blood pressure response to hypoxia. Indeed, studies specifically
designed to compare responses to protocols that employ sustained vs. intermittent hypoxia
protocols have reported similar cardiovascular and cerebrovascular outcomes as reported in
the previous paragraph (Ainslie et al., 2007; Chacaroun et al., 2016; Foster et al., 2009;
Foster et al., 2010; Foster et al., 2005). Nonetheless, it should be noted that in a few cases
differences in heart rate variability (Chacaroun et al., 2016) and blood pressure responses
[(Foster et al., 2005) Fig. 5] have been reported, but the differences were small and largely
the exception. Collectively, most of the published work suggests that the muscle sympathetic
nerve and blood pressure response to hypoxia is enhanced and the cerebral vasodilatory
response is decreased following repeated daily exposure to brief episodes of hypoxia or
sustained hypoxia. It should be noted however, that an increase in blood pressure sensitivity
to hypoxia was not evident in sedentary and healthy older men after exposure to intermittent
hypoxia each day for 10 days (Shatilo et al., 2008) or after exposure to 60 min of sustained
hypoxia each day for 10 days (Lusina et al., 2006). Although the reasons for the differences
are not clear, the number of episodes that participants were exposed to each day in Shatilo
and colleague study were few (i.e. 4 per day) (Shatilo et al., 2008).

Independent of the stimulus (repeated intermittent or sustained hypoxia), increases in the
muscle sympathetic response, or blood pressure response, to hypoxia are often coupled

to increases in the hypoxic ventilatory response (Ainslie et al., 2007; Foster et al., 2005;
Katayama et al., 2001; Lusina et al., 2006). This finding indicates that a similar mechanism
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might mediate the cardiovascular and ventilatory responses (see Mechanistic Underpinnings
below).

In contrast to autonomic and cardiovascular responses to hypoxia (NB sustained or
intermittent), no direct measures of autonomic plasticity have been obtained following
repeated daily exposure to a few brief episodes of hypoxia (i.e. 3 to 10) over a short duration
of exposure (i.e. less than 2 h) (Bernardi et al., 2001; Chacaroun et al., 2016; Zhang et

al., 2014). In a few studies, non-invasive measures of heart rate variability were determined
before and following daily exposure that ranged from 3 to 14 days (Bernardi et al., 2001;
Chacaroun et al., 2016; Zhang et al., 2014). The results to date are equivocal, with studies
indicating that measures of heart rate variability in the frequency domain are similar before
and after repeated daily exposure (Bernardi et al., 2001; Chacaroun et al., 2016). On the
other hand, heart rate variability measures in the frequency and time domain have also
indicated that parasympathetic nervous system activity is enhanced after daily exposure to
a few brief episodes of hypoxia (Zhang et al., 2014). In conjunction with these findings,
heart rate is reportedly similar (Ainslie et al., 2007; Bernardi et al., 2001; Chacaroun et al.,
2016; Foster et al., 2005; Querido et al., 2008; Querido et al., 2015; Shatilo et al., 2008),
or reduced (Serebrovska et al., 2017; Zhang et al., 2014; Zhang et al., 2015) compared to
baseline. In addition, Ainslie et al. and Zhang et al. reported that cerebral artery velocity
under resting conditions was unchanged following daily exposure to intermittent hypoxia
over 12 (Ainslie et al., 2007) and 14 days (Zhang et al., 2015).

The most widely studied variable following repeated daily exposure to a few brief episodes
of hypoxia is blood pressure. In some cases, systolic, diastolic and mean arterial pressure
were reported to be similar before and after exposure (Bernardi et al., 2001; Chacaroun

et al., 2016; Foster et al., 2005; Haider et al., 2009; Querido et al., 2008; Zhang et al.,

2014; Zhang et al., 2015). However, there is evidence that systolic (Burtscher et al., 2009;
Chacaroun et al., 2016; Lyamina et al., 2011; Muangritdech et al., 2020; Mukharliamov et
al., 2006; Serebrovska et al., 2017; Shatilo et al., 2008), diastolic (Burtscher et al., 2009;
Lyamina et al., 2011; Muangritdech et al., 2020; Wang et al., 2020) and mean arterial
pressure (Lyamina et al., 2011; Muangritdech et al., 2020; Wang et al., 2020) are reduced
after repeated daily exposure. The reductions in blood pressure have been observed in a
variety of populations including healthy controls (Chacaroun et al., 2016) and individuals
with chronic obstructive pulmonary disease (Burtscher et al., 2009), hypertension (Burtscher
et al., 2004; Korkushko et al., 2010; Lyamina et al., 2011; Mukharliamov et al., 2006;
Serebrovska et al., 2017; Shatilo et al., 2008) and myocardial infraction (Burtscher et al.,
2004). Collectively, the results obtained suggest that repeated daily exposure to a few brief
episodes of hypoxia is not detrimental, and indeed in many cases leads to positive outcomes
measures as indicated by the reported significant reductions in blood pressure.

Although positive outcome measures have been reported following repeated daily exposure
to a few brief episodes of hypoxia, the opposite occurs when individuals are repeatedly
exposed to numerous brief episodes of hypoxia over a long duration of exposure (i.e. 6-9

h in a given day) (Foster et al., 2009; Foster et al., 2010; Gilmartin et al., 2010; Pialoux et
al., 2009; Tamisier et al., 2011). In contrast to the heart rate variability results outlined in
the previous paragraph, measures of muscle sympathetic nervous system activity increased
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following repeated daily exposure to numerous brief episodes of hypoxia (Gilmartin et al.,
2010; Tamisier et al., 2011). Moreover, the magnitude of the increase in muscle sympathetic
nervous system activity was greater than typically reported after a single day exposure to
intermittent hypoxia (Gilmartin et al., 2010; Tamisier et al., 2011). The increase in muscle
sympathetic nervous system activity was not accompanied by an increase in heart rate, if
reported (Foster et al., 2009; Gilmartin et al., 2010; Tamisier et al., 2011). In contrast,
increases in systolic (Tamisier et al., 2011), diastolic (Foster et al., 2009; Gilmartin et

al., 2010; Tamisier et al., 2011) or mean arterial pressure (Foster et al., 2009; Pialoux et
al., 2009; Tamisier et al., 2011) have been reported. In one case, only diastolic pressure
increased (Ott et al., 2020). The sustained increases in pressure were also accompanied

by other detrimental outcomes including reductions in forearm blood flow (Gilmartin et
al., 2010). Likewise, left ventricular end-diastolic diameter significantly decreased while
aortic diameter and left ventricular end-systolic diameter tended to increase (P= 0.07)

and decrease (P = 0.06) respectively, following 10-14 consecutive days of intermittent
poikilocapnic hypoxia administered during wakefulness (Saeed et al., 2012) or sleep
(Gilmartin et al., 2010; Tamisier et al., 2011). The increase in muscle sympathetic nervous
system activity was strongly correlated to decreases in left ventricular end-systolic and
end-diastolic diameter, which was accompanied by unchanged values in ejection fraction,
stroke volume and cardiac output (Tamisier et al., 2011). Given the accompanying increase
in blood pressure these results indicate that in addition to increases in forearm vascular
resistance, increases in systematic vascular resistance also occurred after exposure to brief
episodes of hypoxia for more than 6 h (Gilmartin et al., 2010; Tamisier et al., 2011). Overall,
the evidence presented in this and the previous paragraph indicate that autonomic and
cardiovascular outcomes are distinctly different based on the dose of intermittent hypoxia
administered. A long duration of exposure coupled to severe hypoxemia will likely lead to
detrimental outcome measures while beneficial outcomes are linked to milder doses (see
Mechanistic Underpinning for additional discussion).

A few studies have also explored the effects of exposure to repeated daily sustained
hypoxia on autonomic or cardiovascular function. Muscle sympathetic nerve activity after
compared to before repeated daily exposure to sustained hypoxia is increased (Lusina et al.,
2006). Reductions in sympathovagal balance have also been reported following 10 days of
exposure to 60 min of hypoxia in healthy normotensive individuals (Taralov et al., 2018).
Moreover, this group and others (Ainslie et al., 2007;Chacaroun et al., 2016; Foster et

al., 2005) have reported that resting blood pressure (mean arterial, systolic and diastolic
blood pressure) measures remain unaltered after compared to before exposure to repeated
daily sustained hypoxia. Besides measures of blood pressure, it has also been reported that
mean cerebral arterial blood flow velocity and cerebral tissue oxygen saturation remains
unaltered following exposure to repeated daily sustained hypoxia (Querido et al., 2009).
Thus, reductions in blood pressure may be clearer after repeated daily exposure to a few
brief episodes of intermittent hypoxia vs. sustained hypoxia.

At present the impact of repeated daily exposure to brief episodes of hypoxia for a short
duration each day on muscle sympathetic activity is unknown. However, outcome measures
indicate that this paradigm typically leads to reductions in blood pressure. In contrast,
repeated daily exposure to intermittent hypoxia for a duration of 6 h or greater is typically
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accompanied by increases in blood pressure. Finally, repeated daily exposure to sustained
hypoxia promotes increases in sympathetic activity. However, this increase is typically
unaccompanied by modifications in blood pressure.

11.4. Timing of application

11.5.

We are currently unaware of studies that have explored the effect that time of day has on

the impact of repetitive mild intermittent hypoxia on autonomic and cardiovascular function.
Indeed, we have suggested that administering repetitive intermittent hypoxia prior to sleep
may have negative effects on the severity of sleep apnea (Alex et al., 2019; Panza et al.,
2019), but the differential effects on autonomic and cardiovascular function based on the
time of administration remains unknown. However, considering the changes in peripheral
chemoreceptor sensitivity, baroreceptor sensitivity, and changes in blood pressure reported
over a 24-h period, we suspect the time of administration could impact neuroplasticity
during hypoxia, as well as, impact the therapeutic potential of repetitive intermittent
hypoxia.

Mechanistic underpinnings of autonomic and cardiovascular plasticity following

exposure to hypoxia

11.5.1. Hyperoxia and muscle sympathetic nerve activity—As outlined above,
numerous studies have reported that long term sustained increases in muscle sympathetic
nerve activity are evident following exposure to intermittent or sustained hypoxia (Gilmartin
et al., 2010; Lusina et al., 2006; Tamisier et al., 2004; Tamisier et al., 2011; Xie et al., 2001),
but not after exposure to normoxic/hyperoxic hypercapnia (Morgan et al., 1995; Querido

et al., 2010). This sustained increase is evident despite differences in the type of protocol
that has been administered. These differences include the length of exposure (one - time
exposure vs. repeated daily exposure) (Cutler et al., 2004b; Jacob et al., 2020; Ott et al.,
2020), the type of exposure (intermittent vs. sustained) (Lusina et al., 2006; Tamisier et al.,
2011), the intensity of exposure (Jacob et al., 2020; Moradkhan et al., 2010; Querido et al.,
2010) and the inclusion of voluntary apneas during exposure (Cutler et al., 2004a; Cutler et
al., 2004b; Jouett et al., 2017).

It has been proposed that an enhanced muscle sympathetic nerve response to hypoxia
(Lusina et al., 2006) or persistent increases in baseline muscle sympathetic activity (Tamisier
et al., 2005; Tamisier et al., 2004; Tamisier et al., 2011) following exposure to intermittent
or sustained hypoxia is a consequence of enhanced peripheral chemoreceptor sensitivity
(Prabhakar et al., 2009). This enhanced sensitivity could be synonymous with sensory

(i.e. carotid sinus nerve) long-term facilitation. In support of this postulation, the hypoxic
ventilatory response, a non-invasive indicator of peripheral chemoreflex sensitivity, is
increased following exposure to intermittent hypoxia (Foster et al., 2005; Lusina et al.,

2006; Pialoux et al., 2009). Likewise, the ventilatory and muscle sympathetic nerve response
to hypoxia are correlated (Lusina et al., 2006), while the transient application of hyperoxia
(Morgan et al., 1995; Ott et al., 2020; Querido et al., 2010) attenuates both peripheral
chemoreflex activity and muscle sympathetic burst frequency (Fig. 8). Moreover, enhanced
muscle sympathetic nerve activity persists following exposure to hypoxia even though
baroreflex sensitivity remains unchanged (Jacob et al., 2020). Lastly, enhanced peripheral
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chemoreflex sensitivity and increased levels of baseline muscle sympathetic activity is often
evident in individuals that are exposed nightly to intermittent hypoxia because of sleep
apnea (Dempsey et al., 2010; Lavie, 2015), and administration of hyperoxia attenuates
muscle sympathetic activity in these patients (Leuenberger et al., 1995).

Despite these findings, some evidence disputes the role of the sustained peripheral
chemoreflex activity as the primary mechanism responsible for enhanced sympathetic
outflow. Sustained increases in ventilation and muscle sympathetic nerve activity are
typically evident after exposure to intermittent hypoxia (see below for further discussion).
However, this is often not the case after exposure to sustained hypoxia. Instead, ventilation
immediately returns to baseline levels following exposure while enhanced baseline
sympathetic nervous system activity persists. This finding is unanticipated given that
initiation of peripheral chemoreflex plasticity might be expected to result in sustained
increases in both ventilation and muscle sympathetic activity. Morgan and colleagues
(Morgan et al., 1995) provided possible alternative mechanisms suggesting (i) that
peripheral chemoreflex control of sympathetic outflow might have a greater gain than
peripheral chemoreflex control of ventilation or (ii) that central effects of hypoxia might
have a differential influence on medullary neurons that control sympathetic outflow
compared to ventilation. More specifically, central nervous system hypoxia has been shown
to cause simultaneous activation of sympathetic neurons and depression of phrenic nerve
output. Lastly, Morgan and colleagues proposed that a facilitatory memory within the central
nervous system activated by central or peripheral chemoreceptors might be responsible for
sustained increases in baseline sympathoexcitation (Morgan et al., 1995). Although this
latter explanation is plausible, it should be noted that in most studies’ exposure to hyperoxia,
which attenuated muscle sympathetic nerve activity, was short and likely only inhibited
peripheral chemoreflex activity. In addition, if transient hyperoxia had a direct effect on
central mechanisms, then reductions in baseline muscle sympathetic nerve activity might be
expected. Several investigations have shown that this is not the case (Morgan et al., 1995;
Ott et al., 2019; Querido et al., 2010).

In totality, the published evidence suggests that the enhanced muscle sympathetic response
to hypoxia or sustained increases in baseline muscle sympathetic nerve activity is initiated
by peripheral chemoreflex plasticity. If one accepts this premise, the remaining question is
why exposure to intermittent hypoxia tends to result in sustained increases in ventilation and
sympathetic activity while sustained hypoxia leads to an uncoupling of the responses.

11.5.2. Angiotensin Il, reactive oxygen species and blood pressure—The
mechanism responsible for the sustained increase in muscle sympathetic nerve activity is

a robust finding that is largely independent of the type of hypoxic protocol employed. On
the other hand, the mechanisms responsible for mediating accompanying cardiovascular and
hemodynamic outcomes may be influenced by the duration and type of protocol employed.
In studies that have reported increases in blood pressure, following a one-time exposure

to brief apneic events preceded by 3 breaths of nitrogen, intermittent hypoxia hypercapnia
or a longer one-time exposure to intermittent hypoxia (Cutler et al., 2004a; Cutler et al.,
2004b; Jouett et al., 2017), elevations in sympathetic nerve activity initiated by sensory
long-term facilitation in humans are likely responsible. Initiation of this form of facilitation
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may be mediated in part by angiotensin Il binding to angiotensin |1 type la receptors

and the accumulation of reactive oxygen species. Indeed, Jouett and colleagues showed
that administration of Losartan, an angiotensin Il receptor antagonist, was accompanied by
reductions in both muscle sympathetic nerve activity and blood pressure (i.e. systolic and
mean arterial pressure) in humans (Jouett et al., 2017).

The mechanisms responsible for the elevation of blood pressure after a short one-time
exposure to intermittent hypoxia might be different from those responsible for modifying
blood pressure after one-time exposures of longer duration (Foster et al., 2009; Foster et

al., 2010) or repeated daily exposure to hypoxia (Foster et al., 2009). However, Foster and
colleagues proposed that sensory long-term facilitation initiated by angiotensin 11 production
is the starting point of a mechanistic continuum. Indeed, Foster and colleagues (Foster et

al., 2010) showed that administration of Losartan abolished sustained increases in diastolic
and mean arterial pressure induced by a one — time exposure to intermittent hypoxia that
occurred over a longer time period (i.e. 6 h) than the period of exposure in Jouett et al. study
(i.e. 20 min) (Jouett et al., 2017). Upregulation of angiotensin Il via the renin-angiotensin
system may also be responsible for increases in reactive oxygen species and reduced nitrous
oxide availability, which are evident after 6 h of exposure to intermittent hypoxia (Foster

et al., 2009). This premise is further supported by the finding that the administration of
Losartan in humans, 6 h prior to exposure to intermittent hypoxia, mitigates increases in
oxidative stress and peroxynitrite activity along with decreases in nitric oxide metabolism
colleagues (Foster et al., 2010; Pialoux et al., 2011). The link between angiotensin 11 and
oxidative stress is important since the accumulation of reactive oxygen species contributes to
the initiation of sensory long-term facilitation in animals (Peng et al., 2003).

11.5.3. The uncoupling of muscle sympathetic nerve activity and
cardiovascular/hemodynamic responses—Despite the evidence linking sustained
increases in muscle sympathetic nerve activity with increased blood pressure other studies
have reported that elevations in muscle sympathetic activity were not accompanied by
changes in blood pressure (Cutler et al., 2004a; Cutler et al., 2004b; Morgan et al., 1995;
Somers et al., 1991; Tamisier et al., 2004; Xie et al., 2001) or hemodynamic (Ainslie et

al., 2007; Cutler et al., 2004b; Morgan et al., 1995; Xie et al., 2001) responses following a
one-time exposure to intermittent apneas, intermittent or sustained hypoxia. Several possible
explanations have been provided to explain the uncoupling between muscle sympathetic
activity and blood pressure or hemodynamic responses. These include (i) that stimulation

of the peripheral chemoreceptors have opposite effects on vascular resistance in skin and
muscle. Thus, vasoconstriction in the muscle might be offset by vasodilation in skin or

(i) local vasodilatory effects of systemic hypoxia overrides the vasoconstrictor influence of
increased sympathetic outflow so that vascular resistance remains unchanged. Independent
of the mechanism, the unchanged vascular resistance might explain the accompanying
unaltered measures of blood pressure that have been reported following exposure to hypoxia.
Despite these explanations it is somewhat perplexing as to why blood pressure does not
increase during recovery from a one-time exposure to sustained hypoxia since sympathetic
activity is sustained and the local vascular effects of hypoxia should have dissipated. Xie
and colleagues speculated that either the amount of sympathetic activation was insufficient
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to raise total peripheral resistance or the exposure was not long enough to engage pro-
hypertensive mechanisms such as the renin-angiotensin system (Xie et al., 2001).

The potential uncoupling of muscle sympathetic nerve activity and blood pressure is

also prevalent following exposure to daily repeated exposure to intermittent hypoxia.

As mentioned above, repeated daily exposure to intermittent hypoxia leads to increased
sensitivity of the hypoxia ventilatory response and long-term facilitation along with enhance
muscle sympathetic nerve activity (Lusina et al., 2006) in humans. In line with the published
findings on ventilatory plasticity, enhanced increases in muscle sympathetic nerve activity
would presumably lead to increases in blood pressure. However, this is often not the case in
healthy humans where repeated daily exposure to intermittent hypoxia is often accompanied
by blood pressure that is unaltered or less often reduced. Moreover, exposure to mild

forms of intermittent hypoxia are often associated with reductions in blood pressure in
individuals that are hypertensive (Burtscher et al., 2009; Burtscher et al., 2004; Lyamina
etal., 2011; Muangritdech et al., 2020; Serebrovska et al., 2017; Shatilo et al., 2008;

Wang et al., 2020). The prevailing thought is that intermittent hypoxia may stimulate
oxygen sensitive transcription factors that lead to the upregulation of genes, hormones and
antioxidant enzymes that ultimately promote reductions in inflammation, angiogenesis and
improved endothelial function. Indeed, repeated daily exposure to hypoxia in humans has
been accompanied by significant increases in hemoglobin (Bernardi et al., 2001; Burtscher
et al., 2004; Tan et al., 2018; Tobin et al., 2020), hypoxia inducible factor 1 alpha (HIFla.)
(Gangwar et al., 2019; Muangritdech et al., 2020; Tan et al., 2018), vascular endothelial
growth factor (Tan et al., 2018), erythropoietin (Tan et al., 2018) and nitric oxide (Lyamina
etal., 2011).

Repetitive intermittent hypoxia & beneficial cardiovascular outcomes

in patient populations

The association of obstructive sleep apnea with increases in muscle sympathetic nerve
activity, hypertension, chronic inflammation and overall cardiovascular risk is well
documented (Dempsey et al., 2010; Lavie, 2015). These detrimental outcomes might

occur because of intrathoracic pressure swings, frequent arousal from sleep and severe
intermittent hypoxia with modulating levels of carbon dioxide ranging from hypocapnia to
hypercapnia. Conversely, there is some evidence supporting beneficial outcomes following
natural exposure to intermittent hypoxia. Steiner et al. (2010) and Ben Ahmed et al. (2015)
stratified patients with obstructive sleep apnea based on their apnea-hypopnea index, and
reported an increased number of coronary collateral vessels in patients with 10 or more
events per hour compared to patients without obstructive sleep apnea (Ben Ahmed et al.,
2015; Steiner et al., 2010). Increased myocardial coronary collateralization of the heart

in response to ischemia or hypoxia has also been demonstrated in mice (Faber et al.,

2021) and rats (Banai et al., 1994). Increased skeletal muscle capillary proliferation and
up-regulation of vascular endothelial growth factor has also been reported in patients with
obstructive sleep apnea (Wahlin-Larsson et al., 2009). However, the upregulation of hypoxia
inducible factor 1a and vascular endothelial growth factor may be dependent on the degree
of hypoxemia in patients with sleep apnea.

Exp Neurol. Author manuscript; available in PMC 2021 October 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Puri et al.

13.

Page 34

In addition to naturally occurring intermittent hypoxia, we also showed that repeated

daily exposure to experimentally induced mild intermittent hypoxia resulted in significant
decreases in blood pressure in individuals with obstructive sleep apnea (Panza et al., 2020a)
(see Upper airway long-term facilitation &therapeutic continuous positive airway pressure).
This reduction in blood pressure was accompanied by increases in parasympathetic and
decreases in sympathetic nervous system activity as determined by heart rate variability.
Thus, mild forms of intermittent hypoxia induced naturally or experimentally may initiate
beneficial outcomes. In the case of naturally occurring hypoxia, the beneficial outcomes may
be most obvious in those with obstructive sleep apnea with a higher arousal threshold (i.e.
less disrupted sleep) without accompanying co-morbidities.

Patients with spinal cord injuries are known to have autonomic, cardiovascular, pulmonary
and motor dysfunction (Schilero et al., 2009; Wecht et al., 2020; Williams et al., 2019).
Therapeutic intermittent hypoxia might lead to improvements in these outcome measures.
To date, most studies have focused on the beneficial effects of mild intermittent hypoxia

on recovery of limb motor function (Hayes et al., 2014; Navarrete-Opazo et al., 20173;
Navarrete-Opazo et al., 2017b; Trumbower et al., 2017; Trumbower et al., 2012), with
fewer investigations focused on the recovery of respiratory function (Jaiswal et al., 2016;
Tester et al., 2014). Interestingly, recovery of limb motor function following exposure

to mild intermittent hypoxia is enhanced in individuals with moderate obstructive sleep
apnea (Vivodtzev et al., 2020), possibly because of nightly priming with naturally
occurring intermittent hypoxia. Less is known about the effects of mild intermittent
hypoxia on cardiovascular and autonomic function in individuals with spinal cord injury.
Most information related to these systems is based on concerns that mild intermittent
hypoxia exacerbates autonomic and cardiovascular dysfunction. Thus, participants have
been monitored for dizziness, lightheadedness, cyanosis and autonomic dysreflexia. To
date, no adverse events following exposure to intermittent hypoxia have been reported.
However, objective measures are typically not included. In addition, no change in heart rate
(Sankari et al., 2015; Trumbower et al., 2017) and blood pressure (Hayes et al., 2014) was
reported following mild intermittent hypoxia. Conversely, a reduction in blood pressure was
reported in spinal cord individuals following exposure to intermittent hypoxia combined
with ibuprofen supplementation (Lynch et al., 2017). Sankari and colleagues also reported
that sympathetic nervous system activity increased during recovery following exposure to
intermittent hypoxia in both able-bodied individuals and patients with thoracic injuries,
while no change was evident in a group of participants with a cervical spinal cord injury
(Sankari et al., 2015). From the currently available evidence, it appears that mild intermittent
hypoxia is safe for participants with spinal cord injuries as adverse outcomes have not

been reported. Although the few studies completed suggest that beneficial autonomic

and cardiovascular outcomes might occur following exposure to mild intermittent hypoxia
additional work is required to support this contention.

Integrated summary of responses to mild intermittent hypoxia

The use of mild intermittent hypoxia to mitigate apneic events, promote recovery of
respiratory and limb motor function in spinal cord injured patients, and reduce blood
pressure in patients with hypertension has gained support as a therapeutic tool over the
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last decade. However, at times the complexity of the physiological response is lost in the
excitement of potentially improved outcomes. Knowledge of the integrated respiratory,
autonomic and cardiovascular responses allows for the development of protocols that
hopefully will serve a beneficial purpose. Based on the information presented in this review,
Fig. 9 shows the potential integrated responses to mild intermittent hypoxia and the various
factors that impact on the magnitude of the response. Those perturbations (i.e. hyperoxia,
losartan) that have been used to explore the mechanisms behind the responses are also
included. Based on our review of the literature, a one-time exposure to mild intermittent
hypoxia will enhance the ventilatory, autonomic and blood pressure responses to hypoxia
(i.e. increase sensitivity of the response), in addition to improving limb motor function.
Moreover, following a one-time exposure to mild intermittent hypoxia ventilation and upper
airway muscle activity will remain elevated as will sympathetic nervous system activity.
More often than not blood pressure will also remain elevated. Thus, both beneficial (long-
term facilitation of ventilation and upper airway muscle activity, recovery of limb motor
function) and detrimental outcomes (sustained increases in autonomic activity and blood
pressure) might be initiated. Thus, doses of intermittent hypoxia that promote the former and
minimize the latter is required.

The outcomes following repeated daily exposure to mild intermittent hypoxia are of great
interest. Not only are beneficial forms of respiratory plasticity enhanced in response to
repeated exposure, but many studies have shown that dramatic decreases in blood pressure
are also induced. Few studies have been completed to determine if these decreases are

a consequence of modifications in autonomic nervous system activity. Thus, whether the
decline in blood pressure is a consequence of local vasodilatory mechanism in the presence
of elevated autonomic responses or is partly or wholly related to beneficial modifications in
autonomic nervous system activity remains to be established.

14. Conclusion

The purpose of this review was two-fold. First, we wanted to compile the available evidence
on respiratory, autonomic and cardiovascular responses during and following intermittent
hypoxia protocols in humans, with a focus on mild intermittent hypoxia. Secondly, we
wanted to highlight potential translatable outcomes in humans following mild intermittent
hypoxia protocols.

In totality, various hypoxia protocols, continue to show promise as a therapeutic modality,
but there are significant gaps in our knowledge of the mechanisms, confounding factors,

and most effective therapeutic protocols in humans. In particular, autonomic plasticity and
accompanying cardiovascular outcomes following mild intermittent hypoxia requires further
study, as does the impact of the time of administration, sex, race, age and carbon dioxide,
which are all factors yet to be studied systematically using therapeutic mild intermittent
protocols under normobaric conditions.
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Fig. 1.

Example of an intermittent hypoxia (Top) and sham (Bottom) protocol. In this example 12
episodes of hypoxia that were two minutes in duration were separated by 2-min recovery
periods with the exception of the final 30-min recovery period. PeTCO», partial pressure of
end-tidal carbon dioxide; Pe1Oo, partial pressure of end-tidal oxygen; B1, initial baseline
period measured under normoxic conditions; B2, second baseline period measured under
hypercapnic conditions. Reprinted from “The impact of arousal state, sex, and sleep apnea
on the magnitude of progressive augmentation and ventilatory long- term facilitation” by Z.
Syed et al. J. Appl. Physiol. 114:; 52-65, 2013.
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Fig. 2.

A recording of breath-by-breath minute ventilation values recorded from a human
participant before, during and following exposure to 12 episodes of hypoxia Each hypoxic
episode and subsequent recovery period was 4 min in duration with the exception of

the last recovery period, which was 30 min in duration. Note that during exposure to
intermittent hypoxia the ventilatory response to hypoxia gradually increased from the initial
hypoxic episode to the final hypoxic episode. This phenomenon is referred to as progressive
augmentation. Also note that during exposure to intermittent hypoxia minute ventilation
gradually increased during the normoxic recovery periods so that it was substantially higher
during the final recovery period compared with baseline. This phenomenon is referred to as
ventilatory long-term facilitation. Reprinted with permission from “Intermittent hypoxia and
respiratory plasticity in humans and other animals: does exposure to intermittent hypoxia
promote or mitigate sleep apnoea,” by J.H. Mateika and G. Narwani. Exp. Physiol. 94:
279-296, 2009.
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Fig. 3.

A?aw figure obtained from a participant showing changes in peak genioglossus muscle
activity from the initial hypoxic episode and subsequent recovery period to the final
hypoxic episode and post-stimuli recovery period. Note that peak genioglossus muscle
activity was greater during the last hypoxic episode compared with the initial episode and
that genioglossus muscle activity during the post-stimuli recovery period was greater than
measures obtained during baseline. This sustained increase in genioglossus muscle activity
is referred to as long-term facilitation of upper airway muscle activity. Reprinted from
“Long-term facilitation of ventilation and genioglossus muscle activity is evident in the
presence of elevated levels of carbon dioxide in awake humans,” by D.P. Harris et al. Am. J.
Physiol. Regul. Integr. Comp. Physiol. 291: 1111-1119, 2006.
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Fig. 4.

Mgasures of minute ventilation (fop), PetCO, (middle), and P10, (bottom) during
completion of an intermittent hypoxia protocol during wakefulness and sleep. A raw record
of breath-by-breath minute ventilation recorded from one participant exposed to intermittent
hypoxia is shown. The dotted lines represent baseline values specific to each state. Note

that minute ventilation during the end-recovery period was greater than baseline during
wakefulness as well as during sleep. Also note that the magnitude of the increase during
recovery compared to baseline was greater during wakefulness compared to sleep. B1, last 5
min of the initial normocapnic 10 min baseline period; B2, last 5 min of the second baseline
period during which PeTCO, was elevated 3 Torr above B1 measures. Reprinted from “The
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impact of arousal state, sex, and sleep apnea on the magnitude of progressive augmentation
and ventilatory long-term facilitation” by Z. Syed et al. J. Appl. Physiol. 114: 52-65, 2013.
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Fig. 5.
Measures of minute ventilation during completion of an intermittent hypoxia or sham

protocol on the first and tenth day of exposure to the protocol. A raw record of breath-by-
breath minute ventilation recorded from one participant exposed to intermittent hypoxia
(left panels) and from one participant exposed to compressed air (sham; right panels) on
the first and tenth day of exposure. Note that minute ventilation during baseline and end
recovery were greater on the final compared with the initial day of the intermittent hypoxia
protocol. This increase indicates that repeated daily exposure enhances the magnitude of
ventilatory long- term facilitation. Also note that measures of minute ventilation were
similar on the initial and final days of the sham protocol. Reprinted from “The hypoxic
ventilatory response and ventilatory long-term facilitation are altered by time of day and
repeated daily exposure to intermittent hypoxia” by D.G. Gerst 11 et al. J. Appl. Physiol.
110: 15-28, 2011.
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Fig. 6.

A%chematic diagram showing the potential changes in minute ventilation, chemoreflex
sensitivity and the carbon dioxide reserve that might occur as a consequence of exposure
to intermittent hypoxia. Note that exposure to intermittent hypoxia will increase minute
ventilation (purple circle represents ventilation before intermittent hypoxia and blue circle
represents minute ventilation after intermittent hypoxia on the line labelled metabolic
hyperbola). Likewise, chemoreflex sensitivity is enhanced after (blue line) compared to
before (purple line) exposure to intermittent hypoxia. As a result, the carbon dioxide reserve
(the difference between resting values of the partial pressure of carbon dioxide and the
carbon dioxide value that demarcates the apneic threshold) is reduced after (blue horizontal
line) compared to before intermittent hypoxia (purple horizontal line). The consequence

of these modifications may lead to the perpetuation of apneic events. The purple arrow
indicates the apneic threshold.
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Fig. 7.

E)?ample of a 6 h exposure to intermittent hypoxia in a single subject. Left panel displays
the first 30 min of intermittent hypoxia. The middle panel shows the following 5 h of
exposure and the right panel displays the final 30 min of exposure. Note that the blood
pressure response to hypoxia was greater at the end compared to the beginning of the
protocol, despite a similar level of hypoxia. The traces from top to bottom are: end-tidal
partial pressure of oxygen (PgtO5), arterial oxyhemoglobin saturation (Sa02), end-tidal
partial pressure of carbon dioxide (PeTCO5), mean arterial pressure (MAP), and middle
cerebral artery peak blood flow velocity (VP). The red lines indicate the upper and lower
bounds of mean arterial pressure during baseline and then after 6 h of intermittent hypoxia.
The blue lines with red arrows indicate the upward shift in mean arterial pressure that is
occurring during the 6 h of intermittent hypoxia. The red lines for oxygen saturation show
similar degrees of oxygen saturation throughout the study. Also note, in this figure cerebral
blood flow velocity did not change. Reprinted with permission from “Cardiovascular and
cerebrovascular responses to acute hypoxia following exposure to intermittent hypoxia in
healthy humans” by G.E. Foster et al. J. Physiol. 587:3287-3299, 2009.
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Fig. 8.

Efgfect of isocapnic hypoxia and hyperoxia on muscle sympathetic nerve activity (MSNA).
Representative traces represent 30 s of data obtained from one subject at baseline, during
exposure to isocapnic hypoxia, during recovery (4.5 min after end of hypoxia), and

during exposure to hyperoxia (5.5 min after end of hypoxia). Note that blood pressure
during recovery following exposure to hypoxia was similar to baseline. In contrast, muscle
sympathetic nerve activity was increased following exposure to hypoxia. Also note that the
administration of hyperoxia decreases the burst frequency of muscle sympathetic activity
during recovery. The red line highlights the upper (systolic) and lower (diastolic) boundaries
of blood pressure. BP, blood pressure; PeTCO2, end-tidal partial pressure of carbon dioxide.
VT, tidal volume; MAP, mean arterial blood pressure; SpO2, oxyhemoglobin saturation.
Reprinted with permission from “Hyperoxia attenuates muscle sympathetic nerve activity
following isocapnic hypoxia in humans” by J.S. Querido et al., J. Appl. Physiol. 108: 906—
912, 2010.
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Fig. 9.

A%ummary of the different forms of respiratory and autonomic plasticity and accompanying
outcome measures initiated by exposure to mild forms of intermittent hypoxia. The different
forms of plasticity and outcome measures are identified by the blue arrows and boxes. In
addition, those factors that influence the magnitude of a given form of plasticity or outcome
measure are highlighted in green boxes. Increases in magnitude are indicated by upward
pointing red arrows, while decreases in magnitude are indicated by downward pointing red
arrows. Sideward pointing red arrows are used to indicate that a given factor has no effect on
the magnitude of plasticity.

For example, acute mild intermittent hypoxia activates peripheral chemoreceptors, which in
turn initiates progressive augmentation of the hypoxic ventilatory response. The magnitude
of this form of plasticity is reduced in the presence of hyperoxia and during sleep

compared to wakefulness in humans. In contrast, the magnitude of this form of plasticity

is enhanced in the presence of sustained levels of carbon dioxide slightly above baseline,
when intermittent hypoxia is administered in the morning compared to the evening and
following repeated daily exposure. Increases in progressive augmentation promotes apnea
severity in humans. Additionally, oxidative stress has been shown to increase with a

single bout of acute intermittent hypoxia (Lee et al., 2009) with concurrent long-term
facilitation of minute ventilation that was then mitigated following the administration of
antioxidants. Furthermore, evidence from animals shows that when oxidative stress is
abolished in the peripheral chemoreceptors, long-term facilitation of ventilation is also
abolished, further supporting the role of oxidative stress in long-term facilitation (Peng and
Prabhakar, 2003).BP — blood pressure, CSN — carotid sensory nerve, CPAP — continuous
positive airway pressure, HR — heart rate, HVR — hypoxic ventilatory response, LTF — Long-
term facilitation, MSNA—muscle sympathetic nervous system activity, PA — progressive
augmentation, PNSA — parasympathetic nervous system activity.
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