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Abstract

This review examines the role that respiratory plasticity has in the maintenance of breathing
stability during sleep in individuals with sleep apnea. The initial portion of the review considers
the manner in which repetitive breathing events may be initiated in individuals with sleep apnea.
Thereafter, the role that two forms of respiratory plasticity, progressive augmentation of the
hypoxic ventilatory response and long-term facilitation of upper airway and respiratory muscle
activity, might have in modifying breathing events in humans is examined. In this context, present
knowledge regarding the initiation of respiratory plasticity in humans during wakefulness and
sleep is addressed. Also, published findings which reveal that exposure to intermittent hypoxia
promotes breathing instability, at least in part, because of progressive augmentation of the hypoxic
ventilatory response and the absence of long-term facilitation, are considered. Next, future
directions are presented and are focused on the manner in which forms of plasticity that stabilize
breathing might be promoted while diminishing destabilizing forms, concurrently. These future
directions will consider the potential role of circadian rhythms in the promotion of respiratory
plasticity and the role of respiratory plasticity in enhancing established treatments for sleep apnea.
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1. Introduction

Prior reviews from this laboratory focused in part, on basic mechanisms responsible for
initiating two forms of respiratory plasticity, progressive augmentation of the hypoxic
ventilatory response and long-term facilitation (Fig. 1). In addition, protocols and
preparations used to initiate these forms of respiratory plasticity have been addressed
(Mateika and Narwani, 2009; Mateika and Sandhu, 2011). To avoid repeating information
extensively, we refer readers to these prior publications and to other publications to gain an
essential understanding of respiratory plasticity, if necessary (Mahamed and Mitchell, 2007;
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Mateika and Narwani, 2009; Mateika and Sandhu, 2011; Mitchell et al. 2001; Mitchell and
Johnson, 2003). The goal of this review is to focus principally on a hypothetical scenario
outlined previously (Mateika and Narwani, 2009), in order to present recent empirical
evidence that adds to development of the hypothesis. This scenario is focused on the impact
that enhancement of progressive augmentation of the hypoxic ventilatory response, induced
by alterations in chemoreflex properties, and long-term facilitation of respiratory and upper
airway muscles, have on breathing stability in individuals with sleep apnea. We also address
a second hypothetical scenario outlined in our previous review (Mateika and Narwani,
2009). This hypothesis is focused on the possible role that intermittent hypoxia has in the
depression of upper airway muscle activity and its ultimate impact on breathing stability. In
this case, less detail is presented because the hypothesis has not been empirically tested in
humans.

The review that follows will initially provide brief definitions of the various forms of
plasticity that may contribute to breathing stability. Thereafter, the hypothetical scenario and
updated empirical evidence reinforcing the hypothesis will be presented. In presenting the
published experimental findings we will also include a section that addresses side issues (see
“Research Aside”) related to the data, which might be of interest to the reader and may
provoke additional research studies. A substantial amount of the review will also focus on
future experimental directions centered principally on identifying methods to promote
mechanisms of respiratory plasticity that ultimately lead to improved breathing stability.
These directions will include the potential role of circadian rhythms in the promotion of
respiratory plasticity and the role of respiratory plasticity in enhancing established
treatments for sleep apnea.

2. Sleep apnea and breathing instability

As shown in Fig. 2, the initiation of a single apnea often leads to a cycle of recurrent
breathing events that is the hallmark of breathing instability. Initiation of this cycle is linked
in part to the hypoxia and possibly hypercapnia that transpires during apneic events, which
ultimately leads to activation of peripheral and perhaps central chemoreceptors. Activation
of these receptors, usually coupled with arousal from sleep, leads to increases in ventilation
in order to correct for blood gas alterations. However, the increase in ventilation that occurs
is frequently inappropriate for the accompanying metabolic rate. The result is the
development of hypocapnia, which under conditions of wakefulness may not have a
significant impact on ventilation because of the presence of “wakefulness stimuli” (Shea,
1996). Conversely, if sleep is re-established, as is often the case, the presence of hypocapnia
leads to a reduction or abolition of central respiratory drive. This often occurs during non-
rapid eye movement sleep because ventilation is believed to be controlled primarily by input
from the peripheral and central chemoreceptors (Phillipson and Bowes, 1986). These
receptors have a firing threshold that is sensitive to carbon dioxide levels. If carbon dioxide
levels are beneath the chemoreflex threshold, central respiratory drive and chest wall
respiratory muscle activity are eliminated culminating in a central apnea. The carbon dioxide
level that demarcates the point at which ventilation is abolished has been deemed the apneic
threshold (Dempsey, 2005; Xie et al. 2002; Zhou et al. 2000). The absence of central drive is
also coupled to a reduction in upper airway muscle activity and ultimately to partial or
complete closure of the upper airway (Badr et al. 1995; Badr and Kawak, 1996; Badr et al.
1997). This sequence of events often repeats throughout the night.

There are points within the breathing stability cycle where mechanistic adaptations that
impact on the control of breathing could potentially ameliorate breathing instability, while
modifications at other points could potentiate instability. More specifically, enhancement of
peripheral and possibly central chemoreflex sensitivity, particularly during wakefulness (see
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Point A - Fig. 2), would likely induce profound hypocapnia, resulting in carbon dioxide
levels that are significantly below the apneic threshold. This enhanced sensitivity, which
might be coupled with a reduction in the carbon dioxide reserve [i.e. the difference between
the carbon dioxide value that demarcates the apneic threshold and normal resting values -
see Fig. 2 in (Dempsey, 2005) or Fig. 4 in (Mateika and Narwani, 2009) for additional
clarification of carbon dioxide reserve if required], could ultimately result in a prolonged
central and obstructive apnea during sleep because of the time required for carbon dioxide to
build and exceed the apneic threshold. Alternatively, if respiratory muscle activity was
enhanced by a mechanism that was independent of chemoreflex input (see Respiratory
Plasticity for this discussion) and continued to persist in the presence of hypocapnia (Point B
—Fig 1), the development of a central apnea could be prevented. Similarly, the initiation of a
subsequent obstructive event (Point C — Fig. 2) would be avoided if upper airway muscle
activity was augmented and able to persist in the presence of hypocapnia. Interestingly,
although enhancement of chemoreflex sensitivity during wakefulness would likely
contribute to perpetuating apnea, a similar alteration in sensitivity during sleep might
minimize the duration of an apneic event (Point D — Fig. 2), since increased receptor
feedback could elicit an arousal or increase upper airway muscle activity. For this
hypothesis to be correct, it is necessary that the peripheral chemoreflex responds to hypoxia
in the presence of hypocapnia induced by hyperventilation during wakefulness. However,
previous studies in humans suggest that this may not be the case (Duffin, 2007; Jounieaux et
al. 2002; Mohan and Duffin, 1997). If the peripheral chemoreflex does not respond to
hypoxia in the presence of hypocapnia, it is likely that apnea duration would be prolonged,
despite enhancement of the peripheral chemoreflex, because of the duration of time required
for carbon dioxide to slowly build to the point that the apneic threshold is exceeded.

3. Respiratory Plasticity

3.1 Sleep apnea and long-term facilitation of ventilation and upper airway muscle activity

There is much interest in establishing the stimuli and/or conditions that promote
mechanisms that stabilize breathing, while minimizing mechanisms that foster breathing
instability (Mahamed and Mitchell, 2007; Mateika and Narwani, 2009;White, 2007). This
attraction led to the hypothesis that respiratory plasticity may have a role in preventing
cyclical events associated with sleep apnea. Respiratory plasticity is defined as the capacity
for continuous alteration of neural pathways and synapses of the nervous system involved in
generating respiratory activity in response to prior experience (Mitchell and Johnson, 2003).
This hypothesis was initially proposed after a number of studies showed that exposure to
brief episodes of intermittent hypoxia led to sustained elevations in phrenic nerve/
diaphragmatic muscle activity, as well as hypoglossal nerve/genioglossus muscle activity,
after removal of the stimulus in a variety of animal species (Bach and Mitchell, 1996; Cao et
al. 1992; Fregosi and Mitchell, 1994; Hayashi et al. 1993; Mateika and Fregosi, 1997;
McKay et al. 2004; Millhorn et al. 1980a; Mitchell et al. 2001; Peng and Prabhakar, 2003;
Peng et al. 2006; Sokolowska and Pokorski, 2006; Turner and Mitchell, 1997; Zabka et al.
2001). This form of respiratory plasticity was referred to as long-term facilitation (Fig. 1).
Some of the neuromodulators responsible for initiating long-term facilitation, including
serotonin (Fregosi and Mitchell, 1994;Mateika and Narwani, 2009;Millhorn et al. 1980b;
Mitchell et al. 2001), norepinephrine (Mody et al. 2011; Stettner et al. 2012) and adenosine
(Golder et al. 2008; Hoffman et al. 2010; Hoffman and Mitchell, 201; Hoffman et al. 2012;
Nichols et al. 2012) have been identified. In addition, many components of the cellular
pathways involved in the initiation of long-term facilitation have been determined (Dale-
Nagle et al. 2010; Hoffman etal. 2012; Macfarlane et al. 2008; Macfarlane and Mitchell,
2009; Macfarlane et al. 2009; Satriotomo et al. 2012).

Respir Physiol Neurobiol. Author manuscript; available in PMC 2014 September 15.



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

1duasnuey Joyiny vd-HIN

Mateika and Syed

Page 4

The finding that intermittent hypoxia induced long-term facilitation was intriguing to many
because this stimulus is a hallmark of sleep apnea. Therefore, it was further postulated that
exposure to intermittent hypoxia throughout the night might lead to initiation of long-term
facilitation of respiratory and upper airway muscle activity, which could mitigate the
cyclical events characteristic of breathing instability. If this was the case, long-term
facilitation of respiratory and upper airway muscle would have to persist in the presence of
hypocapnia, given that this blood gas condition contributes to the perpetuation of cyclic
events. If so, long-term facilitation of respiratory muscle activity might contribute to
preventing the development of a central apnea (Point B - Fig. 2), while long-term facilitation
of upper airway muscle activity could prevent the subsequent obstructive event (Point C -
Fig. 2).

Given these speculations, it was imperative to demonstrate that long-term facilitation of
ventilation and upper airway muscle activity could be induced in humans following
exposure to intermittent hypoxia. However, initial studies indicated that these phenomena
could not be induced in healthy males and females (Harris et al. 2006; Jordan et al. 2002;
Mateika et al. 2004; Morelli et al. 2004), and in individuals with sleep apnea following
exposure to intermittent hypoxia during wakefulness (Khodadadeh et al. 2006). We
eventually determined that long-term facilitation did not manifest itself because of the
presence of hypocapnia (Harris et al. 2006) and showed that the phenomenon was clearly
evident once carbon dioxide was sustained above baseline levels. Specifically, we
demonstrated that long-term facilitation of ventilation and genioglossus muscle activity
could be induced by intermittent hypoxia in healthy males and females (Harris et al. 2006;
Wadhwa et al. 2008). Likewise, we found that this phenomenon could be activated in
individuals with obstructive sleep apnea (Lee et al. 2009) and that the magnitude of the
response was greater compared to healthy individuals (Lee et al. 2009) because of repeated
daily exposure to intermittent hypoxia (often referred to as chronic intermittent hypoxia)
(Gerst et al. 2011). We are convinced that the phenomenon induced in these populations was
a consequence of exposure to intermittent hypoxia. A number of sham studies were
completed in which sustained levels of carbon dioxide coupled with a single breath of
hyperoxic gas, mimicking the single breath of hyperoxic gas we used to re-establish
normoxia after each hypoxic episode in our intermittent hypoxia protocols, did not result in
increases in ventilation that approached values measured when individuals were exposed to
intermittent hypoxia (Gerst et al. 2011; Harris et al. 2006; Syed et al. 2013). Our findings are
robust since they have been subsequently confirmed in other studies (Griffin et al. 2012).
Thus, we established that long-term facilitation of ventilation and genioglossus muscle
activity could be induced and were excited because of its potential to stabilize breathing at
two locations within the breathing stability cycle (Point B & C - Fig. 2).

3.1.1. Research Aside—\We were also excited that exposure to intermittent hypoxia in
combination with sustained hypercapnia could initiate respiratory plasticity, because it may
be years before the field is able to determine the appropriate route, dose and interaction of
potential neuromodulators (e.g. serotonin, adenosine, norepinephrine) that are capable of
initiating respiratory plasticity in humans without significant complications. Thus, the ability
to initiate respiratory plasticity using a simple stimulus and method could have important
translational implications (see Future Clinical Studies and Translational Relevance for
further discussion). Likewise, our findings also revealed that the intermittent hypoxia
protocol employed was capable of initiating forms of plasticity that could serve to mitigate
apnea. However, additional work is required to determine the optimal intensity, duration and
frequency of hypoxia that will initiate the greatest magnitude of ventilatory and
genioglossus muscle long-term facilitation. Further work is also required to develop an
intermittent hypoxia profile that reflects the cyclic variations in oxygen saturation that
accompanies apneic events in order to determine if long-term facilitation can be induced
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naturally. This may prove to be difficult since the variability in duration, number and
frequency of each episode of hypoxia is likely to vary significantly within and between
individuals with sleep apnea across the night.

3.1.2 Long-term facilitation of ventilation and upper airway muscle activity
during sleep—Although demonstrating the presence of long-term facilitation during
wakefulness was important, the presence of this phenomenon during sleep was required if it
was to impact on breathing stability during this state. Badr and colleagues completed a series
of experiments designed to demonstrate that long-term facilitation could be induced during
sleep. Many of the findings were intriguing. Initial findings indicated that long-term
facilitation of ventilation could be induced in flow limited but not in non-flow limited
individuals (Babcock et al. 2003; Babcock and Badr, 1998). Subsequent studies suggested
that the increased ventilation observed in flow limited individuals was principally a result of
long-term facilitation of upper airway muscle activity and not diaphragmatic activity
(Aboubakr et al. 2001; Shkoukani et al. 2002). Further studies are required to provide
additional support for these latter findings, since diaphragmatic activity was measured with
surface electrodes, a method of recording that lacks specificity, and long-term facilitation of
upper airway muscle activity during sleep in flow limited individuals has not been measured
to date. In subsequent studies, long-term facilitation of ventilation was induced in non-flow
limited individuals (Chowdhuri et al. 2010; Pierchala et al. 2008). The investigators
surmised that long-term facilitation was induced in these latter studies because the duration
of hypoxic episodes was reduced from 5 to 1 minute or because carbon dioxide levels were
more tightly controlled than in previous studies. We favor the latter explanation, since we
showed that long-term facilitation of ventilation is consistently evident in both healthy males
and females, and males and females with sleep apnea during wakefulness and non-rapid eye
movement sleep in the presence of sustained hypercapnia (Syed et al. 2013).

3.1.3 Research Aside—The measurement of diaphragm and upper airway muscle
activity using indwelling electrodes in individuals with obstructive sleep apnea during sleep
would be of interest because it could establish the threshold of activity of these separate
muscles during and following exposure to intermittent hypoxia. The initial hypothesis put
forth by Badr and colleagues, coupled with their findings, indicated that the threshold of
activity (i.e. the point at which phasic respiratory activity is observed) of both the diaphragm
and genioglossus muscle activity are similar during sleep. Their hypothesis also suggested
that long-term facilitation of upper airway muscle activity was evident and long-term
facilitation of diaphragmatic activity was absent, during sleep. The finding that respiratory
and upper airway muscle activity thresholds are similar is contrary to previous studies in
sleeping humans (Pillar et al. 2000), human infants (Carlo et al. 1988) and other animals
(Brouillette and Thach,1980; Haxhiu et al. 1984; Horner et al. 2002; Parisi et al. 1987),
which showed that the threshold of activity for upper airway muscles is typically higher
compared to the diaphragm. If dissimilar thresholds exist in humans, it would be expected
that under normocapnic conditions sustained alterations in diaphragmatic activity would
occur while alterations in genioglossus muscle activity may not manifest because carbon
dioxide levels are below levels required to achieve sustainable increases in phasic muscle
activity. Additional studies are required to explore these possibilities.

3.2 Sleep apnea and progressive augmentation of the hypoxic ventilatory response

Although we demonstrated that beneficial forms of plasticity were induced by intermittent
hypoxia we also reported that potential detrimental forms of respiratory plasticity were
introduced during and following exposure to intermittent hypoxia. More specifically, we
established that the ventilatory response to hypoxia progressively increased from the initial
to final hypoxic episode, when exposure to intermittent hypoxia occurred during
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wakefulness (Harris et al. 2006; Lee et al. 2009; Syed et al. 2013; Wadhwa et al. 2008) but
not during sleep (Syed et al. 2013). We also showed that the ventilatory response to
hypercapnia and sustained hypoxia was enhanced during wakefulness following exposure to
intermittent hypoxia (Khodadadeh et al. 2006; Mateika et al. 2004; Morelli et al. 2004). This
gradual enhancement of the hypoxic ventilatory response has been deemed progressive
augmentation (Fig. 1) and is a phenomenon observed in both humans and other animals
(Bautista et al. 2012; Fregosi and Mitchell, 1994; Peng et al. 2006; Turner and Mitchell,
1997). However, unlike long-term facilitation, the neuromodulator responsible for initiating
this form of respiratory plasticity remains elusive. In some animals studies it has been
reported that serotonin plays a significant role in initiating the phenomenon (Bautista et al.
2012;Peng et al. 2006), while this was shown not to be the case in other studies (Fregosi and
Mitchell, 1994; Nichols et al. 2012). Moreover, the cellular pathways ultimately responsible
for the phenomenon have not been explored. As outlined previously progressive
augmentation could be detrimental because the enhanced sensitivity to hypoxia and
hypercapnia could lead to a higher level of ventilation following an apneic event, resulting
in carbon dioxide levels that are substantially below the apneic threshold. Moreover, since
progressive augmentation of the hypoxic ventilatory response was clearly evident during
wakefulness (Harris et al. 2006; Lee et al. 2009;Wadhwa et al. 2008) but not during sleep
(Syed et al. 2013), alterations in chemoreflex sensitivity to hypoxia may not contribute to
shortening apnea duration as proposed above (Point D - Fig. 2).

4. Impact of Respiratory Plasticity on Breathing Stability (Hypothesis # 1)

Once we demonstrated that both beneficial and detrimental forms of plasticity could be
induced in response to exposure to intermittent hypoxia, we then considered how these
forms of plasticity impacted breathing stability. As outlined in Fig. 3, if long-term
facilitation of ventilation and upper airway muscle activity could be induced despite the
existence of hypocapnia, the self-perpetuating breathing instability cycle (Fig. 2) could be
broken and events ameliorated. At the present time, supporting evidence is not strong for
this hypothesis because only a few studies have addressed it in humans. Rowley and
colleagues (Rowley et al. 2007) reported that exposure to intermittent hypoxia did not alter
the critical closing pressure of the upper airway in humans. One factor that impacts on the
critical closing pressure is upper airway muscle activity (i.e. genioglossus muscle), and thus
it seemed unlikely that long-term facilitation of upper airway muscle activity was induced.
However, upper airway resistance was reduced following exposure (Rowley et al. 2007).
This led to the suggestion that long-term facilitation of upper airway muscle activity was
induced and had its greatest impact on the airway at the onset of inspiration, as reflected in
the measure of airway resistance. In contrast, Rowley and colleagues (Rowley et al. 2007)
suggested that the measure of critical closing pressure reflected the behavior and properties
of the upper airway later in the inspiratory cycle when flow limitation developed. Although
this scenario is possible, one would anticipate that the critical closing pressure should be
altered, at least in some individuals, if long-term facilitation of upper airway muscle activity
was induced. We hypothesize that this lack of effect may be related to the carbon dioxide
level that was sustained throughout the protocol. Given our previous findings, which
highlighted the importance of carbon dioxide in the manifestation of long-term facilitation
(Harris et al. 2006), sustained and elevated levels of carbon dioxide may be necessary before
the impact of long-term facilitation on critical closing pressure becomes clearly evident.
However, additional studies are required to further establish the role that long-term
facilitation of respiratory or upper airway muscle activity has on breathing stability.

If our findings are correct and the impact of long-term facilitation does not manifest in the
presence of hypocapnia then detrimental forms of plasticity might predominate and apnea
severity could potentially increase after exposure to intermittent hypoxia (Fig. 2 & 4). To
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investigate this possibility, we exposed individuals with obstructive sleep apnea to a brief
protocol of intermittent hypoxia for ten consecutive days (Gerst et al. 2011; Yokhana et al.
2012). Exposure to the protocol occurred at night on the first and tenth day. Immediately
following exposure, participants completed a sleep study, with no additional experimental
interventions. Following completion of these sleep studies, the type, number and duration of
breathing events were characterized. Our results showed that, independent of sleep stage
(i.e. the data compared was obtained from N2 sleep), the number and duration of breathing
events increased following exposure to intermittent hypoxia on both the first and last day of
the protocol compared to baseline (Yokhana et al. 2012). We recently provided additional
support for this finding by showing that the apnea hypopnea index one hour after exposure
to intermittent hypoxia was increased compared to measures obtained after exposure to a
sham protocol in individuals with sleep apnea (Syed et al. 2013). These simple findings
indicate that detrimental forms of plasticity may predominate under conditions in which
carbon dioxide levels are not maintained.

We hypothesized that the increased number of events were a consequence of enhanced
chemoreflex sensitivity and a reduction in the carbon dioxide reserve. We did not obtain
these measures in our study because we were interested in documenting breathing events in
the absence of encumbrances typically associated with more sophisticated experimental
interventions. Nonetheless, our postulations are supported by other investigations which
have shown that exposure to intermittent hypoxia induces an increase in chemoreflex
sensitivity and a decrease in the carbon dioxide reserve during sleep in healthy individuals
(Chowdhuri et al. 2010). More importantly, Salloum and colleagues (Salloum et al. 2010)
reported that measures of chemoreflex sensitivity were increased and the carbon dioxide
reserve was decreased during sleep in untreated individuals with sleep apnea compared to
matched controls. These alterations could be due to the nighttime exposure to intermittent
hypoxia. Although further studies are required to obtain direct support for this suggestion,
Salloum and colleagues (Salloum et al. 2010) did demonstrate that measures of chemoreflex
sensitivity and the carbon dioxide reserve in sleep apnea participants were similar to
matched controls after six weeks of treatment with continuous positive airway pressure.

In summary, it appears that exposure to intermittent hypoxia in an experimental setting is
capable of enhancing chemoreflex sensitivity and reducing the carbon dioxide reserve, and
that these alterations play an important role in promoting breathing instability. Likewise, it
seems that long-term facilitation of upper airway and respiratory muscle activity may not be
induced, or if induced does not have a significant impact on stabilizing breathing in the
presence of hypocapnia. If our findings accurately translate to the natural state, chemoreflex
sensitivity might increase from the beginning to the end of the night, at least in some
individuals, because of repeated exposure to hypoxia, and this increase may be accompanied
by increases in apnea severity. Indeed, some studies have reported that the ventilatory
response to hypoxia measured during wakefulness after a night of sleep was greater than
measures obtained before the sleep period (Mahamed et al. 2005). Likewise, clinical studies
have reported that apnea severity increases from the beginning to the end of the night
(Charbonneau et al. 1994; Fanfulla et al. 1997; Sforza et al. 1998). Nonetheless, additional
well designed studies are required to solidify these relationships.

4.1. Research Aside

It is important to note that a specific group of individuals with sleep apnea was targeted for
many of the studies which explored the link between respiratory plasticity and breathing
instability. The recruited participants were relatively young, did not suffer from other
comorbid conditions (i.e. diabetes, cardiovascular disease and obesity), and were typically
exposed to mild hypoxemia at night. Consequently, the participants recruited did not reflect
many sleep clinic patients, which are older, obese and often suffer from other co-morbid
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conditions (e.g. diabetes and/or hypertension). This phenotypic group of individuals was
employed because it is one of the better experimental approaches to examine the link
between respiratory plasticity and sleep apnea while accounting for a variety of co-
morbidities which could impact on the measurements. Once the link between respiratory
plasticity and breathing instability in a group of sleep apnea patients without comorbidities
is established it will serve as a basis for comparison with other phenotypes. Indeed, we
contend that the responses we have described may be dissimilar to outcomes observed in
untreated individuals with sleep apnea that are older and have been exposed to severe levels
of intermittent hypoxia (see below Impact of Respiratory Plasticity on Breathing Stability -
Hypothesis # 2).

4.2. Future Clinical Studies and Translational Relevance

Our published results might be viewed as disappointing, since the potential benefits of long-
term facilitation on breathing stability did not manifest in the studies published to date.
However, we remain optimistic that long-term facilitation can serve to stabilize breathing
under the appropriately controlled conditions. Accordingly, we suggest that long-term
facilitation of upper airway and chest wall muscle activity will serve to stabilize breathing in
the presence of sustained hypercapnia, particularly if the detrimental impact of an increased
chemoreflex sensitivity and reduced carbon dioxide reserve are diminished or eliminated
(Fig. 3 - see dotted line and red diagonal lines). Thus, the optimal situation as it relates to
breathing stability is to maintain levels of carbon dioxide during and following exposure to
intermittent hypoxia while dampening or eliminating the impact that alterations in
chemoreflex properties might have on breathing instability (Fig. 3). This scenario could be
achieved by administering intermittent hypoxia and sustained hypercapnia with continuous
positive airway pressure. The application of sustained hypercapnia would ensure the
manifestation of long-term facilitation. Likewise, the detrimental influence of a reduced
carbon dioxide reserve would be minimized because of the presence of sustained
hypercapnia, and the role that chemoreflex sensitivity may have in perpetuating breathing
events will be diminished because of the absence of apnea and persistent arousal associated
with the application of continuous positive airway pressure. The combination of intermittent
hypoxia and sustained hypercapnia may have some important translational applications. The
sustained hypercapnia in conjunction with continuous positive airway pressure could be
effective in those individuals with predominantly obstructive sleep apnea (i.e. apnea events
comprised of both a central and obstructive component), since carbon dioxide alone would
enhance upper airway muscle activity as well as increase the carbon dioxide reserve. The
additional application of intermittent hypoxia would initiate long term facilitation of upper
airway muscle activity as well as long-term facilitation of minute ventilation. Ultimately,
these forms of plasticity in combination with continuous positive airway pressure might
prove to be a simple and cost effective method of improving breathing stability and reducing
the therapeutic pressure required for treatment leading to improved compliance.

5. Respiratory Plasticity and Circadian Rhythms

In conjunction with the treatment studies described above (Future Clinical Studies and
Translational Relevance) we have begun to explore the possibility that the impact that
intermittent hypoxia has on the magnitude of respiratory plasticity may be modulated by a
circadian rhythm (Fig. 5). This possibility is based partly on our results which showed that
the magnitude of ventilatory long-term facilitation was greater in the early evening
compared to the morning during wakefulness on the initial two days and final two days of
exposure to a brief intermittent hypoxia protocol (Gerst et al. 2011). In contrast, progressive
augmentation of the hypoxic ventilatory response appeared to be greater in the morning
compared to the evening particularly on the final two days of the protocol (Gerst et al.
2011). Although further investigation is required, because other masking effects could be
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responsible for our previous finding, it is possible that the manifestation and maintenance of
various forms of respiratory plasticity during a given stage of sleep may be modulated by a
circadian rhythm. This possibility is supported by studies which have shown that serotonin
(Agren et al. 1986; Mateos et al. 2009; Sun et al. 2002), brain derived neurotrophic factor
and phosphorylated extracellular regulated kinases (Serchov and Heumann, 2006), which all
have a role in initiating phrenic and hypoglossal long term facilitation in rats, are modulated
by a circadian rhythm. In addition, 5-HT2A receptor mRNA levels in rats differ between
two time points, being higher at the onset of the active phase (6—7 pm) compared to the
onset of the rest period (8—-9 am) (see Volgin et al. in this Special Issue of Sleep and
Breathing). Likewise, work in humans and other animals indicate that the magnitudes of
other forms of plasticity are mediated by a circadian rhythm (Raghavan et al. 1999; Sale et
al. 2010). Given this possibility, the magnitude of various forms of plasticity that promote
breathing stability may be greater while other forms of plasticity that tend to promote
breathing instability may be diminished concurrently at specific points within the day/night
cycle. However, these hypotheses are largely untested.

5.1 Research Aside

The possibility that respiratory plasticity is modulated by a circadian rhythm is an extension
of a postulate that chemoreflex sensitivity and the carbon dioxide reserve, as well as, upper
airway collapsibility, are influenced by a circadian rhythm (Fig. 5). If these mechanisms are
modulated by a circadian rhythm then breathing instability during sleep could be heightened
at some point during the day/night cycle and ameliorated at other points. Indeed, computer
modeling simulations have predicted a reduction in apneic events during daytime versus
nighttime sleep (Stephenson, 2004). Moreover, these simulations indicated that an increased
propensity toward breathing instability during nighttime sleep could result from a shift in the
apneic threshold and a consequent decrease in the carbon dioxide reserve, coupled with a
small or absent decrease in peripheral chemoreflex sensitivity, which is normally present in
healthy individuals (Stephenson, 2004).

Although well-designed studies are necessary to support these simulations, there is some
experimental evidence from a small number of hypertensive men which showed that the
apnea-hypopnea index was reduced during sleep in the day compared to the night (Scharf et
al. 1990). Moreover, experimental findings, including our own work, indicate that variations
in the chemoreflex threshold or sensitivity to hypoxia and/or hypercapnia in healthy humans
(Cummings et al. 2007; Raschke and Moller,1989; Spengler et al. 2000; Stephenson et al.
2000; Stephenson, 2003) and in humans with sleep apnea (Fuse et al. 1999; Gerst et al.
2011) during wakefulness may be modulated by a circadian rhythm. Although the results
were not consistent, because of differences in experimental design (which introduced
masking effects in some cases), methodology and the composition of populations recruited
for each study, the majority of studies did report variations in chemoreflex properties
throughout the 24 hour cycle.

Despite these findings, no studies to our knowledge have examined if the apneic threshold,
carbon dioxide reserve or chemoreflex sensitivity (i.e. hypocapnic or hypoxic ventilatory
response) is modulated by a circadian rhythm during sleep. Moreover, previous studies have
indicated that force and strength of limb muscles are subject to modulation by a circadian
rhythm and are typically greater in the late afternoon compared to the early morning (Martin
et al. 1999; Zhang et al. 2009). Consequently, it is possible that upper airway muscle
activity, which is one mechanism that contributes to maintaining upper airway patency, is
also modulated by a circadian rhythm. Thus, mechanisms that typically contribute to
breathing instability might have a greater influence during sleep at different points
throughout the day/night cycle. However, these possibilities have not been firmly
established. Once established the results might lead to an understanding that therapeutic
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airway pressure determined at a given time of night may not be effective at other points
during the night or day; leading to a more careful determination of pressures at different
points throughout the 24 hour cycle or improved refinement of auto continuous positive
airway pressure to provide more effective treatment. Moreover, findings from future studies
could lead to the understanding that targeting periods of increased breathing stability via the
implementation of prescribed sleep schedules and the promotion of daytime naps, may lead
to more effective treatment of sleep apnea and improved compliance with continuous
positive airway pressure.

6. Impact of Respiratory Plasticity on Breathing Stability (Hypothesis# 2)

It is well known that the response to sustained hypoxia is dependent on the pattern, duration
and intensity of exposure (Powell et al. 1998). Exposure to sustained hypoxia over a short
period of time is typically accompanied by increases in minute ventilation; however a
gradual decline is evident as the duration of hypoxic exposure is extended. Similarly,
exposure to intermittent hypoxia and the subsequent initiation of long-term facilitation of
respiratory and upper airway motor neurons might not always translate into sustained
increases in respiratory or upper airway muscle activity and force production (Fig. 6). It is
probable that exposure to mild hypoxia, particularly over an acute period of time, initiates
long term facilitation of hypoglossal nerve activity and that this translates to sustained
increases in genioglossus muscle activity and force production in humans. Chronic exposure
to mild hypoxia over a longer period of time might also induce a similar response. These
responses may be limited to individuals with obstructive sleep apnea that are relatively
young, and experience mild to moderate apnea, in regards to both frequency of events and
intensity of hypoxia. Given these characteristics, hypoxic depression of ventilation and
detrimental upper airway responses, either myogenic or non-myogenic, are avoided.

In contrast, exposure to severe levels of hypoxia over many hours, days, months or years
may depress the ventilatory response to hypoxia (Powell et al. 1998) and impair hypoglossal
motor neuronal and/or upper airway muscle function, resulting in the loss of capacity to
develop the force necessary to overcome a resistive load applied to the upper airway (Fig.
6). This outcome may be most obvious in older untreated humans with sleep apnea that
experience excessive number of apneas each night for many years accompanied by severe
reductions in oxygen saturation. Overall, studies completed in animals other than humans
provide support for this hypothesis, since studies in rats have shown that exposure to chronic
intermittent hypoxia induced changes in both structure and function of the geniohyoid and
sternohyoid (Bradford et al. 2005), which are pharyngeal dilator muscles. Specifically,
chronic intermittent hypoxia led to increased fatigability of pharyngeal dilator muscles
(Bradford et al. 2005). In contrast, Ray and colleagues (Ray et al. 2007) reported that
fatigability of the sternohyoid muscle was not altered by chronic intermittent hypoxia,
indicating that non-myogenic rather than myogenic mechanisms might contribute, at least in
part, to the absence of long-term facilitation of hypoglossal nerve activity, and reduced
muscle function following chronic exposure to severe levels of hypoxia. Independent of the
site of impairment, reduced muscle function following long-term exposure to intermittent
hypoxia might ultimately occur as a consequence of the accumulation of reactive oxygen
species either at the level of the muscle (Bradford et al. 2005) or at the hypoglossal motor
nucleus (Veasey et al. 2004).

In contrast to studies in other animals, the results obtained from humans are less definitive
with regards to functional outcome of upper airway muscle activity in individuals with sleep
apnea. However, some studies have reported clear differences in upper airway function.
Ramchadren and colleagues (Ramchandren et al. 2010) reported that hypoglossal compound
muscle action potentials were reduced in patients with obstructive sleep apnea. Likewise,
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Saboisky and colleagues (Saboisky et al. 2012) noted in a recent review that task failure
during an isometric tongue protrusion task may occur sooner in patients with obstructive
sleep apnea compared to control. In addition, in vitro studies using strips of genioglossus
muscle revealed greater fatigability in patients with obstructive sleep apnea compared to
control (Carrera et al. 1999), while the recovery of maximal force capacity following
submaximal tongue protrusions was prolonged in patients with obstructive sleep apnea
(Carrera et al. 1999). These outcome studies are complemented by other studies which
showed changes in the timing of the neural drive to genioglossus muscle (Saboisky et al.
2007; Saboisky et al. 2012), and increases in the duration and area of genioglossus motor
unit action potentials in obstructive sleep apnea patients (Saboisky et al. 2012;Wang et al.
2010). These increases may occur in response to denervation and subsequent reinnervation
following axonal loss. It is also well established that muscle fiber typing is altered in
individuals with obstructive sleep apnea. The majority of studies have reported increases in
Type Il fibers in individuals with sleep apnea (Saboisky et al. 2012). This alteration in fiber
typing could be advantageous because it could increase force generating capacity.
Conversely, this fiber type is less resistant to fatigue. Whether or not alterations in force
production or neural drive are specifically linked to exposure to intermittent hypoxia is not
well established. However, there is evidence that treatment with continuous positive airway
pressure reverses the fatigability of upper airway muscles and reduces the number of type I1
fibers (Ramchandren et al. 2010), indicating a causal link between myogenic and non-
myogenic alterations and apneic episodes. It is also interesting to note that the findings
reported above were obtained primarily from older individuals with severe obstructive sleep
apnea.

Long term exposure to hypoxia could also lead to reductions in the sensitivity to hypoxia or
hypercapnia. The possibility that the duration and intensity of exposure to intermittent
hypoxia might impact on the hypoxic ventilatory response is supported indirectly by studies
that have examined the ventilatory response to hypoxia at high altitude. These studies
showed that although exposure to continuous hypoxia initially leads to enhancement of the
ventilatory response (Hupperets et al. 2004; Sato, Severinghaus et al. 1992), eventually a
reduction is observed [i.e. hypoxic desensitization - (Powell et al. 1998; Weil, 1986; Weil,
1994)]. Thus, one might anticipate that the sensitivity to hypoxia would be reduced in older
individuals with severe sleep apnea. This reduction in sensitivity is a form of plasticity that
could promote breathing stability (Fig. 2), since inappropriately high levels of ventilation
following arousal could be avoided. However, impairment of upper airway muscle function
could ultimately overpower any influence that alterations in ventilatory sensitivity or
threshold might have on the severity of apnea. For example, we speculated above that
exposure to severe hypoxia over a prolonged period of time might dampen ventilatory
sensitivity, which could mitigate apnea. However, in the presence of upper airway muscle
fatigue, alterations in chemoreflex properties may have little impact.

7. Summary

Present knowledge indicates that progressive augmentation and long-term facilitation can be
induced in humans during and following exposure to intermittent hypoxia. The
manifestation of long-term facilitation is dependent on sustained levels of carbon dioxide
that are above normocapnic values. These responses may be limited to humans that have not
been previously exposed to intermittent hypoxia (healthy individuals) or individuals exposed
to mild forms of intermittent hypoxia. In contrast, the hypoxic ventilatory responses and
long-term facilitation of upper airway muscle activity may be reduced or depressed in
individuals exposed to severe forms of intermittent hypoxia over long durations of time (i.e.
untreated older individuals with severe sleep apnea). In those individuals in which long-term
facilitation can be potentially induced, exposure to intermittent hypoxia is accompanied by
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increased breathing instability, if carbon dioxide levels are not maintained. This increase
may be the result of enhanced chemoreflex sensitivity. Ongoing studies in our laboratory are
now concentrated on approaches that promote the beneficial effects of long-term facilitation
while minimizing or eliminating the detrimental effects of enhanced chemoreflex sensitivity.
We are focused on using intermittent hypoxia and sustained hypercapnia as an adjunct
therapy in combination with continuous positive airway pressure to achieve this goal.
Likewise, we are pursuing if the effectiveness of this form of respiratory plasticity is
modulated by a circadian rhythm.
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Figure 1.

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 long-term
facilitation. Republished from Mateika and Narwani (2009), Exp. Physiol. 91, 89-102.
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Schematic diagram showing the sequence of events leading to the development of a central
and/or obstructive apnea, and subsequent events that ultimately results in re-establishing
patency of the upper airway. In addition, various points along the pathway (see Points A-D)
are highlighted. These points highlight outcomes that might occur in response to the
manifestation of progressive augmentation of the hypoxic ventilatory response or long term

facilitation of minute ventilation or upper airway muscle activity.
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Figure 3.

A schematic diagram showing that initiation of long-term facilitation of upper airway
muscle activity and minute ventilation may serve to maintain upper airway patency and
respiratory muscle activity. Ultimately, this integrated response promotes breathing and
potentially mitigates the severity of apnea. In order for this scenario to occur long-term
facilitation must persist despite reductions in carbon dioxide levels (i.e. hypocapnia) (see
dotted red boxes). If long-term facilitation cannot persist in the presence of hypocapnia, as
suggested by published findings, then alterations in chemoreflex properties must be
minimized or eliminated (indicated by dashed line and diagonal red lines) to ensure the
maintenance of desired carbon dioxide levels. Adapted from Mateika and Narwani (2009),
Exp. Physiol. 91, 89-102.
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Figure 4.

A diagram outlining a scenario in which long-term facilitation is induced in upper airway
muscles following exposure to intermittent hypoxia but ultimately is ineffective in
mitigating apnea because decreases in carbon dioxide reserve and increases in chemoreflex
sensitivity increase the propensity for developing hypocapnia. The induced hypocapnia
restrains long-term facilitation of upper airway muscle activity and respiratory muscle
activity, ultimately resulting in the promotion of apnea. Adapted from Mateika and Narwani
(2009), Exp. Physiol. 91, 89-102.
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A schematic diagram outlining the potential impact of an endogenous circadian rhythm on
breathing stability during nighttime (red arrows) and daytime sleep (blue arrows) as a
consequence of oscillations in (i) chemoreflex properties and neuromuscular control of the
upper airway and (ii) the magnitude of respiratory plasticity. The diagram also shows the

role that an endogenous circadian rhythm, either alone or in combination with the initiation

of respiratory plasticity, may have in determining the magnitude of continuous positive

airway pressure. The overlying theme of the diagram is that an endogenous circadian rhythm
may promote mechanisms (e.g. neuromuscular control of upper airway muscle activity) and

forms of plasticity that stabilize breathing, while simultaneously minimizing mechanisms
that destabilize breathing (i.e. increases in the ventilatory response to hypoxia or
hypercapnia and decreases in the carbon dioxide reserve) during daytime compared to
nighttime sleep. The increases (+, ++) and decreases (-, — —) shown are meant to reflect
changes that might occur during nighttime compared to daytime sleep as a consequence of
an endogenous circadian rhythm. For example, it is hypothesized that the apneic threshold
will decrease (-) (i.e. move further away from resting levels of carbon dioxide) and

chemoreflex sensitivity will decrease (-) leading to an increase in the carbon dioxide reserve

(+) and ultimately breathing stability (+) during daytime compared to nighttime sleep. + =
increase; — = decrease; ++ = a greater increase; — — = a greater decrease.
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Figure6.

A diagram summarizing a situation in which exposure to intermittent hypoxia leads to
fatigue of the upper airway muscles which results in the promotion of apnea, despite
alterations in chemoreflex properties that could potentially mitigate apnea. Adapted from
Mateika and Narwani (2009), Exp. Physiol. 91, 89-102.
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