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Abstract

Upper airway muscles subserve many essential for survival orofacial behaviors, including their
important role as accessory respiratory muscles. In the face of certain predisposition of
craniofacial anatomy, both tonic and phasic inspiratory activation of upper airway muscles is
necessary to protect the upper airway against collapse. This protective action is adequate during
wakefulness, but fails during sleep which results in recurrent episodes of hypopneas and apneas, a
condition known as the obstructive sleep apnea syndrome (OSA). Although OSA is almost
exclusively a human disorder, animal models help unveil the basic principles governing the impact
of sleep on breathing and upper airway muscle activity. This article discusses the neuroanatomy,
neurochemistry, and neurophysiology of the different neuronal systems whose activity changes
with sleep-wake states, such as the noradrenergic, serotonergic, cholinergic, orexinergic,
histaminergic, GABAergic and glycinergic, and their impact on central respiratory neurons and
upper airway motoneurons. Observations of the interactions between sleep-wake states and upper
airway muscles in healthy humans and OSA patients are related to findings from animal models
with normal upper airway, and various animal models of OSA, including the chronic-intermittent
hypoxia model. Using a framework of upper airway motoneurons being under concurrent
influence of central respiratory, reflex and state-dependent inputs, different neurotransmitters, and
neuropeptides are considered as either causing a sleep-dependent withdrawal of excitation from
motoneurons or mediating an active, sleep-related inhibition of motoneurons. Information about
the neurochemistry of state-dependent control of upper airway muscles accumulated to date
reveals fundamental principles and may help understand and treat OSA.

Introduction

Upper airway muscles play a key role in such important orofacial behaviors as food and

fluid ingestion, processing and swallowing, coughing, sneezing, and phonation (39). Under
certain physiologic and pathophysiologic conditions, due to their activation having an impact
on upper airway patency and stiffness of upper airway walls, upper airway muscles assume
very important respiratory function; accordingly, they are classified as accessory respiratory
muscles. Accessory, because they do not directly drive movement of air in and out of the
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lungs, but can importantly facilitate, or impede, this process by changing the resistance of
the upper airway.

The effects of sleep on the patency of upper airway have been a subject of major interest due
to the high prevalence of respiratory disorders that occur exclusively during sleep; in
particular, the obstructive sleep apnea/hypopnea syndrome (OSA). Estimates of the
prevalence of OSA in industrialized countries report 5% to 20% of the adult population. The
disorder, albeit not acutely lethal, contributes to, or exacerbates, such major cardiovascular
disorders as arterial hypertension and stroke. Furthermore, through a chronic disruption of
sleep as well as the chronic nocturnal recurrence of hypoxia, OSA increases the probability
of driving and workplace accidents and exacerbates all components of the metabolic
syndrome (diabetes, obesity, and hypertension). It is through these indirect effects that OSA
causes premature mortality (421, 610) and represents a major health problem on par with
cancer and degenerative disorders of aging.

OSA patients experience major disruptions of breathing only during sleep, whereas during
wakefulness they are fully capable of generating adequate ventilation. From this, it follows
that the central neural effects of the state(s) of sleep alter the control of breathing in a
manner that leads to OSA. Indeed, OSA is caused by a combination of predisposing
anatomical factors and sleep-related decrements of activity in upper airway muscles (435).
The anatomical factors predisposing to OSA and the chronic presence of the disorder
distinctly modify the magnitude and pattern of activity generated in upper airway muscles
across sleep-wake states when compared to the activity observed in humans and animals
with a patent upper airway. To fully understand the adaptive and maladaptive processes
related to OSA, it is important to first understand how the states of sleep interact with the
central control of breathing in healthy subjects in which this fundamental interaction is not
complicated by the disorder. With this in mind, a major focus of this overview article is on
the neuroanatomy, neurophysiology, and neurochemistry of the interaction between the
central neural systems controlling respiratory muscles and those responsible for the
generation of sleep-wake states under the normal, physiologic conditions. This knowledge is
then used as a reference for considerations of the impact of OSA on the central neural
control of the upper airway across sleep-wake states.

The onset of sleep is associated with a reduction in upper airway patency and increase in
respiratory resistance, an effect that is not clinically significant, but nevertheless detectable
in healthy humans and that is dramatically enhanced in snorers and OSA patients (e.g., 20,
66, 248, 312, 375, 435, 464, 592, 601). The pattern and magnitude of activity in upper
airway muscles is but one of several factors that determine the cross-sectional area and
resistance of the upper airway. The other major factors are the mechanical properties of the
airway walls, head position, pressure, and flow gradients generated during breathing in
different compartments of the respiratory tract, and adhesive forces between the inner
surfaces of upper airway walls. Within this scheme, electromyographic (EMG) studies of
upper airway muscles are important because they provide an insight into the central
interaction between the control of sleep and control of breathing. They also allow one to
relate observations in humans to data from animal models in which one can experiment with
the underlying mechanisms in a manner not possible in human subjects. Therefore,
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neurophysiological and neuropharmacological studies of activity in respiratory motoneurons
that innervate upper airway muscles, central respiratory neurons, and behavioral state-
controlling neurons are a major focus of this article. Complementary topics pertaining to the
neuromechanical basis of OSA and its clinical and translational aspects have been reviewed
in other recent overview articles (100, 206, 207, 586).

Upper Airway Muscles and Their Activity Patterns

Locations, respiratory roles, and sources of motor innervation

The pharynx lacks the rigid supporting structures like those that surround the upper airway
in the nasal and laryngeal segments. In the pharynx, three distinct soft tissue elements—the
posterior pharyngeal wall, the soft palate, and the base of the tongue—are pulled inward and
toward each other by the centripetal force generated by the negative pressure during
inspiration (Fig. 1). As the base of the tongue and the posterior pharyngeal walls are pulled
toward each other, the soft palate moves to fill the space between them. This reduces the
airway cross-sectional area and facilitates airway obstruction. Consequent to this mechanical
arrangement, upper airway obstructions occur most commonly in the pharynx (77, 469,
489), although the specific site of highest vulnerability is variable and patient-specific (216).

Opposing the centripetal effects of tissue pressure and forces generated during inspiration
are the forces generated by those muscles of the upper airway that can stiffen the pharyngeal
walls and pull them away from the airway lumen (dilate the airway). Some of the most
important upper airway muscles performing this function are shown in Figure 1, and Table 1
lists all major upper airway muscles whose contraction impacts upper airway patency
together with the origins of their motor innervation, their predominant action on airway
resistance, and the typical patterns of their activity during quiet wakefulness. Due to their
importance for the maintenance of upper airway patency, the muscles with airway dilatory
function, such as the genioglossus (GG), geniohyoid or tensor and levator veli palatini, have
been studied more extensively than airway constrictors. Of those, the GG innervated by
hypoglossal (XII) motoneurons has been explored most extensively and in many species, as
it is the largest and most accessible of airway dilators. Despite extensive body of research,
the impact on the size and stiffness of the upper airway of many lesser muscles has not been
studied (Table 1). Nevertheless, it is of note that muscle fibers of the tongue can be
functionally classified as causing a tongue-protrusive or tongue-retractive action, and these
functional types have been related to predominantly inspiratory or predominantly expiratory
patterns of activity (e.g., 109, 333, 453, 556, 597). However, data indicate that protrusor and
retractor muscles are simultaneously, rather than reciprocally, activated when they act to
protect the airway from collapse, and such an action both stiffens the airway walls and
enlarges the airway lumen (159). Data also indicate that, while GG activation correlates well
with the maintenance of upper patency and with a reduction of upper airway resistance when
the airway is at least partially open during wakefulness and sleep, it is often insufficient to
reopen the airway when a full collapse occurs. This indicates that activation of upper airway
muscles other than GG is important for the restoration and maintenance of upper airway
patency during sleep and that such muscles are not activated during sleep as readily as the
GG (e.g., 74, 111). In this context, it is of note that the muscles that pull the airway
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downward and are innervated by upper cervical motoneurons (e.g., sternohyoid and
sternothyroid) also protect the upper airway against obstructions by increasing the distance
between the soft palate and the base of the tongue (440, 442, 521).

While sleep-related upper airway obstructions do not typically occur in the nasal or
laryngeal portion of the airway, these compartments determine the magnitude of the negative
pressure generated in the pharyngeal region by acting as pressure dividers. Normally, nasal
resistance is about half the total airway resistance (419). Since the walls of the nasal
passages are relatively noncompliant, neuromuscular effects on nasal resistance are small
(582). However, pressure drop along the nasal compartment affects the level of negative
pressure within the relatively compliant and collapsible pharyngeal compartment. An
increase in nasal resistance (e.g., caused by mucosal swelling, congestion, or reduced local
vasoconstrictory activity) will increase the magnitude of negative inspiratory pressure
generated in the pharynx. This, in turn, will facilitate a collapse of the pharyngeal walls.

In contrast to the nasal airway, dynamic changes in neuromuscular activity in the larynx may
have large effects on upper airway resistance (see 38 for a review). Many laryngeal muscles
have been studied relatively extensively, with the studies often being motivated by an
important role of the larynx in protecting the airway during ingestive behaviors, or in
actively blocking the airway under certain pathophysiologic conditions (e.g., larygospasm).
However, active laryngoconstriction is not a part of the clinical picture in OSA. Rather, the
larynxes (and the nose) are important sources of afferent information for the reflex control of
all upper airway muscles. This is because the afferent information from receptors located in
the nose and larynx has more prominent reflex effects on upper airway muscle activity than
that from pharyngeal receptors (219,329,449; reviewed in 462,588). Thus, the segment of
the upper airway where obstructions are most likely to occur is flanked by more rigid
compartments that provide sensory information important for the reflex control of upper
airway muscle activity.

Respiratory-modulated and tonic components of upper airway muscle activity

Upper airway muscle activity during sleep is often quantified relative to that observed during
the preceding period of quiet wakefulness, but the methodology used to obtain and scale
EMG measurements varies among studies. In studies in humans, it is common to scale the
integrated EMG activity recorded during sleep and wakefulness relative to the amount of
activity generated by the same subject during maximal voluntary activation (e.g., 345). This
approach reveals that the total magnitude of combined tonic and respiratory-phasic baseline
activity in upper airway muscles recorded during quiet wakefulness from healthy human
subjects is very low (e.g., 67,246,278,280,455,541,576,601). In different studies and
subjects, it ranged between 1% and 11% of the peak voluntarily generated activity (e.g.,
247,346,510,541,576). With the baseline level of activity being low, accurate determination
of the level of recorded signal at which recording noise ends and genuine activity starts is of
the essence. To date, no commonly accepted procedures of measuring and subtracting
baseline noise from EMG signals recorded from upper airway muscles in humans have been
established.
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\oluntarily generated maximal activation cannot be used to scale EMG recordings in animal
models. Therefore, one approach to scale the records has been to measure the average level
of activity over extended periods of undisturbed wakefulness. Multiple periods with no
EMG activity also were identified, which allowed one to measure the level of integrated
signal corresponding to the level of electrical noise only. With these two measurements
established, one can quantify EMG across sleep-wake states (e.g., 316). The approach has
been validated in experiments in which upper airway EMG activity levels were compared
across multiple recording sessions within a subject and across different subjects (445,446).
Unfortunately, the methods of EMG acquisition, processing, and quantification currently
differ greatly among laboratories which makes comparison of the results is difficult. With
high-quality and long-term digital acquisition of EMG signals now being widely available, it
should be possible to further standardize the methods of EMG measurements.

In humans, some tonic activity and a degree of inspiratory modulation are frequently present
in EMG records from GG and other pharyngeal muscles during both quiet wakefulness and
nonrapid eye movement (NREM) sleep (e.g., 192, 452, 464, 541). In different muscles the
tonic and phasic components are expressed to variable degrees and with a pattern
characteristic of that muscle. For example, during eupneic breathing in wakefulness, tensor
veli palatini, and digastricus show only low level tonic, or no, activity but respiratory
modulation appears in response to hypercapnia or airway occlusion (346, 374, 541, 576). In
healthy humans, the combined phasic inspiratory and tonic components represent less than
2% of maximal spontaneous GG activity (247). Humans who do not meet the clinical
criteria for OSA despite having smaller than normal upper airway cross-sectional area
produce larger anterior movements of the tongue during inspiration than other control
subjects (90). This suggests that, at least in humans studied during wakefulness, a subclinical
reduction of upper airway patency elicits a compensatory activation of upper airway dilating
muscles during inspiration. In rats, measurable levels of inspiratory modulation of GG
activity were reported at normocapnic levels in some studies (e.g., 233, 341, 358), but in
other studies inspiratory modulation of lingual EMG occurred intermittently and more often
during deep NREM sleep than during any other sleep or wakefulness state (315, 520). GG
activity also was minimal or absent during quiet wakefulness in dogs (455).

Several studies suggested that the magnitude of respiratory modulation of the tongue EMG
in humans varies with the recording site (119, 464). This has been recently confirmed in
healthy humans (576), but was not observed in rats (315). The magnitude of the total, or
only the respiratory-modulated component, of lingual muscle activity in awake healthy
humans, rats, and cats depends on the head position, being increased with ventral flexion or
when the animal assumes a curled position (52, 341, 370, 475). This positional influence is
only partially dependent on reflex stimulation of upper airway muscle tone by upper airway
mechanoreceptors sensitive to negative upper airway pressure (52). In healthy humans, GG
activity is higher in the supine than in the upright position which is, at least in part, due to
gravitational effects on the tongue (112, 475, 576).
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Origins of respiratory modulation of upper airway muscle activity

The central pattern generators for all essential rhythmic behaviors, such as suckling,
mastication/swallowing and breathing, reside within the medulla and pons. The key site for
the respiratory rhythm has been localized bilaterally at a site within the rostral, ventrolateral
medulla oblongata, and it is referred to as the pre-Bétzinger complex (Fig. 2). Neurons
producing rhythmic respiratory activity are present at this site and their rhythmic activity
persists even under /in vitro conditions and when synaptic connectivity is blocked by
pharmacological means (231,241,383,504). This suggests that, at least in neonate mammals,
the basic respiratory rhythm is generated by pacemaker neurons. Many respiratory neurons
of the pre-Botzinger region express neurokinin 1 (NKZ1) receptors that mediate excitatory
effects of substance P (SP). Selective chemical destruction of NK1 receptor-expressing
neurons in the pre-Botzinger region causes irregular breathing with long apneic episodes.
Depending on the neurochemical nature of lesioned cells, disruption of the respiratory
rhythm occurs mainly during sleep or wakefulness (337, 540).

In adult mammals, the respiratory rate and the pattern of activity in different respiratory
muscles are determined by complex synaptic interactions among different types of
respiratory-modulated and nonrespiratory neurons (see 14,114,129,425 for reviews). This
activity is also under continuous reflex control from a host of peripheral and central
receptors, including the sensors of blood and brain tissue Oy, CO,, and pH, and lung and
airway mechanoreceptors (reviewed in 128, 133, 176, 268, 297). The central respiratory
activity is shaped by reflexes and then differentially distributed to motoneurons that
innervate the inspiratory pump muscles (diaphragm and external intercostals), expiratory
pump muscles (internal intercostal and abdominal), and accessory respiratory muscles of the
upper airway.

Based on single-cell recordings and differential effects of various experimental
manipulations, three phases are distinguished within the respiratory cycle: inspiration,
postinspiratory period, and late-expiratory period (426). Mechanically, these three phases
correspond to the period of active inhalation, passive exhalation whose rate is limited by
postinspiratory activity, and active expiration, respectively. Central respiratory neurons are
classified on the basis of timing of their activity relative to the three phases of the respiratory
cycle. During wakefulness, respiratory-modulated neurons are found in many brain regions
(395, 566). However, during NREM sleep or under anesthesia, respiratory modulation is
found at relatively few locations, and cells with similar activity patterns aggregate in distinct
groups or columns (107,114,129,391,488,496). In a dorsal view of the pons, medulla, and
upper spinal cord, respiratory-modulated neurons occur bilaterally in columns located in the
ventrolateral medullary reticular formation (Fig. 2). The Bétzinger complex, a site
containing late-expiratory and phase-spanning neurons, is located in the rostralmost end,
followed by the pre-Bétzinger complex, the ventral respiratory group (VRG), with
inspiratory neurons in its rostral part and expiratory neurons in its caudal part, and the upper
cervical inspiratory group that extends to the third segment of the spinal cord. The dominant
neuronal types in the successive segments of the VRG differ both in regard to their activity
patterns and efferent projections. Some are involved in the generation of the respiratory
rhythm and/or relaying it to cranial respiratory-modulated motoneurons (trigeminal, facial,
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XI1lI, and vagal), while others have axons that descend into the spinal cord. Parallel, and
adjacent to, the VRG runs a column of vagal motoneurons (nucleus ambiguus) that innervate
laryngeal and posterior pharyngeal muscles. Another important group of mainly inspiratory
neurons is referred to as the dorsal respiratory group (DRG) and it is located in the
ventrolateral portion of the nucleus of the solitary tract of the dorsomedial medulla. The
pontine respiratory group is located in the parabrachial region of the dorsolateral pons and it
contains neurons with diverse patterns of activity. The pontine group is not necessary for
generation of the basic respiratory rhythm but it plays an important role in the development
and adaptation of the respiratory system to changes in the external and internal environments
(118). A major portion of respiratory drive to spinal respiratory motoneurons that innervate
the diaphragm, intercostal and abdominal muscles originates in the VRG and DRG, with
additional contributions from the parabrachial region of the pons (see 14, 114, 129, 133 for
reviews).

In contrast to extensive studies of bulbospinal respiratory neurons that transmit respiratory
drive to spinal motoneurons, the location and characteristics of the neurons that provide
respiratory drive to upper airway motoneurons are not well established. Retrograde tracing
studies indicate that the XII, trigeminal, and facial motor nuclei all receive their main
afferent innervation from just a few distinct pontomedullary sites (109, 132, 304, 305, 322,
557). Figure 3 shows data from two retrograde tracing studies that delineated the main sites
of origin of projections to the X1l and other orofacial motor nuclei. These sites include the
intermediate medullary reticular region (IRt), the ventral and ventromedial medullary
reticular areas, the medullary raphé nuclei, and the reticular region surrounding the
trigeminal motor nucleus in the pons. According to one study (551), only the IRt region has
strong and bilateral projections to all orofacial motor nuclei, whereas the premotor cells of
the peritrigeminal region and ventromedial medullary gigantocellular region typically have
unilateral projections (Fig. 3A). However, other tracing studies report considerable bilateral
projections from the ventromedial medulla to the XII motor nucleus (323,552). Many cells
located in the caudal half of the IRt region extending between the ventrolateral border of the
X1l nucleus and the VRG have phasic-inspiratory activity and provide inspiratory drive to
XII motoneurons (262, 309, 384, 408, 600). The rostral extension of the IRt region is
important for the transmission of reflexes from upper airway pressure receptors to XII
motoneurons and less so for the transmission of central inspiratory drive (80). Strong and
bilateral efferent projections from the IRt region to all orofacial motor nuclei (Fig. 3A) have
been interpreted as appropriate for coordination of activity in different orofacial muscles
during ingestive behaviors (551). Some cells in the ventral and ventromedial medullary
reticular formation have divergent projections to the XII nucleus and the lumbar spinal cord
(Fig. 3B), which suggests their involvement in state-dependent regulation of muscle tone.
Recent recordings from a subpopulation of such cells identified as synthesizing the
inhibitory gamma-aminobutyric acid (GABA) revealed that they are activated during both
REM sleep and ingestive behaviors occurring during wakefulness (579).

Many anatomically identified XII premotor cells located in the IRt region are either
glutamatergic or cholinergic (553, 572). Indeed, the inspiratory drive from central
respiratory neurons to XII motoneurons is mediated by glutamate through non-NMDA and,
to a lesser extent, NMDA receptors (164, 222, 513, 514).
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As will be discussed in subsequent sections, brainstem cells that release norepinephrine
(NE), serotonin (5-HT), and acetylcholine (ACh) have activity patterns that predictably vary
across the different sleep-wake states. This gives them the ability to modulate the activity of
central respiratory neurons and respiratory motoneurons in a state-dependent manner.
Neuromodulatory actions of NE can be mediated by three major subclasses of receptors
(aq-, ap-, and p-adrenoceptors), and 5-HT may use seven different receptors (designated as
type 1 through 7). Within these major classes of receptors, further subdivisions have been
distinguished based on their pharmacology and genetic identity. The effects of ACh can be
mediated by muscarinic (M) and nicotinic (N) receptors. There are five known members of
the M receptor family, My through Ms, all functioning as G protein-coupled receptors (76,
291, 580). N receptors are pentameric ion channels that may be composed of nine different
a, and two B, subunits (227, 296). NE, 5-HT, and ACh receptors may function as
postsynaptic receptors located on cell bodies of central respiratory neurons and motoneurons
and as presynaptic receptors modulating synaptic transmission. When located on synaptic
terminals (presynaptically) they can either up- or downregulate the release of other
transmitters. Some of these receptors mediate inhibitory (hyperpolarizing) effects on their
targets, whereas others mediate excitation (depolarization) (see 196, 213, 619 for an
overview of NE, 5-HT, and ACh receptors).

Excitatory and inhibitory effects of 5-HT, NE, and ACh may act in the same or opposite
directions at different levels of the respiratory system. For example, the net effect of 5-HT
on medullary respiratory neurons is inhibition mediated, at least in part, by 5-HT 14
receptors (22, 81, 180, 289, 290, 427). In contrast, 5-HT has predominantly excitatory effect
on motoneurons, including those innervating upper airway muscles, with the effect being
mediated by 5-HT,a and 5-HT. receptors (22,56,139,276,293,559). If endogenous
inhibitory effects of 5-HT dominate at the level of premotor inspiratory neurons, whereas
excitatory effects dominate at the level of motoneurons, the respiratory motor output will be
determined by the difference between these two opposing effects. In different pools of
respiratory motoneurons, the two opposing effects may have different magnitudes. Similarly,
data from medullary slices from neonatal rats indicate that XII premotor neurons of the IRt
region can be controlled by both the excitatory a-adrenoceptors that are often located
postsynaptically and the inhibitory a,-adrenoceptors that appear to be mainly located on
synaptic terminals contacting these premotor neurons (presynaptically) (368).

Neurochemically Distinct Central Neuronal Systems with State-Dependent

Activity Patterns

Figure 4 shows the typical patterns of changes in activity of neurochemically distinct groups
of brain neurons in relation to the sleep-wake cycle. Neurons containing 5-HT aggregate in
the brainstem as distinct groups designated as B1 through B9 (230), and brainstem NE
neurons are designated as groups Al through A7. When compared to wakefulness, both 5-
HT and NE neurons have reduced or abolished activity during NREM sleep and are
consistently silent during REM sleep (29,230,335,432,532,603). This pattern has been
originally ascertained for only two NE groups, the locus coeruleus (LC, or A6 group) and
neurons of the pontine subcoeruleus (SubC) region (29,432). More recently, it was
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determined that ventrolateral pontine A5 cells are silenced during pharmacologically elicited
REM sleep-like state (140) and that the dorsal medullary A2/C2 catecholaminergic neurons
have activity reduced in proportion to the prior time spent in REM sleep-like state when
assessed based on c-Fos expression (444). In contrast, recordings from the ventrolateral
medullary adrenergic neurons (C1) revealed that these cells are activated, rather than
silenced, during the REM sleep-like episodes (519). Thus, the picture emerging from these
studies is that most brainstem 5-HT and NE neurons are silenced during REM sleep,
whereas at least one group of adrenergic neurons (C1) is activated.

Similar to 5-HT and NE neurons, the cells located in the perifornical region of the posterior
hypothalamus and containing the excitatory peptides, orexins, are most active during active
wakefulness, have moderate levels of activity during quiet wakefulness, minimal or no
activity during NREM sleep, and are silent during REM sleep, with the exception of
occasional phasic bursts (299, 347, 531). Interestingly, hypothalamic orexinergic cells are
excited by ventrolateral medullary adrenergic C1 neurons (48), but it remains to be
determined whether the rostrally projecting C1 neurons are REM sleep-active similarly to
the more caudally located and caudally projecting C1 neurons (519). If so, this ascending
connectivity may be an important part of the central arousal circuit.

Histaminergic cells located in the posterior hypothalamic tuberomammillary region also
have maximal activity during wakefulness, reduced activity during NREM sleep, and are
silent during REM sleep (234, 258, 533). Thus, both orexins and histamine can maximally
affect their targets, including the respiratory system, during wakefulness, less so during
NREM sleep, and minimal during REM sleep.

In contrast, activity of a subpopulation of pontine ACh-containing neurons selectively
increases during REM sleep, other ACh cells increase their activity only in association with
certain phasic events of REM sleep, and some have increased activity during both REM
sleep and wakefulness. Regardless of these differences, the lowest level of ACh cell activity
coincides with NREM sleep (53, 127, 249, 260, 456, 516; see 272 for a review). There are
also relatively many putative glutamatergic neurons located in the dorsomedial rostral pons
that have sleep-wake activity patterns similar to those of the pontine ACh neurons (53, 93,
287, 457). Furthermore, the dorsal pons and the adjacent midbrain contain neurons that
synthesize GABA and are distinctly activated during NREM sleep. A possible function of
these cells is to suppress the generation of REM sleep (50,53,463). As such, these cells
would act parallel to the GABAergic/galaninergic neurons of the anterior hypothalamus that
have widespread ascending and descending projections and are maximally activated during
NREM sleep (7, 490). NREM sleep-active and putatively inhibitory neurons are also present
in the rostral, ventrolateral medullary reticular formation (18).

The presence of cells with REM sleep-related activity in the ventromedial medullary
reticular formation has been often described, but the reported locations and properties of
such cells varied greatly among the studies (169,242,243,369,499,502). One widely
considered but still hypothetical role of these cells has been to relay inhibitory effects of
REM sleep from the dorsal pontine tegmentum to spinal motoneurons (e.g., 51, 181, 534;
see 498 for a review). However, recent studies suggest considerable diversity of
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neurochemical phenotypes and functions among the ventral medullary cells with REM
sleep-related activity. Some are located in the rostral ventrolateral medulla and have been
recently identified as epinephrine-containing neurons of the C1 group (519). Another group
of REM sleep-active cells recently investigated in the medullary lateral paragigantocellular
region (LPGi) is indeed GABAergic but, similarly to the C1 neurons, these cells appear to
have both ascending and descending axonal projections and are also active during
wakefulness in relation to ingestive behaviors (579). Such cells may contribute to the
generation of the state of REM sleep or some of its characteristic hallmarks (e.g., REM
sleep-related twitches of orofacial muscles).

Connectivity between the respiratory and state-dependent neural systems

While the dorsal raphé nucleus of the caudal midbrain (B7 group) and the LC (A6 group) of
the dorsomedial, rostral pons are the largest and most extensively studied groups
representing 5-HT and NE neurons, respectively, these groups do not contribute significant
aminergic innervation to upper airway motoneurons. Rather, 5-HT afferents to the XI|I
nucleus and other orofacial motor nuclei mainly originate in 5-HT neurons located along the
medullary midline (raphé pallidus and obscurus nuclei) and in the lateral wings of medullary
raphe (154, 155, 205, 306, 322, 524) (Fig. 5). The sources of NE afferents to the XII and
other orofacial nuclei are distributed more widely and include the pontine A7 group and the
SubC region, and possibly also the A5 group (10,11,154,155,447). The contribution, if any,
from the ventrolateral medullary Al group is small (447) (Fig. 5).

Both NE and 5-HT-containing terminals are present at moderate to high densities in all
orofacial motor nuclei (9, 11-13, 23, 263, 454). In the rat, there is a clear topographic
organization of NE afferents to the XII nucleus, such that their highest concentration occurs
in the ventromedial quadrant of the caudal half of the nucleus (11, 443) (Fig. 6A). The
relevance of this is that the XII motoneurons that innervate the GG, the main protrusor of the
tongue, are located in this region (109, 333). The density of 5-HT terminals in the rat XII
nucleus also has been reported to be nonuniform, with more terminals in the dorsal than the
ventral half of the nucleus (11, 12), but this nonuniformity was not as evident as for NE
terminals in another study (443) (Fig. 6B). Terminals containing epinephrine or dopamine,
two other major derivatives of tyrosine, are not present in the XII nucleus (239, 240) which
indicates that adrenergic or dopaminergic neurons do not directly control XII motoneurons.
In addition to the orofacial motor nuclei, a variable density of 5-HT- and NE-containing
terminals is present throughout the brainstem, including a particularly high density of
terminals in the viscerosensory NTS (239, 515). Aminergic synaptic contacts also exist on
central respiratory neurons and XII premotor neurons of the IRt region (412, 552, 575).
Thus, the sleep-wake cycle variations in the release of 5-HT and NE may affect upper
airway motor tone in a state-dependent manner by acting on motoneurons, as well as at
different premotor sites. It is, however, of note that the net effects of NE or 5-HT applied
onto orofacial motoneurons are uniformly excitatory (6, 244, 276, 285, 293, 331, 436, 473),
whereas, as discussed earlier, the effects of these amines at other respiratory sites are less
uniform. This justifies particular interest in the magnitude and pattern of state-dependent
effects exerted by 5-HT and NE at the motoneuronal level.
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The effects of NE on motoneurons may be exerted through multiple receptors located either
postsynaptically on motoneurons or presynaptically on interneurons or afferent pathways to
motoneurons. Of the seven major classes of 5-HT receptors and their subclasses, only the 5-
HT1g, 5-HTa, 5-HTy¢, and possibly 5-HT7 types are expressed in XII motoneurons (380,
569, 614). Pharmacological studies show that excitatory effects in orofacial motoneurons are
mainly mediated by 5-HT, receptors and a.1-adrenoceptors (3, 165, 276, 293). mRNA for all
aq-adrenoceptor subtypes (a1, a1g, and a1p) and 5-HT1g, 5-HToa, and 5-HT,¢ receptors
are present in orofacial motor nuclei (97, 131, 343, 380, 406,424,485-487,569,602,614). Of
the three ap-adrenoceptor subtypes (apa, aog, and ayc), only the aoc is significantly
present in upper airway motor nuclei (441, 467, 537, 595). In immature XII motoneurons,
ay-adrenoceptors may mediate postsynaptic inhibition of motoneurons but this effect
decreases with development (2, 402, 403, 477). In mature animals, a,-adrenoceptors may
exert a more prominent role at various premotor sites, including those that control the
respiratory rate (81, 236, 612). a,- and p-Adrenoceptors that are present in orofacial motor
nuclei are probably located on astrocytes or neuronal elements other than motoneurons
because, when studied at the single cell level, XII motoneurons of juvenile rats expressed
mRNA only for the a4 subtypes (424, 486, 571).

5-HTg and ap-adrenoceptors located within orofacial motor nuclei may also mediate
presynaptic effects. Activation of these receptors suppresses the release of various
transmitters, both excitatory and inhibitory. As such, the direction of the effect depends on
the nature of the prevailing input that is under such a presynaptic control. In medullary slices
from juvenile rats, 5-HTg receptors presynaptically suppressed both the postsynaptic
glycinergic inhibitory and glutamatergic excitatory effects on XII motoneurons (44, 56,
501). It is, however, of note that 5-HT g receptor mRNA is present in cell bodies of many
XI1 motononeurons and many XII motoneurons are immunopositive for 5-HTqg receptor-
like protein (44, 569). This would suggest that 5-HTg receptors may mediate postsynaptic
inhibition of XII motoneurons. In anesthetized rats, a 5-HT1g agonist injected into the XII
nucleus caused a moderate suppression (about 20%) of XII nerve activity (379), and in vitro
studies reveal a small change in XII motoneuron membrane resistance (56). During sleep,
when 5-HT neurons have reduced activity or become silent, reduced stimulation of 5-HT1g
receptors located in the XII nucleus may slightly increase X1I motoneuronal excitability by
means of disinhibition (withdrawal of postsynaptic inhibition), but the effect is likely
masked by the concurrent effects of reduced postsynaptic excitation mediated by 5-HT»
receptors.

Data from rodents suggest that, in addition to 5-HT,g and 5-HT>, receptors, 5-HT 14 and 5-
HT3 receptors (or their mRNA) are also present in orofacial motor nuclei (263, 325, 355,
546, 614). However, in adult animals, neither agonists nor antagonists of 5-HT 14 receptors
have any effects on the activity of orofacial motoneurons when they are applied directly onto
motoneurons (3, 276, 293, 379, 538), and neither MRNA nor 5-HT 14 receptor-like protein
are present in upper airway motor nuclei of adult rats (252,380). For 5-HT3 receptors,
microinjections of selective 5-HT3 receptor agonists and antagonists into the X1l nucleus
had no effect on XII nerve activity (135). mRNA studies suggest that 5-HT, and 5-HTg
receptors also are present in XII motoneurons (614), but their functions have not been tested.
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5-HT and NE neurons may have intrinsic chemosensitivity, such that their excitability
increases when extracellular CO, increases or pH declines (105, 133, 177, 178, 199, 438).
Due to the state-dependent nature of activity of 5-HT and NE neurons, the component of
central chemosensitivity that they mediate would be reduced during NREM sleep and lost
during REM sleep.

The brainstem contains two major groups of ACh-containing neurons with well-documented
state-dependence of their activity. They are the pedunculopontine tegmental nucleus (PPN)
and the laterodorsal tegmental nucleus (LDN) and are designated as Ch5 and Ché,
respectively (24,237,344,377,478). PPN and LDN are an important component of the
reticular activating system. In this role, they may also contribute to state-dependent changes
in the respiratory output. In addition to LDN and PPN, less densely packed ACh neurons are
present in the intermediate medullary reticular formation (parvocellular region in cats, IRt
region in rats), around the superior olivary nucleus, in the medullary paragigantocellular
area, and in the dorsomedial, caudal NTS (24, 203, 529). About 50% of PPN/LDN neurons
project to the thalamus and about 20% to the medulla (451, 494). ACh cell-specific cytotoxic
lesions of medullary reticular neurons destroy a relatively small fraction of medullary
cholinergic terminals (202), suggesting that most of medullary ACh afferents originate
outside of the medulla.

Respiratory effects of ACh can be mediated by muscarinic (M) and nicotinic (N) receptors.
M1 and M3 receptor binding is present in all brainstem respiratory nuclei, with a very high
density in the medial NTS, and moderate M3 density in the XII nucleus and the pontine
parabrachial area (320). The distribution of M5 protein indicates that these receptors
function as both autoreceptors and presynaptic receptors on terminals of ACh and other
neurons (300). ACh binding under the conditions favoring the M, subtype is very high in the
pontine nuclei, and slightly lower in the NTS, spinal trigeminal sensory nucleus, and the
trigeminal, facial and XIl motor nuclei (33,68,422,567). mRNA for all five M receptor
subtypes was detected in the retrofacial/pre-Botzinger region, with M, and M3 receptor
mRNA being the most abundant (286, 567).

In medullary slices from juvenile rats, M, receptors presynaptically inhibit excitatory
glutamatergic transmission to XII motoneurons (43). In contrast, N receptors mediate
postsynaptic excitation of motoneurons (79,483,613). Postsynaptic excitation mediated by
M3 receptors has been detected in inspiratory neurons of the pre-Bétzinger complex (482),
whereas N receptors composed of a4 and B2 subunits mediated presynaptic excitatory
effects on the respiratory rhythm in this area (483, 484). /n vivo studies with iontophoretic
administration of cholinergic agonists and antagonists revealed excitatory (59), mixed
inhibitory/excitatory (49, 179, 180, 356, 468), or no consistent effects (264) in inspiratory
and expiratory neurons in rabbits, cats, and dogs.

Orexins are excitatory peptides whose actions can be mediated by two types of receptors that
are distributed throughout the brain with characteristic patterns (327, 410). For example, NE
cells typically express orexin type 1 receptors, motoneurons, and hypothalamic
histaminergic neurons have mainly type 2 receptors, and 5-HT cells express both types. In
dogs, a genetic defect of just one of these receptors, type 2, results in cataplectic episodes
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which occur as sudden and disconnected from the normal behavioral context spells of
postural atonia and other electrophysiological features of REM sleep while the dog is fully
aware of the external environment (308). However, in mice, it takes genetic ablation of both
orexin receptors, or of orexin synthesis, to elicit cataplectic attacks (87, 460). Because
hypothalamic orexin neurons are active mainly during wakefulness, the loss of their release
during NREM sleep may contribute to the relative depression of breathing. Another
interesting aspect of the effects of orexin on upper airway motoneurons is related to the
phasic bursts of activity that orexin cells generate during REM sleep (347, 531). Specifically,
it appears plausible that such bursts contribute to phasic activation of upper airway
motoneurons during this state (316, 446, 550). When tested /n vitro, orexin neurons have
intrinsic pH chemosensitivity similar to that reported for brainstem NE and 5-HT neurons
(593). Multiple antagonists of the two known orexin receptors have been developed because
of their potential usefulness for treatment of insomnia (46, 62, 466).

Neurons having state-dependent activity patterns often synthesize additional small molecule,
as well as peptidergic transmitters. For example, 5-HT neurons commonly contain two
excitatory peptides, thyrotropin-releasing hormone (TRH) and SP, and some may produce
enkephalin whose effects are inhibitory (27, 195, 200, 235, 238, 373). Orexin neurons
synthesize dynorphin whose actions are usually inhibitory (92). Pontine cholinergic cells
contain nitric oxide synthase, as well as SP, atrial natriuretic peptide, and corticotrophin
releasing factor (261,568; reviewed in 450). Synaptic release of peptides may preferentially
occur when cells generate high levels of activity (229). Accordingly, respiratory effects of
the peptides colocalized with small molecule transmitters would be most pronounced during
active wakefulness.

Interactions between the state-controlling and respiratory networks

Activity of upper airway muscles is the net result of excitatory and inhibitory inputs (drives)
that are synaptically transmitted to motoneurons from various premotor sources. Some upper
airway muscles often exhibit both tonic and respiratory phasic components of activity (e.g.,
the inspiratory-phasic and tonic components of GG activity in human subjects). These two
components may occur in different proportions in different muscles and may change
independently of each other under different conditions. Hence, it is clear that motoneurons
innervating upper airway muscles receive distinct inputs from respiratory-modulated and
tonic sources. In addition to the central respiratory and tonic drives, upper airway
motoneurons are under reflex control, especially from the central and peripheral
chemoreceptors and mechanoreceptors of the lungs and airways (see 34, 176, 223, 268 for
reviews). To analyze how these functionally different pathways shape upper airway muscle
activity across sleep-wake states, it is practical to examine how sleep affects each one of
them separately (cf., 452,541). The reflex drives are principally tonic, but the phasic nature
of the mechanical events in the respiratory system and transmission of these inputs through
central respiratory neurons lead to respiratory modulation of reflexes. Thus, central phasic
respiratory, central tonic, and reflex drives represent three functionally distinct inputs to
upper airway motoneurons (Fig. 7A).
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The relative contribution of each of these three drives to the membrane potential
(subthreshold changes) and the level of activity (once the firing threshold is reached) varies
among motoneurons innervating different upper airway muscles. Panels B to D of Figure 7
show, schematically, three scenarios where, due to different basal levels of the three drives
and differential effects of sleep on these drives, transitions to sleep result in different net
changes in motoneuronal activity.

Both the sources and the mechanisms responsible for inspiratory modulation of activity are
different in motoneurons that innervate the upper airway and respiratory pump muscles.
Whereas the central inspiratory drive to motoneurons innervating the phrenic and external
intercostal muscles mainly originates in inspiratory neurons of the VRG (Fig. 2), inspiratory
input to XII motoneurons mainly originates in the IRt region located between the XIlI
nucleus and VRG (Figs. 3 and 5). Furthermore, inspiratory modulation of the phrenic and
external intercostal motoneurons is achieved through a rhythmic alteration between active
excitatory inputs arriving during the inspiratory phase of the respiratory cycle and active
inhibition that arrives during the expiratory phase. In contrast, in the inspiratory-modulated
laryngeal, facial and X1l motoneurons, there is little or no phasic inhibition during expiration
(37, 215, 599). The separation of sources of inspiratory drive and the absence of an active,
phasic expiratory inhibition in inspiratory-modulated upper airway motoneurons make it
possible to engage the latter in a variety of nonrespiratory orofacial functions without a need
to interfere with ventilation.

Wakefulness stimulus for breathing

The characteristic slowing down of breathing and its stability during NREM sleep have been
referred to as resulting from a withdrawal of “the wakefulness stimulus for breathing” (387,
391). In support of this concept, recordings from medullary respiratory neurons in
chronically instrumented, behaving cats revealed that tonic excitatory inputs that maintain
central respiratory activity decrease on transition from wakefulness to NREM sleep. The
brainstem reticular formation and the midbrain and forebrain structures that exert behavioral
control over the respiratory system have been originally seen as the key sources of this
wake-related drive.

When the idea of the wakefulness stimulus for breathing was first conceived its underlying
neurochemical basis was not known. It is now clear that the effects of NE, 5-HT, histamine,
and orexins on breathing and upper airway muscle activity represent important
neurochemical substrates of the wake-related drive, as all these systems are more active
during wakefulness than during sleep and mediate predominantly activating effects on
respiratory motoneurons. Furthermore, since activity of many state-dependent cell groups
declines during NREM sleep to reach a nadir during REM sleep, the concept of the
wakefulness stimulus can be extended to include both NREM sleep and REM sleep, as both
these states are relatively devoid of the excitatory drives mediated by NE, 5-HT, histamine,
and orexins. Such an extension of the concept of wakefulness stimulus for breathing should
facilitate the analysis of the effects of REM sleep on breathing by helping to operationally
separate the suppressant effects caused by a withdrawal of tonic, wake-related excitatory
influences (disfacilitation) from phasic effects that may be elicited by transient excitatory
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and inhibitory inputs mediated by neural systems distinct from those that mediate the tonic
effects.

Non-REM sleep

Effects of NREM sleep on ventilation—On the transition from quiet wakefulness to
NREM sleep, inspiratory tidal volume may increase while the respiratory rate is reduced and
becomes very regular (391). As a net effect, ventilation may be slightly reduced relative to
the metabolic need. The resulting small increase in systemic CO5 provides additional
stimulation to the respiratory system that compensates for the loss of other wake-related
central influences. In human subjects and animals with fully patent upper airway, most tonic
and respiratory-modulated activity of accessory respiratory muscles of the pharyngeal region
ceases (247,315,455,520). This may slightly reduce the stiffness and cross-sectional area of
the upper airway and otherwise healthy humans may exhibit a small degree of flow
limitation and occasional snoring. However, as long as the episodes of flow limitation do not
reach the threshold of 5 or 10 per hour, the effects are not seen as clinically significant or
sufficient to diagnose OSA. In humans, after an initial decline at sleep onset, there is usually
a secondary increase of pharyngeal muscle activity which is probably driven by reflexes
from upper airway negative pressure receptors and central CO, receptors (339, 429, 609).

Effects of NREM sleep on respiratory motoneurons—The effect of NREM sleep on
motoneurons innervating respiratory pump muscles is different from that on upper airway
motoneurons. In particular, motoneurons innervating the diaphragm remain active during
NREM sleep with only a small change when compared to quiet wakefulness. The rate of
activity increase during inspiration (slope) is reduced, whereas the peak inspiratory
activation may be slightly reduced, unchanged or slightly increased due to a concurrent
prolongation of inspiratory time (7;). Overall, the changes in respiratory pump muscle
activity closely follow the behavior of central respiratory premotor neurons. In contrast, the
pattern of changes in activity of upper airway muscles between quiet wakefulness and
NREM sleep varies considerably among the muscles (e.g., 541, 542, 601), and probably also
among the species. In healthy humans, tonic and phasic-respiratory components of activity
slightly or profoundly decrease, disappear altogether, or increase moderately during NREM
sleep when compared to wakefulness (e.g., 35, 247, 283, 541). When considering this
variability, it is important to note that the changes observed at NREM sleep onset are often
more profound that those observed when deep NREM sleep is fully established. This is
particularly clear in human subjects, even in those not exhibiting clinical signs of OSA,
because there is usually a small reduction in airway patency at NREM sleep onset which
then triggers a compensatory increase in central respiratory drive and the associated, reflexly
driven, secondary increase of upper airway muscle activity (e.g., 339, 601, 608). Thus,
breath-to-breath monitoring of changes in upper airway muscle activity around the time of
sleep onset can more accurately reflect the central effects of state on upper airway muscle
output than a discontinuous comparison between the established states of quiet wakefulness
and deep NREM sleep because the results from the latter approach may be confounded by
reflexes.
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When activity of individual motor units is recorded from the base of the tongue in healthy
humans during transitions from wakefulness to NREM sleep, changes in activity vary with
the type of motor unit, as classified based on its activity pattern during wakefulness in
relation to the phases of the respiratory cycle. Thus, the phasic, inspiratory-modulated motor
units (i.e., those that cease firing during at least a part of expiration) show the largest decline
of firing rate, the inspiratory-tonic motor units (continuously active with increases bound to
inspiration) either have no declines or abruptly become silent (Fig. 8A). In contrast to the
inspiratory phasic motor units, the expiratory phasic, expiratory tonic, and tonic throughout
motor units well maintain their activity during the wake-to-NREM sleep transitions. Based
on this finding and similar observations from respiratory-modulated and tonic single motor
units recorded from the tensor veli palatini, it has been suggested that, in humans, state-
dependent depression of upper airway muscle activity affects the phasic inspiratory
modulated, but not the expiratory-tonic or tonic motor units (375, 555, 592). There are,
however, a few caveats with the classification of single motor units based on their activity
patterns observed under baseline conditions, and also with the conclusions derived from
such a classification. First, the motor unit-firing pattern observed during certain
experimental conditions is not an invariant property of that unit. Indeed, depending on the
level of central inspiratory drive (and other inputs), the same motor unit may have only
phasic inspiratory activity, inspiratory modulation superimposed on a level of tonic activity,
or just tonic activity (the schemes in Fig. 7 can be used to visualize how these different
patterns may result from summation of different subthreshold inputs). Second, it appears that
individual upper airway motoneurons often have a relatively narrow range of firing rates that
they can attain and relatively steep synaptic input-firing output characteristics. As a result,
reports indicate that upper airway motoneurons often alternate between being active and
silent by means of recruitment and derecruitment, rather than continuously responding to
varying inputs by gradually changing their firing rates (e.g., 35,139,418,453,592). These
caveats need to be kept in mind when conclusions are drawn about the central control of
motoneurons that exhibit different firing patterns under certain experimental conditions.

Consistent with the limitations associated with classification of individual upper airway
motor units (or motoneurons) based on their firing patterns, differences in the behavior of
different types of lingual muscle motor units are less evident in studies using multiunit EMG
recordings. For example, both the inspiratory phasic and tonic components of activity
recorded in healthy humans are similarly depressed at sleep onset (153). The laryngeal
cricothyroid muscle activity, which exhibits both tonic and inspiratory-phasic activity, is not
depressed during NREM sleep in humans (284), and the inspiratory-modulated and tonic
activity of the posterior cricoarytenoid muscle is not depressed in lambs and rats (253, 342,
492).

Multiunit recordings from lingual muscles in rats show suppression of activity during
NREM sleep, but considerable different observations are reported regarding the magnitude
and pattern of depression. When monitored during transitions from quiet wakefulness to
NREM sleep in relation to changes in EEG delta power, lingual EMG is profoundly
suppressed, indeed nearly abolished, at NREM sleep onset (Fig. 8B). During most NREM
sleep episodes, there is then no trend for a secondary increase and the muscle remains
atonic, or nearly atonic (316). Since lingual activity recorded in these studies rarely
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exhibited any respiratory modulation, the depression evidently affected the tonic activity. In
a small number of NREM sleep episodes in which inspiratory modulation of lingual EMG
emerged, it appeared with a delay after NREM sleep onset and then gradually increased until
the increase was terminated by awakening or transition into REM sleep (520). Such a
secondary increase of activity with a distinct phasicinspiratory pattern was similar to the
secondary increases of GG muscle activity observed with a delay after the onset of NREM
sleep in healthy humans. However, in humans, the effect seems to be driven by reflexes from
upper airway mechanoreceptors and central chemoreceptors; whereas in rats, it was
correlated with increased power in EEG frequencies in beta range (the relationship to upper
airway pressure or systemic CO, was not determined). This suggests that, in rats, a central
component of NREM sleep associated with cortical activity has a small excitatory effect on
XI1 motoneurons.

Other studies in rats report that the GG muscle exhibits both tonic and phasic-inspiratory
activity during quiet wakefulness and that both components are similarly suppressed during
NREM sleep (e.g., 171, 233, 358, 513). Thus, differences exist among the reports describing
the effects of NREM sleep on GG muscle activity. There is an even larger diversity of
patterns among different upper airway muscles; this may be related to the different
magnitudes of the effects of NREM sleep on different pools of upper airway motoneurons
(cf., Fig. 7).

Effect of NREM sleep on central respiratory neurons—Recordings from inspiratory
and expiratory neurons located in the region of the VRG in chronically instrumented cats
indicate that NREM sleep is associated with a moderate reduction of their peak firing rates
(84,156,393,394,420). In most cells with a strong and stable respiratory activity, the average
peak firing rate is reduced by 10% to 20%, whereas about 5% to 15% of cells have small
increases. The decrease is proportional to the reduction in the tidal volume and slowing of
the respiratory rate. Based on the location of typical recording sites, most of the cells with
strong respiratory modulation were likely VRG bulbospinal neurons sending axons to spinal
respiratory motoneurons (Fig. 2).

In contrast to the strongly respiratory-modulated neurons, cells that had weak and variable
respiratory modulation during wakefulness had large sleep-related reductions of their peak
firing rates (395). Such cells could be premotor cells for upper airway motoneurons, vagal
motoneurons, or neurons involved in mediating respiratory modulation of cardiovascular
outputs. Respiratory-modulated neurons located in the pontine parabrachial region increased
or decreased their firing rates on transition from wakefulness to NREM sleep, with the
average change being a small decrease (187,496). It is of note that the pontine parabrachial
region gives origin to projections to orofacial motor nuclei (109, 132, 154, 155, 512, 551,
557).

Overall, the decrease in activity of central respiratory neurons during NREM sleep, and
especially those with relatively weak respiratory modulation, may be a part of the
wakefulness stimulus for breathing.
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Effects of REM sleep on ventilation—Breathing during REM sleep is characterized by
large breath-to-breath variability of both tidal volume and respiratory timing. Particularly
short and exceptionally long respiratory cycles and those with high and low tidal volume
tend to be clustered together, resulting in a quasi-rhythmic alteration between periods of
enhanced and suppressed activity (388). The variability of breathing occurs in parallel to
other phasic changes characterizing this state, such as intense REMs, ponto-geniculo-
occipital (PGO) waves, surges of heart rate, and arterial blood pressure, and muscle twitches
occurring in otherwise atonic postural muscles and distal muscles of the limbs (28). In many
regards, breathing during REM sleep is similar to breathing during active wakefulness.
Indeed, phasic limb movements observed during normal REM sleep, and even more so
during REM sleep with impaired mechanisms of suppression of muscle activity (REM sleep
behavior disorder), are at times related to the dream contents (25). The same interpretation
has been also proposed to explain the variability of breathing during REM sleep (391).

Effects of REM sleep on respiratory motoneurons—During REM sleep, the rate of
inspiratory increase of diaphragmatic activity is variable and often interrupted by transient
periods of quiescence lasting ~50 ms (fractionations) (117, 390, 497). Most pharyngeal and
some laryngeal upper airway muscles are silent (atonic) with the exception of intermittently
occurring phasic twitches (Fig. 9A). Data from rats indicate that the generation of these
twitches is governed by a time-dependent process, such that both the magnitude and
frequency of twitching gradually increase with the duration of each REM sleep episode and
then gradually decline if the episodes extend beyond their average duration without a
transition to another state (316, 446). Figure 9B shows the time course of lingual EMG
during a 2 min period prior to, and then 2 min after, transition from NREM sleep to REM
sleep in rats. Due to averaging across multiple recording segments, the highly phasic nature
of activity during REM sleep is smoothed out, revealing a gradual increase and then decline
of the mean level of twitching activity with the duration of the episode of REM sleep.

Nonrespiratory bursts of activity superimposed on otherwise quiescent EMG were reported
as characteristic of lingual EMG during REM sleep in healthy humans (88), cats (437), dogs
(455), and rats (316,340,359), and were also observed in the arytenoideus (laryngeal) muscle
in humans (278). Recordings from the diaphragm of cats hyperventilated to apnea during
NREM sleep also show that phasic excitatory inputs of nonrespiratory origin reach phrenic
motoneurons during REM sleep, and that their intensity gradually increases following the
onset of REM sleep (157, 392). The same process seems to determine the pattern of changes
in respiratory rate and the occurrence of twitches in postural and orofacial muscles
innervated by trigeminal, facial, and vagal motoneurons (19, 64, 157).

Traditionally, the occurrence of phasic events, such as intense REMs, PGO waves, and
muscle twitches, has been used to distinguish between the “phasic” REM sleep and “tonic”
REM sleep, with the latter characterized by steady suppression of postural muscle tone with
little or no phasic events (e.g., 385). The observations that phasic twitches in both accessory
respiratory muscles and postural muscles as well as the respiratory rate variability, exhibit an
orderly progression within the episodes of REM sleep suggest that the “tonic” and “phasic”
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periods of REM sleep are not semi-randomly alternating forms of this state but rather result
from one continuous neural process that starts with the onset, and ends with the termination,
of each REM sleep episode.

Effect of REM sleep on central respiratory neurons—During REM sleep, brainstem
respiratory neurons may transiently have a higher or lower activity than during NREM sleep
but, on the average, they are more active than during NREM sleep (385, 388, 389, 396) (Fig.
10). The variability at the neuronal level correlates with the breath-to-breath changes in the
magnitude of diaphragmatic activity and tracheal pressure (389), as expected given that
many of the studied medullary respiratory neurons were bulbo-spinal neurons sending axons
to phrenic motoneurons. Similar to medullary respiratory neurons, many pontine
parabrachial respiratory and nonrespiratory neurons increase their activity during REM sleep
(187).

Significant positive correlation between respiratory cell firing rate and intensity of PGO
waves suggests that one excitatory component of the effects of REM sleep on medullary
respiratory cells is related to the pontine networks generating these waves. However, an
extrapolation of this analysis toward a hypothetical period of REM sleep without PGO
waves (i.e., “tonic” REM sleep) indicated that medullary respiratory neurons would still
receive both excitatory and suppressant influences during a period of REM sleep without
PGO waves (385, 386).

Effects of sleep on respiratory reflexes

Important excitatory reflex effects on upper airway dilator muscles originate in central and
peripheral arterial chemoreceptors, pulmonary mechanoreceptors, and multimodal receptors
located in the upper airway. The reflexes from chemoreceptors and pulmonary receptors
concurrently affect upper airway and respiratory pump muscles, whereas the afferent inputs
from the upper airway tend to predominantly affect upper airway muscles. In OSA patients,
mechanoreceptors activated by negative pressure in the upper airway provide one level of
reflex protection against upper airway from collapse by reflexly enhancing activity of upper
airway-dilating muscles (66, 330). Indeed, in humans, a loss of this protective reflex during
sleep has been considered an important cause of obstructive apneas and hypopneas during
sleep (45, 104, 110, 584). Here, we will relate the findings in human subjects pertinent to
state-dependence of upper airway reflexes (e.g., 17, 73, 120, 208, 543, 581, 583) to the
extensive information about reflexes from the upper airway in experimental animals (see 34,
223, 269, 462, 588 for reviews).

In the respiratory system, some sleep-related attenuation of various respiratory reflexes has
often been reported (e.g., 21,193,209). However, interpretation of the effects of sleep on
reflexes is complicated because attenuation of reflex effects may occur as a result of reduced
excitability of motoneurons or as a result of an active suppression of reflex transmission at
the central level. In this context, it is worth noting that the reflex control of respiratory rate,
diaphragmatic activity, heart rate, and arterial blood pressure are well maintained during
sleep. For example, negative pressure pulses applied to the airway during expiration produce
a similar reflex prolongation of expiration in wakefulness and NREM sleep, and there is
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only a small attenuation of this response during REM sleep (186). The CO, threshold for
rhythmic respiratory activity stays constant across the states of sleep and wakefulness (210,
224), and ventilatory sensitivity to CO, is the same during NREM sleep and wakefulness
(399, 401). Similarly, reflex control of the heart rate by arterial baroreceptors does not differ
between wakefulness and NREM sleep in normal mice (500). Moreover, the apneic and
bradycardic responses to instillation of water or inflation of a balloon in the larynx that did
not cause arousals were actually more pronounced during REM sleep than NREM sleep
(523). The average diaphragmatic response to airway occlusion was reduced during REM
sleep when compared to NREM sleep, but further analysis revealed that this occurred only at
times when inhibitory effects of REM sleep on diaphragmatic activity predominated, rather
than throughout the state (503). In rabbits, reflex activation of the GG muscle was reduced
during both NREM sleep and REM sleep to a larger degree than expected from the
concomitant suppression of spontaneous GG muscle activity (185). Common to the
examples with small, or no, sleep-related suppression of reflex effects is that the set point of
the regulated variable was near the middle of the range of regulation, rather than close to the
saturation or abolition points.

Data are also conflicting with the regard to the effects of sleep on reflex responses of upper
airway muscles to airway negative pressure. Studies show that these reflexes are present,
albeit attenuated, in GG and other upper airway muscles during both NREM sleep and REM
sleep in chronically instrumented animals (225, 414), healthy humans (193, 209, 318), and
OSA patients (194, 361, 362), and that they help prevent upper airway hypotonia during
sleep (104,110). In some studies, GG muscle response to negative pressure was nearly
abolished during NREM sleep (26, 581, 583). However, in another study in healthy humans,
the GG excitatory response to inspiratory resistive load was present during NREM sleep, but
absent during wakefulness (541). Recent data suggest that the magnitude of reflex activation
of GG by upper airway pressure receptors is proportional to the level of baseline activity
(73). This would be consistent with the interpretation that the suppression of reflex
excitatory effects during sleep is secondary to the reduced level of baseline activity. Body
position may also determine whether GG activation by upper airway negative pressure is, or
is not, suppressed during NREM sleep (318).

It has been reported that, in contrast to healthy subjects, sensory input from the upper airway
makes a negligible contribution to arousal in severe snorers and OSA patients (78, 98).
Reflex activation of upper airway muscles elicited by negative airway pressure or airway
occlusion also is reported to be blunted in OSA patients both awake and asleep (334,362).
Damage of sensory endings and other morphological abnormalities in upper airway mucosa
and muscles described in OSA subjects may be the reason for these impairments (57, 124,
158, 372, 409, 480, 527, 616).

In addition to the sleep-related suppression of reflexes secondary to reduced excitability of
motoneurons and the detrimental effect of OSA on sensory endings, there is also distinct
neurochemical basis for changes in reflex transmission with sleep-wake states. Neurons with
state-dependent changes in activity, such as those containing NE, 5-HT, and ACh, can act
presynaptically on axon terminals transmitting information from peripheral receptors. In
support of this mechanism, studies in /n vitro slices from neonatal and juvenile rats indicate
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that afferent pathways to XII motoneurons are presynaptically suppressed by 5-HT and other
state-dependent transmitters (43, 44, 56, 501, 558). However, in an /n vivo study in adult,
anesthetized cats, microinjections of 5-HT into the XII nucleus did not change the response
of XII motoneurons to negative pressure pulses applied to the upper airway (113),
suggesting that transmission in this particular reflex pathway was not modulated by 5-HT at
the XII nucleus level.

State-dependent modulation of reflex transmission may occur at the sites where peripheral
receptor afferents make their first central synaptic contact. NTS is the main entry point for
many relevant viscerosensory afferent pathways, including those mediating reflexes from
upper airway receptors. NTS is densely innervated by both 5-HT and NE terminals and
contains their receptors (e.g., 97, 324, 325, 441, 447, 537, 546, 547, 595). Stimulation of 5-
HT cells and microinjection of 5-HT, receptor agonists into the NTS suppressed
transmission of cardiovascular reflexes (125, 126). SP (often colocalized with 5-HT)
modulates transmission in vagal reflexes (364,476). Since most studies indicate that 5-HT
and NE have suppressant effects on reflex transmission and the cells that release these
amines are most active during wakefulness, their actions would suppress reflex transmission
primarily during wakefulness and less so during sleep.

In summary, reflexes from airway mechanoreceptors play an important role in the control of
upper airway motoneurons. Their magnitude measured at the motor output levels may vary
with the sleep-wake cycle as a result of both state-dependent changes in upper airway
motoneuronal excitability and due to state specific, central modulation of transmission in
reflex pathways.

Neurotransmitters and Peptides Exerting State-Dependent Control Over

Upper Airway Motoneurons

If a neuron makes excitatory connections with motoneurons and its activity is reduced
during sleep, the excitation is withdrawn, motoneurons become less active, and the process
is called disfacilitation. On the other hand, if a neuron makes inhibitory connections with
motoneurons and its activity is increased during sleep, this will cause a reduction in
motoneuronal activity and the mechanism will be called sleep-specific, active inhibition.
This framework is useful for considering the mechanisms underlying the effects of sleep on
upper airway muscle tone from the perspective of motoneurons that innervate upper airway
muscles.

Insights from reduced animal models versus studies during natural sleep-wake states

Interpretation of the mechanisms underlying the effects of sleep on muscle tone observed
during natural sleep-wake states is complicated by a host of reflexes and behavioral
influences. The secondary increase of upper airway muscle tone occurring with a delay after
the onset of NREM sleep is but one example of how reflexes can mask the central effects of
state on the respiratory output. Data from animal studies show that not only the magnitude of
the effects may be altered, but even their direction may be reversed, leading to incorrect
interpretations. For example, in studies of the effect of the atonia of REM sleep on different
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pools of upper airway and respiratory pump muscles, the magnitude of depression was
smaller when measured in spontaneously breathing, decerebrate cats than when the same
preparation was paralyzed and artificially ventilated at a constant rate and volume (549). In
another study in anesthetized rats, the effects of central microinjections of a cholinergic
agonist, carbachol, into a ventral region of the pons included a profound depression of XII
nerve activity when the experiment was conducted in spontaneously breathing animals. This
suggested that the effect represented pharmacological activation of a REM sleep-related
network. However, the same injections made in paralyzed and artificially ventilated rats
revealed that the depression of XII nerve activity observed in spontaneously breathing rats
was due to stimulation of breathing and hyperventilation. It also turned out that the
injections caused an increase in activity of LC neurons, which was consistent with brain
activation but contrary to the known effects of REM sleep on NE neurons (145). These
examples show that interactions between the central effects of sleep-wake states and the
reflex controls of breathing can significantly influence the final outcomes and their
interpretations. Hence, studies of the effects of sleep-wake states on upper airway muscle
activity conducted in reduced preparations in which reflex effects are minimized or
eliminated help unravel direct influences of sleep on the respiratory system.

Dissociation between respiratory reflexes and central effects of behavioral states on upper
airway activity can be achieved when ventilation and gas exchange are kept constant despite
sleep-related changes in respiratory muscle activity. This can be achieved by recording from
respiratory motoneurons, rather than muscles, in animals with neuromuscular blockade and
artificial ventilation at a constant rate and volume. Such an approach has been used to study
the effect REM sleep on upper airway motoneurons in conjunction with pharmacological
triggering of a REM sleep-like state. The approach was developed based on the evidence
that REM sleep-like neural phenomena can be triggered in both unanesthetized (chronically
instrumented or decerebrate) and anesthetized animals by microinjections of a cholinergic
agonist, carbachol, into a discrete region of the dorsomedial pontine reticular formation (1,
54, 255, 314, 530; see 32, 265, 272 for reviews). In unanesthetized, acutely decerebrated cats
and rats, these REM sleep-like phenomena include the postural atonia, silencing of
medullary 5-HT neurons, depression of activity in XII motoneurons, and eye movements
(255, 354, 530, 549, 598). The pattern of depression elicited in decerebrate, paralyzed, and
artificially ventilated cats in different respiratory motor outputs is typical of the natural REM
sleep in that activity of phrenic motoneurons is only slightly affected, expiratory-modulated
vagal motoneurons that innervate pharyngeal muscles and XII motoneurons are nearly
silenced, whereas laryngeal and intercostal motoneurons are suppressed to an intermediate
degree (138,255,274). The strong suppression of XII motoneurons is similar to the changes
with sleep in EMG activity in naturally sleeping rats and goats in which baseline GG activity
was increased by hypercapnia or hypoxia to ensure that the muscles maintained some
activity during NREM sleep prior to the transition into REM sleep (211, 400, 401). The
suppression of expiratory-modulated vagal motoneurons is similar to that observed in
pharyngeal constrictors (283). Thus, in the carbachol models of REM sleep, there is a
centrally determined pattern of the suppressant effects of the state on the activity of different
pools of upper airway motoneurons that is analogous to that observed during natural REM
sleep.
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Changes in cortical EEG and respiratory output analogous to those occurring during natural
states of NREM and REM sleep can be observed under general anesthesia, and urethane
anesthesia in particular (103,173,218,326,397,398). Furthermore, pontine injections of
carbachol in urethane-anesthetized rats can effectively elicit cortical, hippocampal, and
central neuronal changes that are similar to those occurring during natural REM sleep (140,
530, 600; see 265, 272 for reviews). Figure 11A shows a typical episode of REM sleep-like
state elicited by pontine carbachol injection in a urethane-anesthetized rat. As during natural
REM sleep, NE cells of LC and A5 group are silenced (140, 265). Also as with natural REM
sleep, pharmacological activation of wake-related neurons in the posterior, lateral
hypothalamus blocks the ability of pontine carbachol injections to trigger REM sleep-like
episodes (314). In acute experiments under anesthesia, microinjections can be precisely
placed and can have very small volumes, thus allowing for precise anatomical localization of
the sensitive region. The carbachol-induced REM sleep-like episodes often occur within less
than 1 min after the injection, indicating a close proximity of the episode-triggering site to
the site of injection. In decerebrate cats, the episodes may last in excess of 30 min. In
contrast, in anesthetized or decerebrate rats, they are considerably shorter, 2 to 10 min, end
relatively abruptly and, importantly, can be elicited repeatedly by additional carbachol
injections placed at the same site. The ability to elicit REM sleep-like episodes repeatedly
and in a controllable manner makes feasible experiments at the whole animal and single cell
levels that are difficult to conduct and interpret in behaving animals.

In cats, a discrete site located in the dorsomedial pontine reticular formation ventral to LC
has been identified at which carbachol most effectively elicits a REM sleep-like state
characterized by activation of the cortical EEG, REMs, postural atonia, and PGO waves
(560). In anesthetized rats, REM sleep-like responses are produced from a discrete area in
the dorsal pontine tegmentum located lateral to the ventral tegmental nucleus and rostral to
the subcoeruleus region (142,143,314) (Fig. 11B). Small carbachol injections made in
chronically instrumented, behaving rats into the same region most effectively elicited
frequently occurring REM sleep episodes (54).

In the decerebrate cat and anesthetized rat carbachol models of REM sleep, activity of
medullary inspiratory neurons is minimally suppressed, or even increased, while inspiratory
activity of spinal and cranial respiratory nerves is suppressed to a variable degree (274, 600).
The absence of a major suppressant effect of REM sleep-like state on activity of strongly
inspiratory modulated central neurons is consistent with the recordings from VRG neurons
during natural REM sleep in behaving cats (388, 396). The disparity between no suppression
of activity in central respiratory neurons and very large in some respiratory motor outputs
suppression of motoneuronal activity indicates that REM sleep-related input, whether
disfacilitatory or inhibitory, reaches respiratory motoneurons through pathways that bypass
central respiratory premotor neurons.

Another reduced model of the effects of REM sleep on respiratory motor output is based on
an /n vitro preparation of an arterially perfused brainstem/spinal cord of juvenile rat. In this
model, dorsal pontine carbachol injections can also repeatedly elicit episodes of depression
of upper airway muscle activity and respiratory rate acceleration (60). Since the extracellular
environment can be manipulated in this preparation by intra-arterial perfusion with various
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drugs, the model should prove useful for analysis of transmitters and modulators essential
for the generation of REM sleep and its atonia.

In vivo studies using carbachol models yielded new major findings about the neurochemical
basis of REM sleep influences on upper airway motoneurons. In particular, the first studies
revealing that disfacilitatory mechanisms cause the depression of activity in XII
motoneurons during REM sleep were conducted using carbachol models (137,142,273).
Carbachol models also made possible investigation of the effects of REM sleep on activity
of pontomedullary catecholaminergic neurons of the A1/C1, A2/C2, and A5 groups that are
difficult to access in behaving animals (140,444,519).

One notable phenomenological difference between natural REM sleep and REM sleep-like
state elicited in different preparations by pontine carbachol injections is that the latter occurs
without muscle twitches or the within-state variabilities of the heart rate, respiratory rate, or
tidal volume. To explain this difference, it has been proposed that variabilities and phasic
events may be caused by rapid changes in the levels of endogenous transmitters that trigger
and maintain REM sleep, and that such a changes do not occur when the network
responsible for the generation of REM sleep is activated by an exogenous cholinergic
agonist (255).

Inhibitory amino acids

Intracellular recordings from trigeminal motoneurons in freely behaving cats inspired the
concept that postsynaptic inhibition is the cause of motoneuronal hyperpolarization during
REM sleep (83, 365). The key evidence derived from those experiments was that synaptic
activity, both excitatory and inhibitory, declined during REM sleep in association with
motoneuronal hyperpolarization. Subsequent evidence for these effects being caused by
active inhibition has been strongly influenced by studies of spinal motoneurons. Intracellular
recordings obtained from lumbar motoneurons during either natural REM sleep or REM
sleep-like atonia elicited in decerebrate cats by pontine carbachol injections revealed that
REM sleep was associated with the appearance of inhibitory postsynaptic potentials (IPSPs)
of which some had uniquely large amplitudes (168, 351, 353, 354). The potentials were
abolished by strychnine, an antagonist of chloride-dependent inhibition mediated by glycine,
when the drug was administered by iontophoresis into the vicinity of the recorded from
motoneuron (86). In one study, motoneuronal hyperpolarization during REM sleep also was
nearly abolished (506). These studies demonstrated that large IPSPs recorded from spinal
motoneurons during REM sleep were mediated by glycine. Collectively, the findings were
interpreted as evidence that the motor atonia of REM sleep is caused by an active,
postsynaptic inhibition of motoneurons (85).

As in spinal motoneurons, large IPSPs also occur in XII and trigeminal motoneurons during
the atonia of REM sleep (160, 162, 407, 605), and increased levels of both glycine and
GABA were detected in the XII nucleus region in association with the REM sleep-like
motor atonia produced by electrical stimulation within the dorsal pontine tegmentum (259).
However, none of the studies in which attempts were made to directly address the hypothesis
that active inhibition mediated by glycine is the cause of the atonia of REM sleep yielded
results supportive of this hypothesis. The first study questioning the role of active inhibition
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as the cause of REM sleep-related suppression of activity in XII motoneurons was
conducted using a decerebrate cat carbachol model of REM sleep (273). In that study, the
REM sleep-like depression of spontaneous activity of XII motoneurons was not diminished
by microinjections into the XII motor nucleus of antagonists of either glycine or GABAA
receptors, and the authors concluded that REM sleep-related depression of XII
motoneuronal activity was not caused by active inhibition (Fig. 12). Subsequent similarly
designed studies using the anesthetized rat carbachol model of REM sleep also indicated that
inhibitory amino acids contributed minimally, or not at all, to the depression of activity in
XI1 motoneurons (141, 142). Observations pointing to a small role of glycine and GABA in
causing the REM sleep-related suppression of XII and trigeminal motoneuronal activity
were also derived from experiments with chronically instrumented and naturally sleeping
rats (64, 358). Additionally, based on an earlier evidence that inhibition of orofacial
motoneurons may be mediated by GABAR receptors (44, 381), attempts were made to
simultaneously antagonize glycine, GABA and GABAGR receptors in the trigeminal motor
nucleus to determine whether this would abolish the atonia of REM sleep (65). As a matter
of conclusion from these experiments, it was proposed that a combined antagonism of all
three inhibitory receptors released trigeminal motoneurons from a portion of REM sleep-
related inhibition. However, the study also indicated that the effects of the three antagonists
combined were more powerful during wakefulness and NREM sleep than during REM
sleep. Consequently, when expressed relative to the mean level of activity during
wakefulness, the depression of activity observed during REM sleep was more profound with
than without the antagonists. Finally, it is of note that the first study that attempted to
directly assess the role of inhibitory amino acids, glycine or GABA, in the REM sleep-
related suppression of trigeminal motoneurons indicated that neurotransmitters other than
glycine or GABA must significantly contribute to the depression of excitability of these
motoneurons during REM sleep (505). In that study, large injections of bicuculline or
picrotoxin (to antagonize GABA receptors) or strychnine (to block glycine receptors) were
made into the trigeminal motor nucleus of chronically instrumented cats and reflexly evoked
motoneuronal activity was measured across different sleep-wake states with and without the
antagonists. The study revealed that the antagonists reduced the suppressant effect of REM
sleep on reflexly evoked motoneuronal response by less than 20%. Unfortunately, in the
interpretation of this result, the authors emphasized the importance of the postulated active
inhibitory mechanisms at the expense of the evidence for mechanisms other than active
inhibition that their study clearly uncovered. Figure 13 shows the results from the
experiments designed to test the causality of amino acid-mediated inhibition for the
generation of the atonia of REM sleep in a format conductive for quantitative comparison of
measurements collected in different labs and model systems. Despite many technical
differences, all studies have consistently pointed to the inability to abolish, or even reduce in
a major way, the atonia of REM sleep in either XII or trigeminal motoneurons by
administration of inhibitory amino acid receptor antagonists into the corresponding motor
nuclei.

Thus, while there is evidence that all orofacial motor nuclei receive dense glycinergic
innervation (75, 428), this neurotransmitter may have an important role in mediation of
inhibitory reflex effects and coordination of complex motor tasks required for ingestive
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behaviors and phonation (e.g., 313, 535, 604), whereas its role in the atonia of REM sleep is
negligible.

Norepinephrine and serotonin

The negative evidence for active postsynaptic inhibition as the main cause of depression of
upper airway muscle tone during REM sleep prompted a search for alternative mechanisms.
A withdrawal from upper airway motoneurons of postsynaptic excitation mediated by 5-HT
and NE (disfacilitation) has been proposed as the main cause of XII motoneuronal
depression during REM sleep (271, 276). Subsequently, a withdrawal of aminergic
excitation was found to be both necessary and sufficient to explain the REM sleep-related
suppression of XII motoneuronal activity in the anesthetized rat carbachol model of REM
sleep (142).

Aminergic disfacilitation was initially proposed based on studies using the decerebrate cat
carbachol model of REM sleep. In decerebrate, vagotomized, paralyzed, and artificially
ventilated cats, microinjections of 5-HT, receptor antagonists into the XII nucleus caused
about a 50% decline of spontaneous activity of the XII nerve. This suggested that about 50%
of spontaneous XII nerve activity was dependent on endogenous serotonergic drive (276).
The neural nature of this drive was confirmed in microdialysis experiments in which, in
decerebrate cats, extracellular level of 5-HT in the XII nucleus region decreased during the
REM sleep-like atonia and when medullary 5-HT neurons were silenced by pharmacological
means (275). An estimate of the magnitude of serotonergic effect on upper airway muscle
tone in English bulldogs (a natural model of OSA) conducted by means of a systemic
administration of a 5-HT, receptor antagonist and recording of sternohyoid muscle activity
also revealed that about 50% of spontaneous activity of this muscle during wakefulness
depended on endogenous 5-HT (191, 564). In two studies in anesthetized and vagotomized
rats, microinjections of various antagonists of 5-HT> receptors reduced XII nerve activity by
about 60% (136,508). However, in a third study in anesthetized and vagotomized rats,
multiple microinjections of a broad-spectrum 5-HT receptor antagonist, methysergide,
placed along the entire rostro-caudal extent of the XII nucleus caused a reduction of only
15% to 30% (142). In a study in chronically instrumented, unanesthetized rats with vagi
intact and microperfusion of a portion of the XII nucleus with a 5-HT receptor antagonist,
mianserin, spontaneous GG EMG, was not significantly reduced (509). To explain the
absence of significant effect in unanesthetized, behaving rats, it was proposed that the
endogenous 5-HT drive was lower in these studies than in the other ones due to the absence
of vagotomy. However, another plausible explanation is that local microperfusion with an
antagonist was not sufficient to reveal endogenous 5-HT effects of a statistically significant
magnitude because the antagonist was delivered to only a limited portion of the XII nucleus
and under the conditions when the level of spontaneous activity in XII motoneurons was
low. Nevertheless, collectively, these results suggested that the endogenous excitatory effect
of 5-HT on XII motoneurons is weaker in rats than in other species.

In unanesthetized, decerebrate, vagotomized, paralyzed, and artificially ventilated cats,
microinjections of 5-HT into the XII nucleus attenuated, but did not abolish, the REM sleep-
like depression of XII nerve activity elicited by pontine carbachol (277). Similar findings
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were obtained from chronically instrumented, naturally sleeping rats in which administration
of 5-HT into the XII nucleus region by reverse microdialysis only modestly attenuated the
REM sleep-related depression of GG muscle activity (233). In further support of these
findings, it was noted that even the most extensive microinjections of 5-HT receptor
antagonist, methysergide into the XII nucleus made in either decerebrate cats or anesthetized
rats were not able to reduce XII nerve activity by the same amount as that seen during the
experimentally elicited state of the atonia of REM sleep (142, 276). Thus, the withdrawal of
serotonergic excitatory effects mediated by 5-HT, receptors may make a measurable, but
only a partial, contribution to the REM sleep-related decrements of XII motoneuronal
activity.

As with 5-HT, the levels of NE were also reduced in the XII nucleus region when
motoneuronal activity was depressed in decerebrate cats by electrical stimulation within the
dorsomedial pontine REM sleep-triggering region (288). Also as with 5-HT, measurements
of the magnitude of the excitatory effect of NE on XII motoneurons suggested species
differences. In urethane-anesthetized, paralyzed and artificially ventilated rats,
microinjection into the XII nucleus of prazosin, a selective antagonist of a1-adrenoceptors,
caused about an 80% decrease of respiratory-modulated XII nerve activity, indicating that,
under these experimental conditions, XII motoneurons of rats receive a strong endogenous
NE excitatory drive (142). Similarly, in unanesthetized, chronically instrumented rats, local
antagonism of NE excitation in the XII nucleus region caused a profound suppression of GG
EMG during wakefulness (82). In contrast, in cats, serotonergic (and also histaminergic)
excitation was considerably stronger than that mediated by NE (371). Nevertheless,
exogenous stimulation of a.1-adrenoceptors in the XII nucleus region in chronically
instrumented rats could not prevent the depression of GG muscle activity during natural
REM sleep (82).

Based on the findings that NE and 5-HT partially contribute portions of endogenous
excitatory drive to XII motoneurons and that both NE and 5-HT cells are silenced during
REM sleep, experiments were designed to test the hypothesis that a combined
pharmacological antagonism of 5-HT and NE receptors in the XII nucleus is functionally
equivalent to the depression of XII motoneuronal activity during REM sleep (137,141,142).
The premise of these experiments was that, if the depression of activity of XII motoneurons
during REM sleep is caused by a concurrent withdrawal of excitations mediated by NE and
5-HT, then no additional REM sleep-like depression should occur following
pharmacological antagonism of the relevant aminergic receptors at the level of the XIlI
nucleus. Based on studies of the major types of 5-HT and NE receptors that may mediate
excitatory effects in the XII nucleus, the a1-adrenergic receptor blocker, prazosin, and a
broad-spectrum 5-HT receptor antagonist, methysergide, were used to eliminate aminergic
excitatory effects. A control REM sleep-like episode was elicited by pontine carbachol
injection, after which the XII nucleus was injected with a mix of NE and 5-HT receptor
antagonists, and then additional REM sleep-like episodes were elicited at approximately 30
min intervals as the aminergic antagonists first attained their full effect and then started to
diffuse away (Fig. 14).
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The experiments revealed that the two antagonists injected together reduced XII nerve
activity to approximately the same level as that attained during the REM sleep-like episodes
elicited by pontine carbachol injections not preceded by the antagonists. Conversely, when
REM sleep-like episodes were elicited while the antagonists were fully active, there was no
further reduction of XII nerve activity, whereas other changes characteristic of the REM
sleep-like state did occur (Fig. 14). This finding was consistent with an occlusion occurring
between the depressant effect of REM sleep-like state and the combined NE and 5-HT
receptor antagonism. It is also of note in Figure 14A that the depression of XII nerve activity
elicited by the combined prazosin and methysergide injections developed over a period of
about 10 to 20 min. This is a relatively long period during which, according to relevant
estimates conducted in another study (381), the antagonist could start diffusing beyond the
boundaries of the XII nucleus. Based on this observation, it has been suggested that a part of
the occlusion between the effects of REM sleep-like state and pharmacological antagonism
of NE and 5-HT receptors could take place outside the XII nucleus (134). While this is
possible, one needs also to note that many dendrites of XII motoneurons extend considerably
far outside the XII nucleus (16) and that both NE and 5-HT terminals also occur in the
reticular formation lateral, ventral and ventrolateral to the XII nucleus (albeit at a lower
density than within the XI1I nucleus). Therefore, if any relevant for these experiments
antagonism of NE and 5-HT receptors occurred outside the XII nucleus, its targets could be
distal dendrites of XII motoneurons and possibly cell bodies and terminals of XII premotor
neurons located in the IRt region lateral and ventrolateral to the XII nucleus (Fig. 3) because
these cells may also have NE and 5-HT receptors (368).

Additional experiments revealed that, when REM sleep-like atonia was elicited after
injections of prazosin only or methysergide only, XII nerve activity still exhibited a
significant decline. Thus, combined microinjections of prazosin and methysergide were both
necessary and sufficient to fully mimic the REM sleep-like suppression of XII nerve activity
(142). As such, the experiments demonstrated that, at least in the anesthetized rat model, the
REM sleep-related depression of X1 motoneuronal activity can be fully explained as caused
by a combined withdrawal of only two excitatory inputs, noradrenergic and serotonergic. A
broader implication of this finding pertains also to the role of NE and 5-HT in the control of
upper airway muscle activity during NREM sleep. As discussed earlier, activity of 5-HT and
NE neurons declines during NREM sleep and reaches a nadir during REM sleep. Thus,
aminergic disfacilitation may contribute to a partial reduction of muscle tone during NREM
sleep and then to its loss during REM sleep.

The finding that, at least in urethane-anesthetized rats, the REM sleep-like depression of XII
motoneuronal activity is caused by withdrawal of motoneuronal excitation mediated by only
two modulators, NE and 5-HT, and that, at least in rats, the endogenous drive mediated by
NE has a dominant role in setting the baseline level of activity in XII motoneurons prompted
questions about the relative role of different sources of NE projections to the XII nucleus in
the REM sleep-related disfacilitation of XII motoneurons. One earlier study found that NE
axonal projections to the XII nucleus originate mainly in the pontine A5, SubC, and A7
groups (10). Specifically, when quantified relative to all pontine NE neurons retrogradely
labeled from the XII nucleus, the cells located in the SubC region represented 69% of the
total, those in the A7 represented 21%, and those in the A5 group, 10%. In another similar
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study which also included medullary catecholaminergic neurons, the distribution was 43.5%
for the A5 group, 21.0% for the SubC, 15% for A7 group, 18.5% for the combined
medullary A1/C1 group, and only 1.7% for LC (Fig. 15A) (447). Since there are no
adrenergic fibers in the XII nucleus (239), the projections from the ventrolateral medulla
must have originated from the NE neurons of the A1 group. Importantly, when data from the
latter study were expressed relative to the total numbers of NA cells in each group, 7.5% of
all A7 cells, 5.1% of A5 cells, 3.1% of SubC cells, 0.9% of A1/C1 cells, and 0.1% of LC
cells were retrogradely labeled from the XII nucleus (Fig. 15B). This suggests that,
compared to other NE groups, a particularly large proportion of neurons of the A7 group
provides endogenous NE drive to XII motoneurons.

To obtain a functional estimate of the relative strength of the endogenous NE excitatory
drive to XII motoneurons from different NE cell groups, experiments were conducted in
urethane-anesthetized, paralyzed, and artificially ventilated rats. Since NE cells can be
silenced by stimulation of their a,-adrenergic autoreceptors (214, 431), local
microinjections of the ay-adrenergic receptor agonist, clonidine, were made targeting
different sites of origin of NE projections to the XII nucleus with the goal to eliminate NE
input from these sites and measure the impact of the injections on spontaneous XII nerve
activity. In separate experiments, the A5, SubC, or A7 groups were targeted (140, 144, 146).
Of all sites tested, only the injections placed in the A7 group significantly reduced
spontaneous XII nerve activity by 31% following unilateral injections (146). Thus, unilateral
pharmacological inhibition of A7 cells resulted in significant decrements of XII nerve
activity, whereas silencing of A5 or SubC cells did not. The absence of significant effects
from the A5 or SubC groups is not fully consistent with anatomical evidence for NE
projections from these groups to the XII nucleus. One possible explanation is that efferent
projections exist but they make relatively weak excitatory connections.

For 5-HT, neuroanatomical and neurophysiological data show that substantial differences
exist in the density of innervation and magnitude of effects among different groups of
orofacial motoneurons. These differences are of interest because they may be related to the
differences in the effect of sleep on different upper airway muscles. For example, laryngeal
(vagal) motoneurons have a higher density of 5-HT terminals than XII motoneurons (23,
525), suggesting that 5-HT may exert stronger effects on laryngeal than other orofacial
motoneurons. However, the sensitivity of XII motoneurons to iontophoretically applied 5-
HT was higher than that of laryngeal motoneurons when measured relative to the baseline
firing rate (139). One reason for this discrepancy may be that many 5-HT terminals do not
make identifiable synaptic contacts and, instead, contribute to what is called “volume
transmission” (4). In this type of transmission, neurotransmitters are released into the
extracellular space and then diffuse to their target receptors. Such “free” 5-HT terminals
may account for about 75% of 5-HT terminals in the XII nucleus (13), whereas in the
trigeminal motor nucleus they represent less than 25% of all 5-HT terminals (454). Volume
transmission may be a particularly suitable mechanism for the regulation of cell excitability
in relation to behavioral states of wakefulness and sleep. Therefore, the high incidence of
“free” 5-HT terminals in the XII nucleus is consistent with 5-HT playing a role of a global,
state-dependent modulator of excitability of XII motoneurons. In the XII nucleus, 5-HT
terminals are frequently closely apposed to the distal dendrites and only rarely to the
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proximal dendrites and cell bodies of XII motoneurons (12, 13, 525). This is also consistent
with 5-HT playing a role of a state-dependent modulator of XII motoneuronal excitability.

In addition to the differences among motoneuronal groups innervating different upper
airway muscles, data discussed in this section suggest that species differences exist in the
effects of 5-HT and NE at least in the case of XII motoneurons. In rats, the relative
contribution of endogenous activation mediated by NE is larger than that of 5-HT, whereas
in cats it is the opposite. Data also suggest that the excitatory effects mediated by 5-HT (but
not by NE) vary with circadian time because mRNA and protein levels for the excitatory 5-
HT,a receptors are higher in the XII nucleus during the active period (night in rats) than
during the rest period (574). Accordingly, one would expect to find that endogenous
activation of XII motoneurons is stronger during the active period than during the rest period
of the circadian cycle. These regional, circadian and species differences uncovered in animal
studies point to the need to better quantify the relative roles of 5-HT and NE in the control of
upper airway muscles in humans in whom aminergic effects on upper airway motoneurons
are especially relevant for the pathophysiology of OSA.

Excitatory peptides—orexins, thyrotropin-releasing hormone, and substance P

Orexin cells are localized exclusively in the perifornical region of the posterior
hypothalamus (410, 461). They have the highest level of activity during active wakefulness,
minimal or no activity during NREM sleep and low-level, bursty activity during REM sleep
(Fig. 4). They send axons to many sites within the forebrain, brainstem, and spinal cord, and
in particular to those regions that are active during wakefulness (Fig. 16). Among their major
targets are motoneurons, including those innervating orofacial muscles, brainstem NE, 5-HT
and ACh neurons, and sympathetic preganglionic neurons (115, 161, 212, 573, 615). Given
the excitatory nature of orexins and strong connections of orexin neurons with other wake-
related targets, orexins are able to amplify other excitatory effects in the CNS in relation to
wakefulness. Conversely, a loss of orexinergic excitation results in reduced alertness and
reduced motor activation.

Orexin-containing cells are under strong endogenous inhibition mediated by GABAA
receptors in both chronically instrumented, behaving and anesthetized animals (8, 314). This
allows one to experimentally increase orexin cell activity by locally blocking GABAergic
inhibition with antagonists such as bicuculline or gabazine. In unanesthetized rats,
disinhibition of orexin and other cells located in the hypothalamic perifornical region
increases wakefulness and suppresses sleep (8,570). In anesthetized rats, bicuculline
microinjections into the perifornical region activate upper airway muscle tone, increase the
respiratory rate and arterial blood pressure, and cause cortical and hippocampal activation
(314).

Although anatomical data show that NE and 5-HT neurons are among the major targets of
orexinergic projections and exogenous orexin strongly activates these neurons (55, 212,
228), experimental activation of orexin and other cells located in the perifornical
hypothalamus can increase activity of XII motoneurons even when 5-HT, and a;-adrenergic
receptors are blocked at the level of the XII nucleus (147). This could happen if activation of
XII motoneurons were mediated by direct descending projections of hypothalamic orexin
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neurons to the XII motor nucleus (Fig. 16). However, activation of X1l motoneurons elicited
by activation of posterior hypothalamic perifornical neurons was not attenuated when the
orexin type 2 receptor antagonist, almorexant (15 mg/kg) (62) was injected into the XII
nucleus (518).

In the same model, a systemic administrations of almorexant attenuated, but did not abolish,
the tachypneic and sympathoexcitatory effects of hypothalamic microinjections of
bicuculline (220). Thus, as proposed in Figure 16, a part of the response elicited by
disinhibition of hypothalamic perifornical neurons may be due to activation of
nonorexinergic neurons located in this region. One role of endogenous orexin in the control
of upper airway motoneurons that has been revealed to date is exerted at the very site where
orexin-containing cells are located. Specifically, when almorexant was injected into the
posterior hypothalamus prior to activation of posterior hypothalamic cells with the GABAA
receptor antagonist, gabazine, the resulting activation of XII motoneurons was delayed and
attenuated and the increases in respiratory rate and heart rate were diminished when
compared to the effects of hypothalamic gabazine without almorexant pretreatment (518).
Collectively, these findings suggest that the effects elicited by disinhibition of cells in the
perifornical hypothalamic region originate in both orexin-containing and other neurons with
overlapping projections and redundant functions. It also appears that orexin cells excite other
adjacent neurons that, in turn, distribute this excitation to different cardiorespiratory outputs.

The loss of orexinergic activation is associated with reduced respiratory chemosensitivity
(102). Stimulation of breathing by elevated inspiratory CO, increases expression of the early
gene c-Fos in orexin and other adjacent hypothalamic neurons (526). Increased c-Fos
expression in these neurons suggests that their firing rate is increased. This may be related to
anxiety triggered by the feeling of dyspnea. Indeed, activation of orexin neurons during
hypercapnia may lead to an increased arousal and anxiety (593). Regardless of the
underlying mechanisms, orexin cell activation secondary to hypercapnia can facilitate
ventilatory effort. It is also of note that even before information about the location and
neurochemical nature of orexin neurons was established, the perifornical region of the
posterior hypothalamus was recognized as an important site for the maintenance of
wakefulness and for the coordination of the behavioral “fight or flight” response (e.g.,
36,108,121). There is now compelling support for orexinergic excitation being one of the
neurochemical substrates of both the “fight or flight” response and the wakefulness stimulus
for breathing.

Baseline ventilation in orexin knockout (KO) mice does not differ from that in the wild-type
strains but the KO animals exhibit reduced ventilatory response when breathing is stimulated
by increased levels of inspired CO,. Other evidence from rodents further supports a role of
orexins in ventilatory activation elicited by hypercapnia and central acidification. In
arterially perfused brainstem-spinal cord juvenile rat preparation, respiratory rate response to
hypercapnia is attenuated by bath application of an orexin-1 receptor antagonist (94). This
suggests that any endogenous orexin that might be present in the brainstem of this
preparation acts at the brainstem level to facilitate transmission of CO, stimulus to the
central respiratory rhythm generating neurons. Such an action may be exerted in the
ventrolateral medullary retrotrapezoid nucleus neurons which are established central sensors
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of brain acidification (295). However, an alternative explanation for these findings would be
that relevant orexin receptors are constitutively active and pH-sensitive in the conditions of
these experiments.

Investigation of the sleep-wake state-dependent role of orexins in modulation of CO,
sensitivity in orexin KO and wild-type mice suggests that orexins do not exert any effects on
the hypoxic ventilatory response and facilitate ventilatory response to hypercapnia only
during wakefulness (366). In another study, facilitatory effects of orexins on hypercapnic
ventilatory response were strongest during wakefulness bouts occurring during the dark
(active) phase of the circadian cycle, and the ventrolateral medullary retrotrapezoid region
was found to be an important site where such a state- and circadian time-dependent
facilitation could take place (106). The state dependence of the effect of orexin on
ventilatory chemosensitivity is consistent with the well-established state dependence of
orexin cell activity. Orexin KO mice also have more frequent sleep-related central apneas
(350, 366). The increased expression of central sleep apneas in orexin KO mice is puzzling
because orexin cells are nearly silent during NREM sleep. Nevertheless, the increased
propensity for central apneas in orexin KO mice may be taken to suggest that withdrawal of
orexinergic excitation elevates the hypocapnic apneic threshold. Appropriate experiments
directly addressing this possibility remain to be conducted.

TRH and SP are colocalized in medullary 5-HT neurons and may be coreleased from their
axon terminals (167, 195, 197, 204, 525, 536). Both are excitatory to upper airway
motoneurons (41,165,434,587), with both neurokinin receptors (for SP) and TRH receptors
expressed in orofacial motor nuclei (165, 189, 321, 367; see 163 for a review). The effects of
SP on XII motoneurons are similar to those of NE, with both sharing the same intracellular
pathways (606). It is not known under what conditions TRH and SP exert endogenous
excitatory effects on upper airway motoneurons, but it has been proposed that the release of
peptides from axon terminals of raphé neurons requires higher levels of activity than those
needed to release 5-HT (229). During strong motor and respiratory efforts, the firing rate of
caudal raphé cells increases by 50% to 100% above the 1 to 4 Hz typical for quiet
wakefulness and may occur in bursts (563). This raises the possibility that TRH and/or SP
are released at times of enhanced respiratory effort; e.g., during exercise or arousals
triggered by airway occlusion. In addition to the role of firing rate, complex pre- and
postsynaptic interactions between 5-HT and associated peptides were proposed as important
determinants of the conditions under which peptides are likely to be released (201,348). The
powerful effects observed when exogenous SP or TRH are applied onto upper airway
motoneurons warrant more research, as there is a potential for their therapeutic use in OSA,
but progress in this area is hampered by limited availability of suitable receptor agonists and
antagonists.

Acetylcholine

Cholinergic cells of the IRt region are probably the main source of ACh afferents to the
orofacial motor nuclei (553, 572). This region extends throughout the length of the medulla
and also contains inspiratory-modulated neurons that mediate inspiratory drive to XII
motoneurons, cells that mediate reflex effects to X1 motoneurons (80, 512, 551) and cells
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important for the generation of twitches that occur during REM sleep in the masseter
muscles (19). Most of these cells are probably glutamatergic (69,164,513), whereas the role
of ACh cells of the IRt region remains to be defined. Activity of many inspiratory-modulated
IRt neurons increases during carbachol-induced REM sleep-like state (600), whereas the
effect of REM sleep-like state on activity of identified ACh neurons of the IRt region is
unknown. Additional ACh projections to the XII nucleus originate in the dorsal pontine
tegmentum. These projections appear to be relatively scant and primarily originate in the
pars-compacta of the PPN and a part of the LDN (448). These cells may have state
dependent activity typical of pontine ACh neurons (Fig. 4); some may be maximally active
during both wakefulness and REM sleep, others may have relatively selective activity
increases during REM sleep, and still others may generate phasic bursts in association with
phasic events of REM sleep.

ACh exerts both pre- and postsynaptic effects on orofacial motoneurons (43,79,423,613).
Postsynaptic excitatory effects are mediated by nicotinic (N) receptors (79,613), but mRNAs
for both N and M receptors are present in XII premotor neurons of the IRt region and
neurons of the VRG (484, 572; see 272 for a review). Accordingly, these medullary
inspiratory cells may express both N and M receptors as postsynaptic receptors on their cell
bodies or as presynaptic receptors on their axon terminals. M, receptors most commonly
occur as presynaptic receptors that negatively control ACh release (291). The presence of
M, receptor mRNA in glutamatergic X1l premotor neurons of the medullary IRt region
additionally suggests an arrangement where ACh may presynaptically inhibit glutamate
release, thereby suppressing the magnitude of inspiratory drive to XII motoneurons.
Presynaptic inhibition of glutamatergic activation of XII motoneurons mediated by M,
receptors has been demonstrated in /n7 vitro medullary slices from juvenile rats (43). In these
experiments, the effect occurred without changes in postsynaptic properties of motoneurons
and was associated with a reduction in the frequency, but not amplitude, of spontaneous
postsynaptic currents, as would be expected from inhibition of glutamate release from
presynaptic terminals. Both N excitation and M suppression of GG EMG was also observed
in in vivo studies in urethane-anesthetized rats in which various cholinergic agonists and
antagonists were microperfused into the XII nucleus region (310). Under these conditions,
the suppressant effects mediated by M receptors were more powerful than the excitation
mediated by N receptors. M receptor-mediated activation was also reported in neonatal X1I
motoneurons (221). These excitatory effects could be mediated by M1 receptors (291).

In chronically instrumented, behaving rats, microdialysis perfusion of the XII nucleus region
with a broad spectrum M receptor antagonist, scopolamine, resulted in a significant increase
of GG muscle activity during wakefulness, NREM sleep and the REM sleep periods without
phasic muscle twitches (170). Because the absolute magnitude of this effect was similar in
all three states, the increases expressed relative to the control activity level in each state were
more prominent during NREM sleep than during wakefulness, and even more so during
REM sleep without muscle twitches. Remarkably, the activity-enhancing effect of
scopolamine was most powerful during the periods of REM sleep with muscle twitches. The
increases during this period were significantly larger than those observed during either
wakefulness or NREM sleep regardless of whether the absolute or relative magnitude was
considered as a reference. This suggests that scopolamine preferentially facilitated
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transmission to XII motoneurons of phasic excitatory synaptic inputs that cause muscle
twitches.

Scopolamine is a broad-spectrum M receptor antagonist but the effects of its delivery to the
XI1 nucleus region across sleep-wake states combined with the known distributions of
different M receptors in the brainstem have led to the suggestion that scopolamine enhanced
GG muscle activity preferentially during REM sleep with twitches due to its antagonistic
action on My, receptors (170). This hypothesis needs to be further explored using more
selective antagonists of M, receptors applied over a range of doses and in combination with
selective agonists. It will also be important to determine whether the XII nucleus is the main
site where the state-dependent effect of scopolamine is exerted because the microdialysis
probes used were sufficiently long to extend considerably beyond the boundaries of the XIlI
nucleus. The sites located dorsal and ventrolateral to the XII nucleus include the
viscerosensory NTS and the dorsomedial part of the IRt region, both of which contain
various M receptors (33, 68, 320, 422, 567). Nevertheless, the findings with scopolamine
prompted Grace et al. (170) to focus on the possibility that M, receptors are the most likely
target of scopolamine in their experiments. This, in turn, directed their attention to certain
class of potassium (K*) channels that are implicated in mediation of M, receptor effects, as
discussed in the next section.

Potassium channels

Pharmacological and genetic studies have led to the identification of diverse of K* channels.
These channels occur both in the CNS and peripheral organs, including the heart, kidney and
lungs; they play major roles in normal physiologic processes and contribute to pathologies
as diverse as cancer and diabetes (see 88,95,317,319,481,528,548,554 for reviews of K*
channels in the brain). Under most conditions, opening of these channels results in an
increased flow of K* ions out of the cell and, consequently, a shift toward a more
hyperpolarized membrane potential. The channels differ in their kinetics and second
messenger pathways, have different activating and modulating factors, and some are voltage
dependent. Among the latter, some are activated only when membrane potential is close to
the equilibrium potential for K* ions, which effectively makes them act as stabilizers of
membrane potential near a relatively hyperpolarized level. K* channels of different types
occur with different densities in different brain regions.

The diversity of K* channels is highly relevant to the discussion of state-dependent control
of the motor output to upper airway muscles across sleep-wake states because many of the
transmitters and modulators that act in a state-dependent manner exert their effects by acting
on these channels. For example, neuronal depolarization elicited by 5-HT, NE, orexins,
TRH, and SP is achieved through a closure of constitutively open K* channels (3, 163, 165,
228, 293, 554, 606). Conversely, when release of these modulators is reduced, K* channels
partially reopen, leading to hyperpolarization. K* channels also mediate different
components of afterhyperpolarization that follows each action potential; this, in turn,
stabilizes the neuronal firing rate. Other K* channels are positively coupled to inhibitory
receptors, such as GABARg or p-opioid receptors, resulting in their opening and cell
hyperpolarization when the receptors are stimulated by their ligands. In a subset of K*
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channels, their opening varies with pH; such channels were found in brainstem cells
responsible for central respiratory chemosensitivity, and their elimination resulted in
impaired ventilatory response to CO, (577, 578). The availability of specific
pharmacological tools for identification of different K* channels in relation to their different
roles is limited. Nevertheless, the large diversity and powerful effects of K* channel
manipulations on neuronal excitability make these channels an attractive target for
experimental and therapeutic interventions.

The potential to target K* channels with a goal to increase upper airway muscle tone during
sleep as the means for a pharmacological treatment of OSA has been considered in a recent
review (172). Based on their own data and evidence published by others, the authors
proposed that M, receptors located within the X1 nucleus and coupled to K* channels
mediate an inhibitory effect on XII motoneurons that is preferentially exerted during REM
sleep. The basis for this was the finding that perfusion of the XII nucleus region with
Tertiapin-Q, a compound acting mainly on a subset of K* channels (the inwardly rectifying
channels: GIRK1/Kir 3.1, GIRK4/Kir 3.4 and ROMKZ1/Kir 1.1; as well as the calcium-
activated (Kc,) large conductance (BK) channel), had quantitatively similar effects on GG
muscle activity as the perfusion of the XII nucleus with the M receptor antagonist,
scopolamine (170). Furthermore, since My receptors are typically coupled to a subset of Kir
channels, Grace et al. (172) proposed that the K* channels involved in the state-dependent
control of XII motoneurons may include the Kir2.4 subunit because this subunit is
prominently expressed in the orofacial motor nuclei. The relative role of this one versus
other K* channels that may also regulate other aspects of orofacial motoneuronal activity
remains to be investigated.

While certain K* channels may be actively involved in mediation of the NREM or REM
sleep-related depression of activity in upper airway muscles, the well-established role of
voltage-dependent (Kv), and tandem pore domain (K2P/TASK) K* channels in mediation of
the excitatory effects of NE, 5-HT, orexins, TRH and SP makes them worth of interest as
potential targets for enhancement of upper airway muscle activity during sleep in OSA. With
this in mind, Grace et al. (171) investigated the effects of microdialysis perfusion of the XII
nucleus region with various K* channel blockers in chronically instrumented, behaving rats.
The key findings from that study are illustrated in Figure 17. When barium ions (Ba*2) were
included in the perfusate to preferentially block Kir channels, GG muscle activity was
elevated in all sleep-wake states (Fig. 17A), with the effect being most prominent during
wakefulness and during REM sleep with muscle twitches (REM(4, in the figure). XII
nucleus perfusion with an experimental antagonist of TASK channels, methanandamide,
yielded effects different from the effects of Ba*2 in that excitation was limited to the period
of wakefulness (Fig. 17B). This could be explained by assuming that the main action of this
antagonist was on the same K* channels that are being closed by activation of 5-HT, NE, and
other receptors that are mainly active during wakefulness and only minimally so during
NREM or REM sleep. In contrast, perfusion with 4-aminopyridine (4-AP) or
tetraethylammonium (TEA) which, respectively, block the voltage-dependent Kv4 and Kv2
channels, increased GG activity across all sleep-wake states with no preference for
wakefulness (Fig. 17C). Interestingly, both 4-AP and TEA were especially effective during
REM sleep periods with twitches, suggesting a suppressant effect of certain K* channel

Compr Physiol. Author manuscript; available in PMC 2017 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kubin

Page 36

opening on the transmission of phasic twitches to XII motoneurons. Collectively, these
experiments demonstrated that closure of certain K* channels can elevate GG muscle
activity to, or above, the levels of activity during wakefulness. By extension, a sufficiently
strong activation may also be achievable in OSA subjects whose upper airway muscle tone
needs to be higher than in subjects with fully patent upper airway to protect the airway from
collapse. The questions of which K* channels can be targeted most effectively and
selectively, and how to deliver the drugs without prohibitive side effects, remain to be
resolved through additional experiments.

Convergence of state-dependent pathways on upper airway motoneurons

As a result of many years of research motivated by clinical problems posed by OSA, a large
body of knowledge has been accumulated about the basic neurochemistry and
neurophysiology of the different pathways that converge on upper airway motoneurons and
control their respiratory behaviors or changes with the states of wakefulness and sleep. The
scheme in Figure 18 shows how such inputs converge on an upper airway motoneuron.
Considerably more is currently known about the state-dependent effects mediated by 5-HT,
NE and ACh than about histamine or peptidergic effects. The role of glutamate as the main
transmitter mediating respiratory drive to motoneurons and the different modulatory
pathways that regulate this input mainly at the presynaptic level and in a state-dependent
manner have been explored extensively. There is a consensus that active postsynaptic
inhibition mediated by amino acids, albeit detectable in upper airway motoneurons, plays a
minor role in sleep-related decrements of their activity. However, there is multifaceted
evidence that such postsynaptic inhibition is very important for coordination of reflexly and
centrally controlled use of upper airway motoneurons for their nonrespiratory function. For
more information on excitation and active inhibition of orofacial motoneurons during
nonrespiratory behaviors the reader is referred to other sources (e.g., 39, 313, 535).

With a lot already known, it is worthwhile to acknowledge a few important gaps in the
present knowledge and consider possible future research directions. First, it is now apparent
that there is a disparity between our understanding of the mechanisms exerting state-
dependent control over the motor output to the upper airway relative to the corresponding
control of the axial and limb muscles. This is somewhat ironic because the original
inspiration for the studies of state dependence of upper airway motoneurons was derived
from research on the effects of sleep on postural muscles (e.g., 168, 352-354, 417, 506). The
current picture is that, qualitatively, the sets of neurochemically distinct, state-dependent
inputs converging on upper airway and spinal motoneurons are similar. Beyond this,
however, there are probably significant quantitative differences that have not been addressed
because the progress with studies of state-dependent control of postural muscles of the
spinal cord has largely stalled in recent years while significant advances were being made in
the corresponding research on the control of upper airway muscles. In particular,
experiments with direct administration of inhibitory amino acid antagonists into the
orofacial motor nuclei revealed a very limited role of active inhibition during REM sleep
(Fig. 13). This, in turn, resulted in intense exploration of alternative mechanisms and led to
the discovery of important roles of 5-HT, NE, and ACh and their interactions with glutamate
(82, 142, 170, 233, 275, 276, 474). In contrast, no such experiments have been undertaken to
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explore spinal motoneurons. This is, in part, due to technical limitations; spinal motor
columns are less amenable to experimental approaches based on local and selective
infiltration of targeted motor nuclei with neurotransmitter receptor agonists and antagonists
than the cranial motor nuclei. Nevertheless, this line of research on spinal motoneurons is
needed to determine, both qualitatively and quantitatively, whether the mechanisms of state-
dependent control differ between different pools of spinal motoneurons (e.g., those
innervating axial vs. distal muscles, or upper spinal vs. lumbar motoneurons), and between
spinal and orofacial pools. It is of note that there has been progress with quantification and
comparative studies of the pattern and intensity of muscle twitches occurring in different
orofacial, axial and distal muscles innervated by spinal nerves (e.g., 47, 157, 245, 332, 439,
446). This should help with cellular studies of the neurochemical, neurophysiological, and
neuroanatomical basis of differences between state-dependent control of spinal and orofacial
motoneurons.

Another question that needs a reconciliation emerged as a result of findings from rat XII
motoneurons that appear to propose alternative mechanisms of depression of activity in XII
motoneurons during REM sleep. On the one hand, Fenik et al. (142) proposed that the REM
sleep-related depression of XII motoneuronal activity can be nearly completely explained as
caused by a combined withdrawal of excitation mediated by just two transmitters, 5-HT and
NE. In a related study, they also demonstrated that any additional active inhibitory process
mediated by GABA or glycine was negligible (137). On the other hand, Grace et al. (170)
provided evidence suggesting that a major part of the REM sleep-related suppression of
activity in XIl motoneurons is dependent on an active inhibitory process that resides within
or adjacent to the XII nucleus and is mediated by M, receptors. Furthermore, based on the
findings that a direct administration of 5-HT and/or NE receptor agonists into the XI|I
nucleus region could not counter the REM sleep-related depression of activity in XII
motoneurons, the same group concluded that mechanisms other than disfacilitation resulting
from a withdrawal of excitatory effects of 5-HT and NE may play an important role (82,
233). Since all these results were obtained from rats, species differences can be excluded as
a reason for different conclusions. However, several other important differences and
technical issues need to be pointed out. First, while the conclusion that a combined
withdrawal of 5-HT and NE is sufficient was derived from studies with microinjections of
the relevant receptor antagonists into the XII nucleus, the opposite conclusion that
withdrawal of 5-HT and NE is not sufficient was obtained by attempts to infiltrate the XII
nucleus with receptor agonists. Because it is technically more difficult, if possible at all, to
fully saturate the relevant receptors with agonists without a concomitant side effect from
exogenous stimulation of relevant receptors located in the regions adjacent to the target site,
it is not unexpected that agonist treatment could not eliminate the REM sleep-related
depression. Indeed, the same limitation was also considered in earlier studies in cats (277).
Second, it is important to note that the data pointing to a major and possibly sufficient role
of withdrawal of 5-HT- and NE-mediated excitation was obtained from a rat carbachol
model of the atonia of REM sleep, a model in which non-respiratory phasic bursts of motor
activation do not occur. In contrast, the most prominent antisuppressant effect of the M
receptor antagonist, scopolamine, was observed during the periods of natural REM sleep
with phasic muscle twitches. Thus, it is possible that the effects of scopolamine, interpreted
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as reflective of its My receptor antagonistic properties, are exerted on the pathway(s) that
mediate phasic muscle twitches during REM sleep. As such, the roles of 5-HT, NE, and ACh
would be complementary, with little overlap between their distinct roles in the control of
upper airway motoneurons during REM sleep.

Lastly, it is worth noting in Figure 18 that, among the different wakefulness-related
excitatory effects on motoneurons innervating upper airway muscles, there are those
mediated by TRH, SP, orexins and histamine. Common to all these sources is that there is so
far no evidence for the presence of endogenous activation of motoneurons mediated by these
pathways. It is possible that such endogenous effects are exerted only under certain
emergency conditions. Studies with appropriate antagonists conducted over a range of
physiologic and pathophysiologic states are needed to explore this question. The long-term
relevance of this is that peptidergic activation may modulate endogenous effects mediated by
transmitters such as 5-HT, NE, and ACh by convergence on the same second messenger
systems. Furthermore, if some of these peptidergic effects are rarely activated under the
physiologic conditions, the intracellular pathways activated by these peptides may prove to
be an attractive target for pharmacological interventions to treat OSA in a manner that does
not interfere with the basic endogenous mechanisms of state-dependent control of
motoneurons.

Neural Control of the Upper Airway in Sleep-Disordered Breathing

The focus of this section is on the neurophysiological and neurochemical aspects of upper
airway control specific to OSA in adult humans. Several other distinct disorders of breathing
also occur in a state-dependent manner. These include the Pickwickian syndrome/obesity
hypoventilation syndrome, central sleep apnea, Cheyne-Stokes, and other forms of periodic
breathing, sudden infant death syndrome (SIDS), Rett syndrome, and congenital central
hypoventilation syndrome (Hirschsprung disease or Ondine's curse). Their pathophysiology
has been reviewed in other articles of this series (166, 232, 413, 545). The reader is also
referred to several recent reviews for a discussion of similarities and differences between
OSA in adults and children (175, 251, 470).

Upper airway muscle activity in OSA patients

Most mechanistic studies discussed so far used various animal models to uncover the
mechanisms underlying the sleep-related decrements of upper airway muscle activity.
Although the fundamental mechanisms that regulate sleep-wake behavior and the control of
breathing are similar in humans and other mammals, OSA is an almost uniquely human
disorder. The likely reasons for the special vulnerability of the human upper airway to
collapse may be the elongation of the upper airway and high mobility of the hyoid bone that
evolved to enable the production of speech. Be it as it may, data derived from animal models
that do not chronically experience recurrent periods of hypoxia and repeated sleep
disruptions, such as rats or cats, may miss important aspects of the central neural control of
breathing during sleep that are activated in association with the pathophysiological
conditions of OSA. By the same token, upper airway control in OSA patients may differ
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from that in healthy humans due to the chronic presence of the disorder and in association
with anatomical predispositions to OSA.

OSA patients commonly have structural features of the upper airway that result in a reduced
upper airway lumen and collapsible pharyngeal walls. These features may include excessive
accumulation of fat in upper airway soft tissue, large pharyngeal organs (tongue, soft palate,
and tonsils), or altered bony structures (71,357,405,470). Also, recurrent nocturnal episodic
hypoxia as well as the loss and fragmentation of sleep, have multiple adverse
cardiorespiratory, metabolic, and other consequences. Although obstructive episodes of OSA
are not acutely life-threatening, the incidence of arterial hypertension, insulin resistance,
hyperlipidemia, stroke, and the overall mortality are all increased in OSA patients (30, 301,
421, 544, 610).

OSA patients adapt to the structural vulnerability of their upper airway by increasing activity
of upper airway dilator muscles during wakefulness when compared to the level of activity
seen in healthy individuals (247, 281, 311, 345). However, this adaptation is partially lost
during NREM sleep and even more so during REM sleep. Simultaneous recordings of upper
airway muscle activity and airflow consistently show that flow limitations and occlusions
occur at the time when upper airway muscle activity reaches its nadir (e.g., 66, 378, 435). In
OSA, the airway cross-sectional area decreases to such an extent that the patients experience
episodes of clinically significant hypoventilation or asphyxia. Also as a consequence of the
compensatory increase of upper airway muscle tone during wakefulness, the magnitude of
sleep-related decrease of upper airway muscle tone at sleep onset is higher in sleep apneics
than in normal subjects (246,346). The initial precipitous decline caused by the transition
from wakefulness to NREM sleep, or from NREM sleep to REM sleep, may then be
partially corrected by a reflexly elicited increase of upper airway muscle activity which, in a
subpopulation of OSA patients, may effectively protect the airway from collapse. Such
patients may experience periods of hypoventilation during sleep, but their sleep is not
disrupted by arousals that are otherwise needed to increase upper airway muscle tone,
reopen the airway, and re-establish ventilation (429,609). More typically, however, reflex
stimulation of respiratory effort of the diaphragm, intercostal, and abdominal muscles
secondary to the initial hypoventilation leads to an upper airway closure and the obstruction
elicits arousal. A delayed timing and insufficient magnitude of inspiratory activation of
upper airway muscles relative to the respiratory pump muscles also may facilitate upper
airway closure due to inadequate compensation for the airway-collapsing effect of negative
inspiratory pressure (217). In a subset of OSA patients whose critical closing pressure (Pcrit)
is positive (111, 226, 256), the airway may collapse in association with the cessation of
expiratory flow near the end of expiration even prior to the onset of inspiratory effort. In
severe OSA, obstructive episodes may occur as frequently as 50 times per hour, resulting in
a dramatic sleep loss and fragmentation, episodic hypoxia, and profound daytime sleepiness.

According to one hypothesis, reflex activation of upper airway dilator muscles from upper
airway negative pressure mechanoreceptors is the cause of the increased upper airway
muscle tone during wakefulness in OSA subjects (345,346,585). The observation that
positive pressure applied to the upper airway elicits a larger drop of upper airway muscle
activity in OSA patients than in normal subjects has been interpreted as evidence that the
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reflex drive is enhanced in OSA subjects (345, 346). Along the same line, hyperventilation
also caused a larger increase in upper airway resistance in OSA patients than in normal
subjects (31, 479). However, direct comparisons of the gain of upper airway reflex responses
to negative airway pressure either did not reveal significant differences between OSA
patients and control subjects (152,198) or provided evidence that the reflex control of upper
airway muscle tone in OSA patients is impaired (334). Another explanation for the increased
upper airway muscle activity during wakefulness in OSA patients would be that the
perception of upper airway resistance is responsible for the increase. This mechanism would,
by definition, no longer function during sleep, thus contributing to the larger sleep-related
decreases in upper airway motor tone in OSA patients than in normal subjects (294). The
increased upper airway muscle tone in OSA may also be driven centrally as one of the long-
term consequences of OSA. The result would be an increase of the baseline level of activity
in upper airway motoneurons. As a secondary effect, this could also facilitate transmission
of reflex effects to upper airway motoneurons. There is evidence from studies in rats
subjected to intermittently occurring hypoxia that such a central upregulation does occur
(discussed in subsequent sections).

In addition to the elevated level of upper airway muscle tone in OSA patients during
wakefulness, a comparison of the sleep-wake patterns of activity in upper airway muscles in
animals with no upper airway vulnerability to the pattern in humans, and OSA patients in
particular, reveals other differences. With upper airway muscle tone being very low during
quiet wakefulness in animals and humans with non-collapsible upper airway, upper airway
muscle activity often entirely disappears at the onset of NREM sleep. Consequently, no
further decline can be measured at the onset of REM sleep (247, 316, 360), and an increase
then occurs in association with muscle twitches (191, 315, 316, 437, 446, 455). In the same
subjects or species, when the baseline tone is experimentally increased, be it by an increased
chemical drive for breathing (211,400,401), application of stimulants onto upper airway
motoneurons (233), vagotomy (255), or in the context of OSA (338), a measurable level of
upper airway muscle tone is usually maintained throughout NREM sleep and a distinct
decline occurs at the entry into REM sleep. Interestingly, nonrespiratory bursts of activity
(twitches) reported in some recordings during REM sleep in healthy humans (91, 278) are
absent (or excluded from analysis) in the few published recordings of upper airway muscle
activity in OSA subjects. The absence of such bursts would suggest that the need to maintain
a steady airway-dilating tone in OSA is associated with a suppression of the central sources
responsible for the phasic bursts of activity during REM sleep.

Thus, the baseline levels of upper airway muscle activity in wakefulness and the pattern of
changes in upper airway muscle tone across the sleep-wake cycle differ between healthy
subjects and OSA patients. Whereas in the former activity is often abolished at the onset of
NREM sleep, in the latter, activity is characteristically increased during wakefulness as a
matter of a compensatory response to the mechanical vulnerability of the upper airway, the
increase is at least partially carried over into NREM sleep, and a nadir occurs during REM
sleep. These differences are exemplified in Figure 19 based on a comparison of
measurements from control dogs and English bulldogs who have anatomically compromised
upper airway and experience sleep-related hypotonia (190, 191).
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Several distinct neurochemical and genetic changes have been associated with OSA. A
polymorphism in 5-HT,a and 5-HTy¢ receptor genes has been reported in different
populations (292,458), and serotonergic deficiency was identified in the brains of infant
victims of the SIDS (116,545). These findings appear to well correspond to the data from
experimental animals showing an important role of excitation of upper airway motoneurons
mediated by 5-HT in the maintenance of upper airway patency, as discussed in the preceding
sections. However, the 5-HToa receptor link did not reach statistical significance in a follow
up association study (404), and no association was observed between either 5-HToa or 5-
HTyc receptor gene polymorphism and OSA in another study in Japanese population (458).

OSA patients have reduced plasma levels of orexin (70, 376) which are then increased
following treatment with continuous positive airway pressure (CPAP) (459). A plausible
explanation of these findings is that the excessive sleepiness typically present in OSA
patients results in lower levels of orexin cell activity and, consequently, reduced plasma
orexin levels. Once sleep is normalized, sleepiness is at least partially alleviated, and orexin
cell activity rebounds. However, gene association studies also reveal a significant
relationship between the genetic predisposition for narcolepsy-cataplexy and OSA.
Specifically, a distinct polymorphism of the preproorexin gene has been associated with
OSA (5, 89). It is possible that subtle metabolic consequences of orexin deficiency
contribute to the link between OSA and narcolepsy.

Interestingly, in contrast to the findings in rats, patients who have the human leukocyte
antigen allele that predisposes to narcolepsy-cataplexy (DQB1*0602) do not exhibit reduced
ventilatory sensitivity to hypercapnia. Instead, they have a depressed ventilatory response to
hypoxia (184). The discrepancy between the impairment of the hypoxic ventilatory response
in humans versus hypercapnic ventilatory response in orexin-deficient mice (discussed
earlier) suggests a complex and only indirect, rather than a strictly deterministic, impact of
orexins on the control of breathing or the predisposition to OSA.

In humans, attempts to treat sleep-disordered breathing by enhancing the central levels of 5-
HT with reuptake blockers or L-tryptophan have yielded mixed results (307,561). However,
data from rats point to a stronger excitatory effect of NE than 5-HT on upper airway
motoneurons (142) as well as a reduced availability of the excitatory 5-HT receptors in XII
motoneurons during the normal sleep period (574). If the same is the case in humans,
components of the NE system may prove to be a more appropriate target for attempts to treat
OSA than the 5-HT system.

Sensitization of upper airway mechanoreceptor reflexes has been proposed as the means of
increasing upper airway muscle tone to treat OSA (596), but this approach is at early stages
of experimentation. In contrast, increasing the upper airway motor tone by electrical
stimulation of the XII nerve, or lingual muscles, has now advanced from being an
experimental approach for improving upper airway patency (42,382,471,607) to a
recognized treatment modality (250, 472, 522).
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Animal models of sleep-disordered breathing

Attempts to assess how the physiologic mechanisms of respiratory control across sleep-wake
states function in the context of sleep-disordered breathing and to investigate the impact of
OSA on cardiorespiratory regulation are hampered by a limited availability of suitable
animal models. In particular, there is a paucity of natural animal models, which exhibit at
least some features typical of OSA. Among those, only in two models, the English bulldogs
and extremely obese Yucatan miniature pigs, can one observe naturally occurring sleep-
related hypopneas and upper airway obstructions (190, 191, 311). Unfortunately, the limited
availability of these animals and the limited ability to conduct fundamental
neuropharmacological and genetic studies using these species make their use in OSA
research impractical.

Obese and extremely obese rodent strains that were originally developed to explore the
regulation of metabolism and energy balance have been adopted for use in OSA research
with an expectation that their obesity would be associated with physiologically significant
and sleep-dependent respiratory flow limitations. In a partial support of this, studies with the
leptin- or leptin receptor-deficient obese mice, obese Zucker rats, and New Zealand obese
mice revealed that these rodents have smaller and more collapsible upper airway when
subjected to negative pressure than their wild-type counterparts (e.g., 61, 415, 430).
However, no evidence is available to date that upper airway obstructions occur
spontaneously during sleep in any rodent model. Furthermore, in contrast to data from OSA
patients, GG muscle tone is not elevated during wakefulness in obese Zucker rats when
compared to control rats (507). Thus, rodents with genetically induced obesity and altered
metabolism are used in OSA research to explore the potential role of metabolic
derangements as a comorbidity in OSA (e.g., 302,416). Such rodents are also used as models
for induced OSA-like conditions achieved through exposure to chronic intermittent hypoxia
(CIH), as discussed later. More common, however, is the use of natural rodent models in
research on sleep-related central apneic events in which the respiratory rhythm transiently
stops without a concurrent flow limitation. This is beyond the scope of this article and has
been reviewed elsewhere (96).

In the absence of satisfactory natural models, various induced models have been developed
and tested with the goal to explore selected aspects of OSA and/or its consequences (see 99
for an overview). Such models include: (1) induction of repeated upper airway obstructions
or intermittent periods of hypoxia in human subjects with the goal to explore the
consequences of these interventions on cardiovascular variables and the level of sleepiness
(256, 539); (2) induction of repeated periods of asphyxia associated with closure of the
airway in instrumented dogs or rats, again with the main goal to study various cardiovascular
and/or inflammatory sequellae (15, 63, 130, 254); (3) exposure of various strains of rodents,
mice, or rats, for prolonged periods to CIH that, in a few studies, has been synchronized with
the sleep-wake cycle (182, 183), and in most studies is being applied at a fixed rate during
the rest period of the circadian cycle (see 100, 150, 328, 617 for reviews); and (4)
mechanical interference with upper airway anatomy in otherwise healthy animals with the
goal to obtain sleep related flow limitations and/or airway obstructions; experiments of this
kind have been typically conducted with larger animals, such as dogs, monkeys, pigs, cats,
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or rabbits (298, 370, 411, 455, 594, 611), but were also attempted in rats (445). Of the
different induced models, only the latter ones and a small fraction of the studies using CIH
in rodents have been designed to study the impact of OSA on the control of upper airway
muscles or the central interactions between sleep and breathing. The relevant CIH studies
are discussed in the next section.

In several animal species, attempts were made to induce sleep-related flow limitations and
obstructions by imposing a mechanical load on the soft tissue of the upper airway in a
manner similar to the increased accumulation of fat in OSA patients. In Yorkshire pigs and
Yucatan mini pigs, balloons were implanted in the lateral walls of the pharyngeal airway
adjacent to the location of the lateral fat pads. Inflation of the balloons resulted in increased
upper airway resistance, but no attempts were made to apply balloon inflations periodically
and in synchrony with different sleep-wake states (594). In small monkeys, Macaca
fasciculataris, collagen injections were made at 2-week intervals into the uvula, tongue, and
lateral pharyngeal walls with concurrent monitoring of sleep-wake amounts and respiratory
parameters (411). The injections increased the number of respiratory events (apneas and
hypopneas) during sleep from 4.8 to 27.9 per hour, reduced sleep time, and totally
eliminated stage 111/V NREM sleep and REM sleep. These results suggested that the model
successfully replicated some of the most salient features of OSA. It is also of interest that the
injected collagen was gradually absorbed and degraded, which offered the opportunity to
study the impact of induced OSA-like conditions followed by a gradual recovery from the
“disorder.” In another conceptually similar study, liquid silicone was injected into the base
of the tongue in rabbits (611). This caused sleep-related hypopneas (~29 per hour) and
apneas (~10 per hour) that persisted at the same level during a 3-month follow up.
Concurrently, sleep was curtailed with only a partial recovery between the first and the third
month after the intervention. Unfortunately, upper airway muscle activity was not monitored
in any of these studies, but the outcomes suggest that the same models could be used to
investigate the impact of mechanically compromised upper airway on upper airway muscle
activity.

Activity of the GG muscle was monitored in chronically instrumented dogs (455) and cats
(370) in which head position was varied or compression was acutely applied to the
pharyngeal region to elicited compensatory increases of GG activity. In the cat model, CPAP
was applied through a nose mask and, as expected, this enlarged the airway and normalized
breathing (370). However, multiple technical limitations of these models did not allow for
systematic manipulations of upper airway patency in synchrony with the sleep-wake cycle.
In another study in rats, the tendons through which the geniohyoid and hyoglossus muscles
are attached to the hyoid apparatus were surgically severed to compromise the
neuromuscular support of the upper airway (445). The hypothesis behind these experiments
was that, if these two muscles contributed to the stiffness of the upper airway and acted
synergistically with the GG, then their surgically induced impairment should elicit a
compensatory increase of GG activity and/or increase the propensity for sleep-related
respiratory disorders. Sleep-wake behavior, diaphragmatic, and GG activity were
concurrently monitored in sham-operated rats and rats subjected to mechanical
disconnection of the geniohyoid and hyoglossus muscles from the hyoid bone for 22 days
after the intervention. Ultimately, while the effects were consistent with the original
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hypothesis, their magnitude was too small to regard the model as sufficiently robust. Sleep
was not significantly disrupted, and the rats with injured upper airway muscles had only
marginally increased GG muscle activity during NREM sleep when compared to the sham-
operated animals, an effect that was significant only when measured within subjects relative
to the mean level of activity during wakefulness. Also, there was no evidence for sleep-
related breathing irregularities, and the occurrence of inspiratory activation of GG was as
rare in the rats with injured upper airway muscles as in the sham-operated animals. Thus,
these results were consistent with the overall notion that the upper airway of rodents is not
vulnerable to collapse even in the face of a surgically implemented weakening of
neuromuscular support.

In one additional study, breathing was monitored during drug-induced sleep in rabbits whose
tongue muscles were paralyzed by injections of botulinum toxin (611). This intervention
resulted in a widely ranging severity of respiratory events that appear to have been
preferentially bound to the periods of induced sleep. About one third of the animals did not
exhibit any significant sleep-related respiratory events, another one third died of what might
have been unresolved upper airway obstruction during sleep, and in the remaining third, the
rate of apneic and hypopneic events varied from 2 to 242 per hour. Thus, it appears that, at
least at this stage, the severity of respiratory events was difficult to manage in these
experiments, and it is not clear whether flow limitations and obstructions also would occur
in this model during natural sleep.

From this summary, it is apparent that considerable attempts were made to explore various
induced models of OSA. The success of these attempts has been limited because of the high
effort required to maintain and manage the models in larger animals and due to difficulties
with obtaining a rodent model with spontaneously occurring sleep-related flow limitations
and obstructions. One may hope that the experience accumulated to date will guide future
research toward improved animal models of upper airway control in OSA.

Effects of chronic intermittent hypoxia on the control of upper airway

Most studies of the basic mechanisms controlling the motor output to the upper airway
across sleep-wake states discussed so far used animal models with fully patent upper airway.
However, it is well documented that the chronic sleep and respiratory disruption
characteristic of OSA is associated with a host of adaptive and maladaptive changes
occurring at multiple levels, both centrally and peripherally. For example, as discussed
earlier, OSA patients exhibit an adaptive increase of activity in upper airway dilator muscles
during wakefulness (cf. Fig. 19). There is now also evidence that a chronic need to cope with
recurring nocturnal hypoxemia leads to adaptive changes in upper airway motor control
through mechanisms involving the central NE and 5-HT systems. Other studies demonstrate
that severe chronic recurrent hypoxemia leads to a damage of central neurons responsible for
the maintenance of vigilance. These novel results have been obtained using rodents exposed
to CIH as a simple to implement model of one major pathophysiologic aspect of OSA.

Our group employed a rat CIH model to assess the neuroanatomic and neurophysiologic
changes in the control exerted by NE and 5-HT over XII motoneurons. Rats were subjected
to CIH or sham treatment for 35 days, with O, oscillating with 180 s period between a mild
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hyperoxia (24%) and hypoxic nadirs of 6.9% for 10 h daily. Brains were harvested about 17
h after the last period of exposure to hypoxia to minimize any acute effects of hypoxic
exposure on the measured outcomes. After immunohistochemical staining, the density of NE
and 5-HT terminals was quantified in the ventromedial quadrant of the XII nucleus (cf. Fig.
6), and immunostaining for a.q-adrenoceptor-like and 5-HT, receptor-like proteins was
quantified throughout the XII nucleus. When compared to sham-treated rats, CIH rats had
about 40% higher density of NE terminals (Fig. 20A-C), and about 20% higher density of 5-
HT terminals. Concurrently, XII motoneurons expressing a.;-adrenoceptors were about 10%
more numerous in CIH rats, whereas 5-HT receptor density was not significantly altered
(443). In a parallel study, CIH-exposed rats also had elevated NE terminal density in the
spinal trigeminal sensory nucleus and a similar trend was present in the trigeminal motor
nucleus (349), but the effects were not as prominent as in the XII nucleus.

The combination of NE terminal sprouting and increased expression of a.-adrenergic
receptors following the exposure to CIH could enhance endogenous activation of XII
motoneurons mediated by NE. To test this, rats were subjected to 35 days of CIH or sham
treatment and then the effects of aq-adrenergic receptor agonists and antagonists injected
into the XII nucleus on XII nerve activity were measured under urethane anesthesia (517).
While the magnitude of the excitatory effect of the agonist (phenylephrine) did not differ
between the CIH- and sham-treated rats, microinjections of the antagonist (prazosin) caused
larger decrements of spontaneous XII nerve activity in CIH animals (Fig. 20D and E). These
findings suggested that CIH exposure enhanced the endogenous excitatory drive to XII
motoneurons mediated by NE. This could be due to a combination of NE terminal sprouting
and increased expression of aj-adrenoceptors on XII motoneurons. Such a CIH-elicited
enhancement of central excitatory drive to XII motoneurons offers a possible mechanistic
explanation for the clinical observation that OSA patients have elevated upper airway muscle
tone during wakefulness.

In addition to an increased NE terminal density and increased a.-adrenoceptor expression,
CIH could also increase the baseline levels of catecholamines in the brain because, in other
studies, CIH exposure resulted in increased plasma levels of catecholamines and increased
baseline activity of the sympathetic system (72, 148, 149, 151, 495). However, in Wistar-
Kyoto rats, only dopamine levels were increased, whereas NE or 5-HT levels were not,
following hypocapnic CIH when measured in tissue homogenates collected from different
brain regions (303). Similarly, when measured using c-Fos accumulation in neuronal nuclei
as an indirect marker of the level of NE cell activity under standardized conditions, c-Fos
expression was not increased in CIH rats in any of the pontomedullary catecholaminergic
neuronal groups when compared to sham-treated animals. Indeed, for the medullary groups
(Al/C1, A2/C2, and A5), the percentage of catecholaminergic cells with nuclear c-Fos
expression tended to be lower in CIH than in sham-treated animals (519). Thus, spontaneous
activity of central catecholaminergic cells does not appear to be persistently increased
following CIH. In several other studies, increases of c-Fos and other early genes were
reported in various brain regions and cells when tested immediately after exposure to CIH;
this could be due to acute effects of episodic hypoxia, rather than being indicative of a
reconfiguration leading to persistent hyperactivity (e.g., 174, 257, 363). Interestingly,
locomotor activity of Wistar-Kyoto rats was increased for at least 3 days after 35 days of
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exposure to CIH despite the absence of evidence for an increased NE or 5-HT metabolism in
the brain (303). This is similar to the increased activation of XII motoneurons by
endogenous NE despite the absence of evidence for increased baseline activity of brainstem
NE neurons (517, 519).

Other studies revealed that severe CIH combined with hypercapnia may adversely affect
contractile properties of upper airway muscles (58, 122). However, follow-up experiments
did not detect impaired reflex activation of GG muscles in rats exposed to CIH when tested
under anesthesia (123). These experiments used relatively low nadirs of hypoxia (5%), but
the duration of exposures might have been too short (7 days) for a full expression of any
adaptive or maladaptive changes. Indeed, available data suggest that the direction and
magnitude of the effects of CIH on the control of upper airway muscles varies with the
duration and severity of CIH (see later).

It is relatively mundane and laborious to conduct systematic exploration over a wide range
of CIH conditions, such as the hypoxic nadirs, durations of the hypoxic bouts and periods of
exposure, with the goal to generate satisfactory dose-response curves for different outcome
variables. Indeed, few such studies have been performed (e.g., 148, 336, 433). However, in
the absence of such data, the unknown relationship between the emergence and magnitude
of different outcomes and the severity of CIH is one possible source of variable results
generated in different laboratories. It is possible that qualitatively different effects of CIH
have different thresholds, but there is currently no common scale with which one can
compare the levels of CIH applied in different experimental settings. As an example, data
from what seems to be a moderate level of CIH yielded results indicative of an enhancement
of endogenous excitatory drive to X1I motoneurons mediated by NE (443, 517). However, in
other CIH studies in mice, a more prolonged and possibly more severe CIH elicited evidence
of injury in wake-active brain neurons, including the LC but not other NE groups (618),
sleepiness that persisted after termination of hypoxia (562), and reduced ability of glutamate
and 5-HT to activate XII motoneurons (565). Thus, the findings from mice were not
compatible with those from rats, but it is not clear whether the differences were related to
different severity of hypoxia, different species, or other factors. With an unquestionable
utility of CIH models for exploration of the various physiologic and pathophysiologic
mechanisms relevant to OSA, it will be important to establish common standards for
comparison of CIH exposure protocols. Such standards may be based on an agreed upon set
of biochemical markers or on a limited set of simple to collect physiologic parameters, such
as the impact of CIH on body weight or tissue oxygen saturation measured in a standardized
manner.

Conclusion

There is currently extensive evidence that multiple neurotransmitter systems control upper
airway muscle activity in a state-dependent manner. Of those, NE, 5-HT, and ACh have been
particularly well explored. Furthermore, there is now evidence that, among these systems, at
least the endogenous excitatory drive to upper airway motoneurons mediated by NE is
enhanced following exposure to CIH administered in a manner intended to mimic episodic
hypoxia of OSA.
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One challenge for future studies will be to determine to what extent the findings derived
from animal models can be applied to the control of upper airway muscles in humans,
including OSA patients. To achieve this, the relative roles on NE, 5-HT, ACh and other
transmitters will need to be compared among different species, models, and experimental
conditions. Significant progress has been made toward delineating which neurotransmitter
receptor classes mediate changes in upper airway muscle tone across sleep-wake states or
with a circadian pattern, which act in a state-independent manner, and which are silent under
most physiologic conditions. A pharmacotherapy for OSA may take advantage of any one of
these systems. Studies to date have provided an important neurochemical background, but
dose-response characteristics need to be determined more precisely and a broader range of
pharmacologically active compounds needs to be tested across different model systems.
Importantly, while OSA may be alleviated by increasing upper airway muscle activity during
sleep, neural changes, such as the decline of aminergic activity during NREM and REM
sleep and cholinergic activation during REM sleep play physiologically important roles in
the regulation of the occurrence of normal sleep per se. Therefore, it is unlikely that a
systemic interference with these mechanisms with the goal to enhance upper airway muscle
tone can be achieved without significant adverse effects on sleep and other vital functions.
With this caveat in mind, there is a need to explore novel methods of drug delivery to
achieve a selective action on the motor output to upper airway motoneurons in a manner
devoid of undesirable side effects.
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Figurel.
Schematic representation of a sagittal cross-section through the upper airway. During

inspiration, negative intraluminar pressure pulls three soft tissue elements, the tongue,
posterior pharyngeal walls, and soft palate, toward each, thereby reducing the airway lumen
in the pharyngeal region. This airway-collapsing action is opposed by pharyngeal dilator
muscles, including the genioglossus, geniohyoid, and tensor and levator veli palatini.
Additionally, activation of the pharyngeal constrictors stiffens the airway walls. Arrows
show approximate directions of the forces exerted during contraction of these major
pharyngeal muscles. Image based on a scan of the upper airway in an OSA patient—
courtesy of Dr. Richard J. Schwab at the University of Pennsylvania. (Modified from Fig. 1
in Ref. 270 and republished with permission from Informa Healthcare, a member of the
Taylor and Francis Group, obtained viathe Copyright Clearance Center, Inc.)
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Figure 2.
Distribution of the major groups of respiratory neurons in the brainstem and upper spinal

cord, as seen in a dorsal view. Brainstem respiratory neurons form longitudinal columns, of
which the most prominent one is the VRG located in the ventrolateral medullary reticular
formation. The rostralmost part of the VRG, the Botzinger complex, contains mainly late
expiratory neurons. Next region caudally, the pre-Bétzinger complex, contains pacemaker
neurons that, at least in neonatal animals, are capable of producing basic respiratory rhythm
under /n vitro conditions. Farther caudal is a large group of mainly inspiratory-modulated
neurons, of which many send axons to spinal motoneurons that innervate the diaphragm and
external intercostal muscles. Nucleus ambiguus runs parallel to this part of VRG and
contains cell bodies of laryngeal motoneurons. Caudal to the inspiratory part of the VRG is
an expiratory region whose neurons send axons to spinal expiratory motoneurons that
control internal intercostal and abdominal muscles. A spinal extension of the VRG, the C2
and C3 group, again contains inspiratory neurons whose function may be to reinforce the
actions of the VRG. The dorsal respiratory group is located in the viscerosensory nucleus of
the solitary tract. It contains mostly inspiratory-modulated neurons, of which some have
connections with spinal motoneurons and some receive input from pulmonary and laryngeal
receptors. The pontine respiratory group located in the dorsolateral pons comprises cells
with different patterns of respiratory modulation. These neurons integrate peripheral and
central respiratory and nonrespiratory inputs and have descending projections to medullary
respiratory neurons. (Modified from Fig. 2 in Ref. 266 and republished with permission
from the American Academy of Sleep Medicine.)
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+ FB—L, spinal cord
aDY+FB

Figure 3.
Major sources of pontomedullary afferent projections to the orofacial motor nuclei. (A)

Schematic dorsal view of the most prominent afferent pathways common to all orofacial
motor nuclei. The medullary IRt is the main source of bilateral projections to the trigeminal
(V), facial (VI1), hypoglossal (XII), and ambiguus (nA) motor nuclei (red arrows). The
projections to these motor nuclei tend to exhibit a distinct rostrocaudal pattern. The
projections to orofacial motor nuclei that originate in the pontine reticular region
surrounding the trigeminal motor nucleus (peri-V), and the ventrolateral medullary
gigantocellular region (GCv) tend to be unilateral (blue arrows). (Fig. 12 from Ref. 551
colorized and republished with permission from John Wiley and Sons obtained via the
Copyright Clearance Center, Inc.) (B) Major medullary sources of afferent projections to the
XI1 nucleus in relation to the descending spinal collaterals of selected XII premotor neurons,
as revealed by large retrograde tracer injections into the XII motor nucleus and ventral horns
of the lumbar (L) spinal cord. The two medullary levels illustrated are located rostral to the
XI1 nucleus. Consistent with data in A, the IRt region contains the largest number of neurons
retrogradely labeled with Diamidino Yellow (DY) tracer from the XII nucleus (red dots).
Notably, no cells retrogradely labeled with Fast Blue (FB) tracer from the spinal cord (black
dots) are located in this region. Additional medullary XII premotor neurons are located
along the midline (enlarged images in the middle), the gigantocellular region pars a (GiA),
and the lateral paragigantocellular (LPGi) region. A small fraction of cells in these medial
and ventral locations has divergent projections to the XII nucleus and lumbar spinal cord
(blue triangles). The key to anatomical regions is shown on the right. (Modified from Fig.
3B in Ref. 323 and republished with permission from John Wiley and Sons obtained v/a the
Copyright Clearance Center, Inc.) Additional abbreviations in A and B: Gi, gigantocellular
reticular region; mlf, medial longitudinal fasiculus; MVe, medial vestibular nucleus; PCRtA,
parvicellular reticular area; PrH, nucleus prepositus hypoglossi; py, pyramidal tract; RMg,
Rob, Rpa, raphé magnus, pallidus, and obscurus nuclei; Sp5, spinal trigeminal sensory
nucleus; SpVe, spinal vestibular nucleus.
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Figure 4.

Other GABA-ergic neurons in the anterior ]
i hypothalamus

0=
Active  Quiet NREM REM
Wakefulness

Typical activity patterns during wakefulness and sleep states of selected neurochemically
distinct groups of central neurons. Some groups have the highest activity during wakefulness
(top/red); others have peaks during both wakefulness and REM sleep or during REM sleep
only (middle/yellow), and still others during NREM or REM sleep (bottom/blue). These
neuronal groups have direct and indirect connections with central respiratory neurons and
upper airway motoneurons through which they impart state-dependent changes onto the

respiratory system.
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Medulla

Figure5.
Schematic representation of the four key neuroanatomically and neurochemically distinct

inputs to the XII nucleus. NE afferents originate mainly in the pontine A7 and A5 groups
and the SubC region, whereas the largest group of NE neurons, the LC, has negligible
projections to the XII nucleus. For clarity, NE projections are shown on one side only; they
are bilateral with a minor ipsilateral predominance. 5-HT afferents come from the medullary
raphé pallidus and obscurus nuclei, as well as the lateral wings of the medullary raphé. The
medullary IRt contains glutamatergic and cholinergic XII premotor cells; the former provide
inspiratory drive to XII motoneurons, and the latter may mediate pre- or postsynaptic
modulatory influences that are either respiratory or state dependent. The LPGi and the
adjacent areas contain cells that have been hypothesized to mediate active inhibitory effects
of REM sleep to motoneurons. GABAergic, REM sleep-active neurons with divergent
projections ascending to the pons and descending to the spinal cord have been located in this
area (579). It is not known whether the same cells also have axonal projections to the XII
nucleus. Abbreviations: A, nucleus ambiguus; 10, inferior olive, Po, nucleus pontis oralis;
K-F, Kolliker-Fuse nucleus; NTS, nucleus of the solitary tract; py, pyramidal tract.
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DBH

5-HT

Figure®6.
NE- and 5-HT-containing axon terminals are present throughout the XII nucleus. (A and B)

Microscopic images of coronal cross-sections through the XI1I nucleus on one side. The
section in A was immunostained for dopamine-R-hydroxylase (DBH), which in the XII
nucleus labels noradrenergic fibers and terminals (black). The section in B was
immunostained for 5-HT fibers and terminals. In both panels, selected XII motoneurons that
innervate the tongue also were labeled by retrograde transport from the base of the tongue
(brown). Typical of motoneurons innervating the genioglossus, most labeled motoneurons
are located in the ventromedial quadrant of the XII nucleus. Panels Al and B1 show
enlarged details framed in the corresponding panels on the left. The small dark-brown and
black particles in the enlarged images represent fine axonal ramifications and terminals
containing NE (in Al) and 5-HT (in B1). NE terminals are especially numerous in the
ventromedial portion of the XII nucleus. CE, central canal. (Unpublished data from the
study described in Ref. 443.)
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Figure 7.
Different firing rate outcomes resulting from different patterns of convergence of three

functionally distinct excitatory inputs onto an upper airway motoneuron. The scheme shows
three scenarios of how different combinations of inputs from functionally different sources
may shape state-dependent changes in motoneuronal activity. (A) The three distinct
excitatory inputs considered—respiratory, state-dependent, and reflex—are shown
converging on an upper airway motoneuron. In B to D, the depolarizing actions contributed
by each of these three inputs summate above the “baseline membrane potential” (black line
at the bottom of each panel), which may result in the membrane potential crossing the firing
threshold. Of the three distinct drives, the respiratory input is distinctly rhythmic (phasic),
the central state-dependent input is tonic, and the reflex input includes both a phasic
respiratory and a tonic component. The respiratory input is assumed to increase during sleep
(e.g., to make up for reduced ventilation during NREM sleep, or as a result of central
activation during REM sleep). In the three scenarios shown in B to D, different relative
magnitudes of the three drives during wakefulness and their different changes at sleep onset
result in quantitatively and qualitatively different firing rate outcomes at the motoneuronal
level. (B) A case with a moderate phasic respiratory, moderate reflex, and strong central
tonic input during wakefulness. A large drop of the tonic input at the onset of sleep is
compensated for by an increase in the respiratory input and the associated phasic component
of the reflex input. As a result, the motoneuron's activity minimally changes on the transition
from wakefulness to sleep. (C) A case with a strong phasic respiratory input and weak
central and reflex inputs during wakefulness. The increase in respiratory input during sleep
more than makes up for the loss of the reflex and tonic drives. As a result, the motoneuron is
more active during sleep than during wakefulness. (D) A case with all three inputs having
similar magnitudes during wakefulness and the state-dependent input being profoundly
reduced during sleep. In spite of a prominent increase in the respiratory input and a
moderate increase in the reflex input during sleep, the motoneuron becomes silent.
(Modified from Fig. 5 in Ref. 270 and republished with permission from Informa
Healthcare, a member of the Taylor and Francis Group, obtained viathe Copyright
Clearance Center, Inc.)

Compr Physiol. Author manuscript; available in PMC 2017 March 15.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kubin

Page 86
(A) (B)
w > NREM 0— W = o NREM —e— NREM =3 —0— W
o 2 N=27 | = N=15
51 a-Frequency Ug 200
/ E |
Ty 4 e
of TULTe B 5 [ Ry n | il
= A T ol
- "% -120-90-60 30 0 30 60 90 120 120 -90-60-30 0 30 60 90 120
B e, o
z st I I :
& i
5
3
8 P
g 1or ; |
g f—
3 12090 6030 0 30 60 9
o 5t 0 12060 6030 0 30 60 %0
120
e
R R “W
Breath 30 i

Figure 8.
Time course of lingual muscle activity during transition from wakefulness (W) to NREM

sleep in healthy humans and rats. (A) In healthy humans, peak firing rate of inspiratory
phasic motor units recorded at the base of the tongue significantly declined in association
with a transition from quiet wakefulness to NREM sleep (squares). Transitions were defined
based on EEG power shift from a-frequency to ®-frequency. Mean data from 29 inspiratory
phasic motor units. In contrast, inspiratory tonic motor units (defined as those firing
continuously throughout the respiratory cycle with firing rate increases during inspiration)
either had minimal declines of firing rate in association with the onset of NREM sleep or
were entirely silenced around the time of the transition. Filled circles show data for all 58
inspiratory tonic motor units studied, including those that became silent at NREM sleep
onset. Open circles show data for the subset of inspiratory tonic motor units that were not
silenced at the onset of NREM sleep; for this group (1= 29), there was only a very small and
transient decrease of firing rate. Asterisks indicate significantly lower firing rate after
NREM sleep onset when compared to the mean before the transition. (Fig. 2 in Ref. 592
republished with permission from the American Academy of Sleep Medicine obtained via
the Copyright Clearance Center, Inc.) (B) Lingual and nuchal EMGs averaged over multiple
transitions from W to NREM sleep and from NREM sleep to W in rats. The top graphs show
average levels of lingual EMG determined during successive 10 s intervals over 2-min
periods before and after the state transitions, as indicated above the panels. Root mean
squares of muscle activity were normalized within each animal and recording session by its
average level during W. The middle graphs show the corresponding changes in postural
activity recorded from dorsal neck muscles. The bottom panels show the corresponding
average changes in cortical delta power which characteristically increases during NREM
sleep. Lingual activity is nearly abolished following entry into NREM sleep. Such a low
level of activity is maintained throughout the duration of NREM sleep episodes and rapidly
returns to the wakefulness level after arousal (right panels). (Modified from Fig. 5 in Ref.
316 and republished with permission from Elsevier.)
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Figure9.
Upper airway muscle activity during REM sleep in subjects with fully patent upper airway is

dominated by nonrespiratory, phasic bursts that emerge from an otherwise atonic state. (A)
Activity of the arytenoid (laryngeal) muscle during REM sleep in a healthy human subject.
(Fig. 9 in Ref. 278 republished with permission from the American Physiological Society.)
(B) Average time course of lingual muscle activity during transitions from NREM to REM
sleep in rats. Lingual and nuchal EMG levels were measured during successive 10 s intervals
from 60 s before to 200 s after the state transition (time zero) and averaged over multiple
transitions in multiple animals. Root mean squares of muscle activity were normalized
within each animal by their average levels during wakefulness. The bottom graph shows the
corresponding average time course of the ratio of EEG powers in -2 to A-2 bands (the ratio
characteristically increases during REM sleep). Lingual and nuchal EMGs follow a different
time course during the transition. Whereas nuchal EMG declines prior to the onset of REM
sleep and then maintains a low level (atonia), lingual EMG is nearly atonic prior to the onset
of REM sleep (see Fig. 8B) and first gradually increases and then declines after REM sleep
onset. The relatively smooth time course of the increase and then decline is a result of
averaging of many short bursts of activity (twitches) across many NREM to REM sleep
transitions. The resulting mean time course indicates that, after the onset of REM sleep,
individual twitches first become gradually larger and more frequent and then gradually
become smaller and less frequent when the duration of REM sleep episodes extends beyond
its mean (90 s in rats). (Modified from Fig. 6 in Ref. 446 and republished with permission
from Archives Italiennes de Biologie and the University of Pisa.)
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Figure 10.
REM sleep exerts a powerful excitatory effect on the activity of most brainstem respiratory

neurons. In this example, cumulative activity of an augmenting medullary inspiratory neuron
was recorded from a chronically instrumented cat over a period covering a transition from
NREM to REM sleep and then from REM sleep to awakening. The period of REM sleep is
marked by EEG desynchronization, appearance of PGO waves, and a slightly reduced and
variable end-expiratory CO,. The bottom panel shows that the neuron has a distinctly
increased activity during REM sleep when compared to either the preceding period of
NREM sleep or the period after awakening, as indicated by the slope of cumulative activity.
(Fig. 1 in Ref. 392 republished with permission from John Wiley and Sons obtained via the
Copyright Clearance Center, Inc.)
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Figure11.
REM sleep-like episodes of depression of XII nerve activity accompanied by the

characteristic cortical and hippocampal activation can be elicited by microinjections of a
cholinergic agonist, carbachol, into the dorsal mesopontine tegmentum in urethane-
anesthetized, paralyzed, and artificially ventilated rats. (A) Typical REM sleep-like episode.
The moving average of XII nerve activity (top) shows inspiratory bursts of activity. The
amplitude of the bursts is reduced and the central respiratory rate declines within less than 2
min following pontine carbachol injection (at arrow). Parallel to the depression of XII nerve
activity, there is cortical and hippocampal activation. The second trace from top shows raw
signal recorded from the hippocampus. The third trace from top shows the power of
hippocampal activity in the 3 to 5 Hz frequency band, which represents theta-like rhythm
under urethane anesthesia. The increase in power of cortical EEG in the 6 to 9 Hz frequency
band (bottom) indicates activation relative to the period prior to carbachol injection. The
entire episode lasts about 5 min, after which all signals return to their precarbachol levels
and patterns. The ability to repeatedly elicit such REM sleep-like episodes allows one to
investigate cellular, neurochemical, and network mechanisms of the interaction between
REM sleep and the regulation of breathing and upper airway muscle activity. (Unpublished
record from the study described in Ref. 142.) B: The sites at which carbachol
microinjections elicit REM sleep-like episodes in urethane-anesthetized rats superimposed
onto two standard cross sections of the brainstem from levels 8.3 mm and 8.72 mm caudal to
bregma. Abbreviations: LDN, laterodorsal tegmental nucleus; PPN, pedunculopontine
tegmental nucleus; scp, superior cerebellar peduncle; VT, ventral tegmental nucleus.
(Modified from Fig. 2 in Ref. 272 and republished with permission from Elsevier.)
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Figure 12.
Antagonism of glycinergic inhibition at the level of the XII motor nucleus did not prevent

the REM sleep-like depression of XII nerve activity elicited in decerebrate, paralyzed,
vagotomized, and artificially ventilated cats by pontine microinjections of a cholinergic
agonist, carbachol. Strychnine, a blocker of glycinergic receptors, was repeatedly
microinjected into the right XII nucleus 3 to 16 min prior to the beginning of the record. The
traces show moving averages of activities recorded from both XII nerves (upward
deflections represent inspiratory bursts) and a cervical nerve branch that innervates dorsal
neck muscles (a marker of postural activity). Pontine carbachol injection made at the marker
initiated the REM sleep-like suppression of activity in both XII nerves and the postural
nerve. The activities of both XII nerves were similarly depressed despite the prior injection
of strychnine into the right XII nucleus. (Modified from Fig. 2B in Ref. 273 and republished
with permission from Elsevier.)
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Figure 13.
Results from different laboratories and different animal models consistently indicate that

antagonism of glycinergic inhibition at the motoneuronal level by strychnine does not
abolish the REM sleep-related depression of activity in orofacial motoneurons. (A) In
chronically instrumented, behaving cats, microinjections of strychnine into the trigeminal
motor nucleus only marginally diminished the REM sleep-related depression of reflexly
elicited activation of the masseter muscle. (Modified from Fig. 3 in Ref. 505 and republished
with permission from Elsevier.) (B) In unanesthetized, decerebrate cats, the REM sleep-like
depression of spontaneous activity of the XII nerve elicited by microinjection of a
cholinergic agonist, carbachol, into the dorsomedal pontine tegmentum was well maintained
despite microinjections of strychnine into the XII nucleus. (Modified from Fig. 5 in Ref. 273
and republished with permission from Elsevier.) (C) REM sleep atonia of the masseter
muscle was not reduced in naturally sleeping rats by continuous microperfusion of
strychnine into the trigeminal motor nucleus. QW, quiet wakefulness. (Data extracted and
replotted from Fig. 4D in Ref. 64 with the authors' permission.) (C) In naturally sleeping
rats, depression of activity of the genioglossus muscle (GG) measured in arbitrary units
(A.U.) during the period of REM sleep without muscle twitches (“TONIC™) occurred with a
similar magnitude during continuous microperfusion of the XII nucleus region with
strychnine and when the nucleus was perfused with a vehicle (Control). (Data extracted and
re-plotted from Fig. 4 in Ref. 358 with the authors' permission.)
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Figure 14.
Evidence that the REM sleep-related depression of activity in XII motoneurons is caused by

a concurrent withdrawal of endogenous activation mediated by NE and 5-HT. When a
cocktail containing the a1-adrenergic receptor antagonist, prazosin, and a broad-spectrum 5-
HT receptor antagonist, methysergide, is injected into the XII nucleus at multiple antero-
posterior levels, spontaneous XII nerve activity is depressed to 20% to 30% of its control
level and remains depressed for several hours (line graph at the top). This indicates that XII
motoneurons are under a strong endogenous excitatory drive mediated by NE and 5-HT. The
three sets of bar graphs at the bottom show XII nerve activity levels measured just before
(B), during (D), and just after (A) REM sleep-like episodes elicited by pontine
microinjections of carbachol. The first set of bars characterizes typical REM sleep-like
depression elicited under the control conditions (before prazosin and methysergide injection
into the XII nucleus; see Fig. 11A for a detailed time course and pattern of a typical REM
sleep-like episode). Under these control conditions, XII nerve activity is depressed to 20% to
30% of the control. The second set of bars represents XII nerve activity during REM sleep-
like episodes elicited 40 to 50 min after prazosin and methysergide microinjections, that is,
when the antagonists exert maximal effect (¢f. top graph). Under these conditions, there is
no additional depression of XII nerve activity during the REM sleep-like episode beyond
that already caused by the antagonists. The third set of bars shows XII nerve activity during
the REM sleep-like episodes elicited when XII nerve activity partially recovered from the
effect of the antagonists. At this time after the antagonist injections (about 170 min), XII
nerve activity is again depressed during the REM sleep-like episodes. Thus, when
endogenous activation of XIl motoneurons mediated by NE and 5-HT is fully blocked
(middle set of bars), no depression of XII nerve activity occurs during the REM sleep-like
episodes. This indicates an occlusion between the depression caused by the antagonists and
the effect of REM sleep-like state that takes place at the level of XII motoneurons. (Data
from Ref. 142 visualized as Fig. 3 in Ref. 267 and republished with permission from
Elsevier.)
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Figure 15.
Semiquantitative representation of afferent projections to the XII nucleus from distinct

groups of pontomedulary NE neurons based on retrograde tracing studies. (A) When
expressed relative to the total number of retrogradely labeled NE neurons found throughout
the brainstem following tracer injections into the XII nucleus, projections from the A5 group
are most prominent, followed by SubC region, and then A1/C1 and A7 groups. (B) When
the numbers of NE cells retrogradely labeled from the X1l nucleus found in each group are
expressed relative to the total numbers of neurons present in this cell group, the A7 group
contains the highest percentage of cells sending axons to the XII nucleus, followed by the
A5 group and SubC. Regardless of the quantification method, projections from the LC are
negligible. In both schemes, arrow thickness is proportional to the corresponding percentage
of cells retrogradely labeled from the XII nucleus. (Data from Ref. 447 modified from Fig. 4
in Ref. 267 and republished with permission from Elsevier.)
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Figure 16.
Pathways transmitting activation from the hypothalamic wake-active orexin neurons to

orofacial motoneurons. Anatomical studies indicate that ACh, 5-HT, and NE brainstem
neurons as well as motoneurons, are among the major targets of axons descending from
hypothalamic orexin-containing neurons. However, physiological and pharmacological
studies reveal that nonorexin cells located in the posterior hypothalamic orexinergic region
also can significantly influence the respiratory output, including upper airway motoneurons.
In particular, neither the combined antagonism of 5-HT and NE-mediated excitation at the
XI1 nucleus level (147), nor microinjections of a dual orexin receptor antagonist into the XII
nucleus (518), could significantly attenuate activation of XII motoneurons from the
hypothalamic region containing orexin neurons. On the other hand, microinjections of a dual
orexin receptor antagonist into the hypothalamic orexin cell field significantly attenuated
activation of XII motoneurons from this hypothalamic region (518). These results support
the presence of an excitatory pathway that descends from the posterior hypothalamus
parallel to the orexinergic pathway and targets different components of the respiratory
system, including upper airway motoneurons. Additional connections may exist, such as
nonorexinergic excitatory hypothalamo-brainstem pathways to ACh, 5-HT and NE neurons,
and there may be additional orexinergic connections to central respiratory neurons, although
specific details are not yet available. Cholinergic effects within the respiratory network may
be excitatory or inhibitory (marked with yellow circles).
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Figure17.
Effects of microdialysis perfusion of the X1 nucleus region with different K* channel

blockers in chronically instrumented, behaving rats. (A) Perfusion with a solution containing
barium ions, which primarily block the inwardly rectifying (Kir) channels, resulted in GG
muscle activity being elevated in all sleep-wake states and attaining the highest levels during
wakefulness and REM sleep with muscle twitches (REM(4)). (B) During perfusion with an
antagonist of the tandem pore domain (TASK) channels, methanandamide, activation was
limited to wakefulness. (C) Perfusion with 4-aminopyridine (4-AP, a blocker of voltage-
dependent Kv4 channels) or TEA (a blocker of voltage-dependent Kv2 channels) increased
GG activity across all sleep-wake states, with the strongest activation attained during REM
sleep with twitches. Collectively, these experiments demonstrate that closure of certain K*
channels can elevate GG muscle activity during sleep to, or above, the levels seen during
wakefulness. In all panels, integrated GG activity was measured during inspiration within
different sleep-wake states using arbitrary units while the XII nucleus region was perfused
with a vehicle [artificial cerebrospinal fluid (ACSF) with or without an emulsificant] or with
one of the blockers. Symbols in the graphs indicate statistically significant elevation of
activity with the blocker when compared to vehicle. (Panels A—-C show Figs. 1E, 2B and 3C,
respectively, from Ref. 171 and are republished with permission from the American
Academy of Sleep Medicine obtained v/a the Copyright Clearance Center, Inc.)
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Figure 18.
Summary of neurochemically distinct pathways that converge on upper airway motoneurons

and determine the respiratory and sleep-wake state-dependent patterns of motoneuronal
activity. Among the many excitatory pathways (shown on the left) the glutamatergic one
mediates the respiratory drive, whereas the effects of all the remaining ones are likely to be
wakefulness (or wakefulness and REM sleep) related. Among the inhibitory pathways
(shown on the right), GABA, and glycine are especially important for shaping the reflex
responses and rhythmic activities of orofacial motoneurons, whereas ACh may mediate pre-
and postsynaptic, state-dependent inhibitory effects through muscarinic (M) receptors [in
addition to the excitatory effects of ACh mediated by nicotinic (N) receptors]. Additional
state-dependent and state-independent presynaptic effects are exerted on the respiratory
(glutamatergic) input to motoneurons by 5-HT and GABA.
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Figure 19.
Upper airway muscle activity changes across sleep-wake states have different patterns in

healthy subjects and OSA subjects with anatomically compromised upper airway. The graph
compares measurements obtained from recordings of sternohyoid muscle activity in English
bulldogs, who present with OSA (especially during REM sleep), and in normal dogs
(beagles). During wakefulness, sternohyoid EMG is higher in English bulldogs than in
beagles. Furthermore, whereas in bulldogs sternohyoid EMG steadily declines from
wakefulness to NREM sleep and then REM sleep, in beagles, there is a decline between
wakefulness and NREM sleep and then an increase during REM sleep. The increase during
REM sleep is similar to that in rats (315, 316, 340), other healthy dogs (455), cats (437), and
healthy humans (91, 278). (Graphical representation of numerical data in Ref. 191 published
as Fig. 3B in Ref. 270 and republished with permission from Informa Healthcare, a member
of the Taylor and Francis Group, obtained viathe Copyright Clearance Center, Inc.)
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Figure 20.
Rats exposed to CIH have increased density of NE terminals in the ventromedial quadrant of

the XII nucleus (top section) and increased endogenous excitatory drive to XII motoneurons
mediated by a{-adrenergic receptors (bottom section). (Al and B1) Comparison of the
appearance of NE-containing terminals in 100 x 100 um images of the ventromedial
quadrant of the XII nucleus in a rat exposed to CIH for 35 days (Al) and a sham-treated
animal (B1). Also visible are several XII motoneurons retrogradely labeled from the base of
the tongue (dark brown). (A2 and B2) Graphic renditions of all NE-containing terminals
found in the images shown in Al and B1. Red dots indicate terminals that were closely
apposed to the somatic membrane of retrogradely labeled X1 motoneurons (gray), whereas
black dots represent the remaining NE terminals. (C) Average numbers of NE terminals
(immunostained for dopamine-B-hydroxylase) counted in 24 matched for the anteroposterior
level pairs of brain sections from eight pairs of CIH/sham-treated rats. (Panels A—C modified
from Fig. 2 and 3 in Ref. 443 and republished with permission from the American Thoracic
Society.) (D) Microinjections of the a.1-adrenergic receptor antagonist, prazosin (PZ), into
the X1 nucleus caused larger decrements of spontaneous XII nerve activity in anesthetized,
paralyzed, and artificially ventilated rats that were earlier exposed to CIH for 35 days than in
sham-treated animals. (E) Prazosin injections did not cause any changes of the central
respiratory rate. (Panels D and E modified from Fig. 3 in Ref. 517 and republished with
permission from the American Physiological Society.)
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Major Orofacial Muscles Whose Contraction Affects the Lumen and Patency of the Upper Airway

Muscle name (cranial nerve

Presumed action on upper

Typical pattern

References describing sleep-wake activity in

providing motor innervation) airway; (bold indicatesairway-  of activity different species (hh, healthy humans; OSAh-,
dilating action) during OSA patients; ¢, cat; d, dog; g, goat; |, lamb;
wakefulness (I, r, rat)
inspiratory; E,
expiratory; t,
tonic)
Alae nasi (VII) Widens nares I+t hh: 582,591
E+t r: 102,491
Tensor veli palatini (V) Moves soft palate up t(+1) hh: 375,541,601
t(+1) OSAh: 20,74
Levator veli palatini (V) Moves soft palate up | +t (or silent) hh: 465,542
Palatopharyngeus (XI) Moves soft palate down; pharynx
up
Palatoglossus (XI1) Moves tongue up and posterior I+t hh: 542
Styloglossus (XII) Moves tongue up and posterior t(+1) OSAh: 111
Genioglossus (XI1) Moves tongue down and I+t hh: 35, 40, 91,280,464,511,541,592,601
anterior I+t OSAnh: 20, 74,111,120,246,247,346,378,465
I+t c: 188,437
1+t d: 225,414,455
|+t g: 400,401
I+tort r: 82,233,316,340,360,446,520
Hyoglossus (XII) Moves tongue down and t OSAh: 111
posterior
Stylopharyngeus (1X) Moves up and widens pharynx
Pharyngeal constrictors (X) Stiffen posterior pharyngeal E orsilent hh: 465
wall; reduce pharyngeal lumen;
move hyoid bone posterior E OSAh: 281
1 7 r: 493
Digastric anterior (VII) Moves hyoid bone anterior t c: 407
Geniohyoid (XII) Moves tongue down; hyoid bone 1+t hh: 589,590
up t r: 446
Mylohyoid (V) Stiffens floor of the mouth
Omohyoid (Cy.3 via XIl) Moves hyoid bone down
Thyrohyoid (Cy.3 via XII) Brings closer hyoid bone and
thyroid cartilage
Sternohyoid (Cy.3 via XIl) Moves hyoid bone down | d: 191
| r: 341,493
Sternothyroid (C,.3 via XII) Moves thyroid cartilage down | r: 341
Posterior cricoarytenoid (X) Abducts vocal folds | + post-I +t hh: 282
I+t c:188
I+t 1: 253
I+t r: 342,492
Lateral cricoarytenoid (X) Adducts vocal folds E r: 342,492
Arytenoid (X) Adducts vocal folds E hh: 278
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Muscle name (cranial nerve

Presumed action on upper

Typical pattern

References describing sleep-wake activity in

providing motor innervation) airway; (bold indicatesairway-  of activity different species (hh, healthy humans;, OSAh-,
dilating action) during OSA patients; c, cat; d, dog; g, goat; |, lamb;
wakefulness (I, r, rat)
inspiratory; E,
expiratory; t,
tonic)
1/E +t r: 342
Thyroarytenoid (X) Relaxes vocal folds E+t hh: 279
| or silent I: 253
E r: 342
Cricothyroid (X) Tenses vocal folds I+t hh: 284
1+t I: 253
lorl/E r: 342,492

Note. Muscles are listed together with the source of their innervation, possible role in the control of upper airway patency, prevailing pattern of
spontaneous activity during quiet wakefulness, and references describing their sleep-wake activity in different species.
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