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Abstract

Hypoglossal (X11) motoneurons innervate muscles of the tongue whose tonic and inspiratory
modulated activity protects the upper airway from collapse in patients affected by the obstructive
sleep apnea (OSA) syndrome. Both norepinephrine and serotonin provide wakefulness-related
excitatory drives that maintain activity in XII motoneurons, with the noradrenergic system playing
a particularly prominent role in rats. When noradrenergic and serotonergic drives are antagonized,
no further decline of XII nerve activity occurs during pharmacologically induced rapid eye
movement (REM) sleep-like state. This is the best evidence to date that, at least in this model, the
entire REM sleep-related decline of upper airway muscle tone results from withdrawal of these
two excitatory inputs. A major component of noradrenergic input to X1I motoneurons originates
from pontine noradrenergic neurons that have state-dependent patterns of activity, maximal during
wakefulness, and minimal, or absent during REM sleep. Our data suggest that not all ventrolateral
medullary catecholaminergic neurons follow this pattern, with adrenergic C1 neurons probably
increasing their activity during REM sleep. When rats are subjected to chronic-intermittent
hypoxia, noradrenergic drive to XII motoneurons is increased by mechanisms that include
sprouting of noradrenergic terminals in the XII nucleus, and increased expression of a-
adrenoceptors; an outcome that may underlie the elevated baseline activity of upper airway
muscles during wakefulness in OSA patients.
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1 INTRODUCTION

The finding that sleep-disordered breathing occurs when upper airway muscle activity
declines, whereas obstructive episodes are resolved when upper airway muscle activity is
restored (Remmers et al., 1978; Sauerland and Harper 1976) had a profound influence on
subsequent basic and clinical research on the mechanisms underlying the obstructive sleep
apnea (OSA) syndrome. OSA patients generate adequate ventilation when they are wake
but, during sleep, decrements of upper airway muscle activity, combined with the
anatomical predisposition of the upper airway to collapse, result in recurrent periods of
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respiratory flow limitation or a complete loss of upper airway patency. Thus, the depressant
effect of sleep on upper airway muscle tone plays a key role in the disorder. Some OSA
patients experience obstructive events predominantly during slow-wave sleep, whereas in
others, flow limitations and complete upper airway obstructions occur mainly during rapid
eye movement (REM) sleep. These differences may depend on the severity of the disorder,
strength of the reflexes that act to restore upper airway muscle tone, and anatomical factors.
Obstructive episodes during REM sleep predominate in children and certain adult OSA
patients, and they often result in the most severe oxyhemoglobin desaturations (Conwell et
al., 2012; Muraki et al., 2008; Spruyt and Gozal, 2012).

The brainstem contains both the neuronal network responsible for the generation of REM
sleep (Brown et al., 2012; Jouvet, 1962; Siegel, 2009), and also most of the neuronal
systems responsible for the central regulation of breathing (Feldman et al., 2003; Ramirez
and Viemari, 2005; von Euler, 1986). Hence, studies of the interaction between these two
networks have been based on the conceptual frameworks derived from the extensive studies
of each of these two systems conducted separately. In our studies, we focus on the effects of
REM sleep on hypoglossal (XI1) motoneurons because they innervate the muscles of the
tongue, including the genioglossus, and the position and stiffness of the tongue is a major
determinant of upper airway patency in persons whose upper airway anatomy predisposes
them to sleep-related respiratory disorders (Brouillette and Thach, 1979; Eisele et al., 2003;
Remmers et al., 1978; Saboisky et al., 2007; Sauerland and Harper, 1976).

The depression of upper airway muscle tone during REM sleep is often seen as a special
case of postural muscle atonia that is one of the hallmarks of this state of sleep. Accordingly,
the concepts regarding the depression of upper airway muscle tone during REM sleep have
been derived from studies of the mechanisms causing the depression of activity in postural
motoneurons. These studies suggested that the atonia of postural muscles is caused by an
active, postsynaptic inhibition of motoneurons mediated by glycine, because the frequency
and amplitude of glycine-mediated inhibitory postsynaptic potentials increase in spinal
motoneurons during REM sleep when compared to non-REM sleep (Chase et al., 1989;
Morales et al., 1987). However, none of the studies that tested the application of this concept
to the motor output to upper airway muscles yielded supportive results. In one study in cats,
infusion of antagonists of either glycinergic or GABA inhibitory receptors did not abolish
the depressant effect of REM sleep on reflexly evoked activation of trigeminal motoneurons
(Soja et al., 1987). In another study, a pharmacologically induced REM sleep-like
depression of spontaneous activity of XII motoneurons was not diminished by
microinjections into the XII motor nucleus of antagonists of either of these two receptors,
and the authors concluded the REM sleep-related depression of XII motoneuronal activity
was not caused by active inhibition mediated by either glycine or GABA, receptors (Kubin
et al., 1993). Subsequent studies in rats have led to the same conclusion for both XII and
trigeminal motoneurons (Brooks and Peever, 2008; Fenik et al., 2005a; Morrison et al.,
2003).

The absence of evidence for active postsynaptic inhibition being the cause of the depression
of upper airway muscle tone during REM sleep prompted a search for alternative
mechanisms. Based on data showing that serotonin (5-HT)- and norepi-nephrine (NE)-

Prog Brain Res. Author manuscript; available in PMC 2015 July 10.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kubin

Page 3

containing neurons are maximally active during wakefulness and stop firing during REM
sleep, and that both 5-HT and NE activate XII and trigeminal motoneurons, we conducted
studies in cats (Kubin et al., 1992, 1993, 1994) which have led us to propose that the REM
sleep-related depression of activity in motoneurons innervating upper airway muscles is a
result of disfacilitation, rather than active inhibition, caused by state-dependent withdrawal
of endogenous activation mediated by 5-HT and NE (Kubin et al., 1998). We then
developed and validated a novel pharmacological model of REM sleep-like depression of
activity in X1l motoneurons and used it to determine the role of NE in the depression of XII
motoneuronal activity during REM sleep. We also measured endogenous NE-mediated
activation of XII motoneurons under baseline conditions and following chronic treatment
with intermittent hypoxia as a model of the conditions experienced by OSA patients. In this
chapter, | describe our animal model and then summarize our recent findings.

2 REM SLEEP-LIKE STATE IN URETHANE-ANESTHETIZED RATS

The model of REM sleep that we developed is based on urethane-anesthetized rats in which
microinjections of a cholinergic agonist, carbachol placed into a discrete site within the
dorsomedial pons trigger multiple electrophysiological changes that are typical of REM
sleep, including the depression of upper airway muscle tone (Kubin, 2001; Lu et al., 2007).
Importantly, our studies are conducted under neuromuscular paralysis and with artificial
ventilation at a constant rate and volume. Consequently, any neural changes observed during
the carbachol-induced REM sleep-like state can be interpreted as resulting from activation
of the central network responsible for the generation of REM sleep, rather than as secondary
to muscle relaxation or changes in ventilation that accompany changes in behavioral state.
We see this as an advantage of our model when used to study the basic effects of REM sleep
on the cardiorespiratory and motor systems. Figure 1 shows an example of an REM sleep-
like episode elicited by pontine carbachol injection in a urethane-anesthetized, paralyzed,
and artificially ventilated rat.

As during natural REM sleep, carbachol-induced REM sleep-like state in anesthetized rats is
characterized by activation of cortical EEG and the appearance of theta-like rhythm in the
hippocampus (Kubin, 2001; Lu et al., 2007). The effective region for carbachol
microinjections is well defined (Fenik and Kubin, 2009; Fenik et al., 2005b; Kubin, 2001)
and corresponds to the dorsal pontine tegmental region where carbachol enhances REM
sleep in behaving rats (Bourgin et al., 1995; Gnadt and Pegram, 1986). Noradrenergic (NA)
cells of the locus coeruleus (LC) are silenced during the carbachol-induced REM sleep-like
state in anesthetized rats (Kubin, 2001) and during natural REM sleep (Aston-Jones and
Bloom, 1981). Ventral medullary inspiratory cells often have increased activity during
carbachol-induced REM sleep-like state in anesthetized rats (Woch et al., 2000), and they
are also activated during natural REM sleep (Orem, 1994; Orem et al., 2005). Activation of
cells in the wake-promoting region of the posterior, lateral hypothalamus blocks the ability
of pontine carbachol to elicit the REM sleep-like state in urethane-anesthetized rats (Lu et
al., 2007) and, similarly, optogenetic or pharmacological activation of cells in the same
hypothalamic region suppresses generation of natural REM sleep in behaving rats
(Adamantidis et al., 2007; Alam et al., 2005). Thus, the anesthetized rat carbachol model of
REM sleep mimics at many levels the processes underlying the initiation and maintenance
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of REM sleep (except phasic events, such as muscle twitches or rapid variation of
respiratory rate and blood pressure; see discussion in Kimura et al., 1990; Kubin, 2001;
Orem and Kubin, 2005). Individual REM sleep-like episodes last 4-8 min, and can be
triggered repeatedly, thus allowing one to explore single cell activity and conduct within-
subject pharmacological experiments.

3 NE AND SEROTONIN PROVIDE A MAJOR ENDOGENOUS DRIVE TO XlI
MOTONEURONS

When we proposed that REM sleep-related depression of activity of XII motoneurons is
caused by disfacilitation, we considered both 5-HT and NE as the two major
neuromodulators whose withdrawal could cause decrements of upper airway muscle tone
during REM sleep (Kubin et al., 1992, 1998). This hypothesis proved to be correct, but
additional intricacies emerged. It now appears that, in cats and dogs, the endogenous,
wakefulness-related drive to upper airway motoneurons mediated by 5-HT is very strong
(Kubin et al., 1992; Neuzeret et al., 2009; Veasey et al., 1996), whereas the drive dependent
on endogenous NE is of a lesser magnitude (Neuzeret et al., 2009). In contrast, in rats,
endogenous excitation of XII motoneurons mediated by 5-HT is relatively less powerful
than that mediated by NE. This is the case in both chronically instrumented, behaving rats
(Chan et al., 2006; Sood et al., 2005), and in urethane-anesthetized rats (Fenik et al., 2005b).
Figure 2 compares the effects of local microinjections of an a1-adrenergic receptor
antagonist, prazosin, and a broad-spectrum 5-HT receptor antagonist, methysergide, into the
X1 nucleus on spontaneous activity of the medial branch of the XII nerve in urethane-
anesthetized rats.

Thus, in rat XII motoneurons, the relative contribution of endogenous activation mediated
by NE is larger than that mediated by 5-HT. In humans, neither the absolute nor the relative
magnitude of 5-HT and NE drives to upper airway motoneurons has been investigated.
Furthermore, animals with fully patent upper airway were used in most of the studies of the
effects of NE and 5-HT on motoneurons innervating upper airway muscles. In OSA patients,
the chronic sleep and respiratory disruption may alter the roles 5-HT and NE play in the
control of upper airway motoneurons. In addition, rats are distinctly nocturnal animals.
Therefore, it is possible that the magnitudes of these two aminergic drives vary with
circadian time. We base this suggestion on our data showing that mMRNA and protein levels
for the excitatory 5-HTa receptor are higher in the XII nucleus during the active period
(night in rats) than during the rest period, whereas NE receptor mMRNA does not exhibit
circadian variation (Volgin et al., 2013). These issues need further investigation.

4 FUNCTIONAL EQUIVALENCE BETWEEN A COMBINED WITHDRAWAL OF
ENDOGENOUS NA AND SEROTONERGIC DRIVES AND REM SLEEP-
RELATED DEPRESSION OF Xl MOTONEURONAL ACTIVITY

Using urethane-anesthetized rats with REM sleep-like episodes repeatedly elicited by
pontine carbachol injections, we obtained evidence that REM sleep-related depression of
XII motoneuronal activity can be fully and sufficiently explained by a combined withdrawal
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from motoneurons of NE- and 5-HT-mediated excitations (Fenik et al., 2005b). The premise
of these experiments was that, if the REM sleep-like depression of activity in XII
motoneurons is the result of withdrawal of motoneuronal excitation mediated by NE and 5-
HT, then no additional REM sleep-like depression should occur following pharmacological
antagonism of their receptors at the level of the XII nucleus. To test this hypothesis, we
designed experiments in which REM sleep-like episodes were elicited by pontine carbachol
injections under the baseline conditions, then after combined microinjections of NE and 5-
HT receptor antagonists directly into the XII nucleus, and then again when the effects of the
antagonists started to dissipate (cf. Fig. 2). As antagonists, we used the as-adrenergic
receptor blocker, prazosin, and a broad-spectrum 5-HT receptor antagonist, methysergide
because aj-adrenergic and 5-HT, receptors have been identified as the main aminergic
receptors in the XII nucleus (Fenik and Veasey, 2003; Okabe et al., 1997; Volgin et al.,
2001, 2003; Zhan et al., 2002).

The key finding from these studies was that, when both NE and 5-HT receptors located
within and adjacent to the XII nucleus were antagonized, XII nerve activity was reduced to
approximately the same level as that attained by XII nerve activity during the REM sleep-
like episodes elicited by carbachol, and no further reduction of XII nerve activity occurred
during the episodes. Importantly, while no additional depression of XII nerve activity
occurred, other characteristic effects, such as hippocampal activation and respiratory rate
changes, occurred as usual, and the depressant effect of REM sleep-like episodes on XlI
nerve activity gradually recovered over the subsequent 3 h as the antagonists diffused away
(Fig. 3). This outcome indicated that an occlusion occurred at the level of the XII nucleus
between the depressant effect of REM sleep-like state and the NE and 5-HT receptor
antagonism.

The experiments with NE and 5-HT receptor antagonists indicated that both receptor groups
need to be antagonized because, when, in separate experiments, only prazosin or only
methysergide were used, a residual but statistically significant depression of XII nerve
activity still occurred during the carbachol-induced REM sleep-like episodes (Fenik et al.,
2005b). It is also of note that, when the XII nucleus was simultaneously infiltrated with
prazosin, methysergide, GABA, and glycine receptor antagonists (bicuculline and
strychnine, respectively), the carbachol-induced, REM sleep-like depression did not occur
(Fenik et al., 2004). This finding, albeit not surprising in the face of the result with prazosin
and methysergide only, was an important control experiment, because the same result was
obtained while the baseline level of XII nerve activity was elevated by the antagonists of
inhibitory transmission (bicuculline and strychnine). Thus, the absence of any depression of
XII nerve activity during the REM sleep-like episodes elicited following microinjections of
prazosin and methysergide only into the XII nucleus was not secondary to the low level of
XII nerve activity resulting from the antagonism of the as-adrenergic and 5-HT receptors.

Thus, in rats, the pontine carbachol-triggered, REM sleep-like depression of XII
motoneuronal activity is caused by withdrawal of motoneuronal excitation mediated by only
two modulators, NE and 5-HT. Whether this is also the case in intact, unanesthetized rats,
other animal species, and humans remains to be determined. Indeed, additional mechanisms
are likely to operate in these more complex conditions. For example, in chronically
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instrumented, behaving rats, scopolamine (a muscarinic cholinergic type 1 receptor
antagonist) administered by reverse microdialysis into the XII nucleus region resulted in a
significant increase of lingual muscle activity that was most prominent during REM sleep
when compared to either non-REM sleep or wakefulness, and a similar result was obtained
with the peptide blocker of inwardly rectifying and Ca%*-activated large conductance K*
channels, tertiapin-Q (Grace et al., 2013). These findings suggest that a muscarinic
cholinergic inhibitory mechanism that acts through K* channels suppresses excitatory inputs
to XII motoneurons predominantly during REM sleep. Consistent with this interpretation,
many XII premotor neurons located in the reticular formation ventrolateral to the XII
nucleus use acetylcholine as their transmitter and express mRNA for multiple muscarinic
cholinergic receptors (Volgin et al., 2008). These premotor neurons may interact with
adjacently located glutamatergic neurons that are a known source of inspiratory drive to XII
motoneurons (Woch et al., 2000), and some may also express mRNA for muscarinic
receptors (Volgin et al., 2008). These interactions may be pre-synaptic and occur at the level
of the XII nucleus, although it is also possible that effects exerted by scopolamine and
tertiapin-Q on the reflex transmission at the level of the nucleus of the solitary tract located
just dorsal to the XII nucleus contributed to the results reported by Grace et al. (2013).

5 THE SOURCES OF NA EXCITATORY INPUT TO XIl MOTONEURONS AND
THEIR STATE DEPENDENCE

The findings summarized in the preceding sections revealed that endogenous NA excitatory
drive has a major role in setting the baseline level of activity in XII motoneurons. This
conclusion prompted us to investigate the sources of NA projections to the XII nucleus, and
whether these sources are all state dependent in a manner previously established for only
two groups of pontine NA neurons—LC cells (A6 group) and cells of the sub-coeruleus
(SubC) region (Aston-Jones and Bloom, 1981; Reiner, 1986).

One earlier study found that NA axonal projections to the XII nucleus originate mainly in
the pontine A5, SubC, and A7 groups, that the projections are bilateral, and that those from
the LC are negligible (Aldes et al., 1992). We reinvestigated the issue with the goal to
include ventrolateral medullary NA neurons, and to gain quantitative insights into the
relative contributions of different NA groups to the total NA input to XII motoneurons. We
used either Fluoro-Gold or B subunit of cholera toxin as retrograde tracers, and tyrosine
hydroxylase immunohistochemistry to determine the distribution of NA neurons with
efferent projections to the XII nucleus (Rukhadze and Kubin, 2007).

Our results generally confirmed the findings of Aldes et al. (1992), who reported that NA
projections to the XII nucleus originate primarily in the SubC region (69% of all
retrogradely labeled NA neurons), followed by the A7 (21%) and A5 (10%) groups, but we
also found quantitative differences. In our study, A5 group contained 43.5% of all NA cells
retrogradely labeled from the XII nucleus, SubC 21.0%, A7 group 15%, and LC only 1.7%
(Fig. 4A). Additionally, we found substantial projections from the ventrolateral medullary
AL/C1 group (18.5%) that was not previously reported. Since there are no adrenergic fibers
in the XII nucleus (Kalia et al., 1985), the projections from the ventrolateral medulla must
have originated from the NA neurons of the Al group. The relatively high proportion of
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projections from the A5 group that we found might have been caused by retrograde labeling
from the periphery of the XII nucleus, rather than from its center, because our retrograde
tracers could diffuse more readily than the iontophoretically deposited tracer used by Aldes
et al. (1992). Consistent with this interpretation, in a separate antidromic mapping study of
A5 cell projections to the XII nucleus, no A5 cell axonal branches were localized in the
center of the X1l nucleus (Fenik et al., 2002). Therefore, any projections from the A5 group
to the XII nucleus are more likely to target distal dendrites of XII motoneurons than their
cell bodies.

An alternative way of quantifying the contribution of axonal projections from different
groups of NA neurons to the XII nucleus to the one based on the numbers of retrogradely
labeled cells in each group can be obtained by relating the numbers of retrogradely labeled
cells to the total numbers of NA cells in each group. Using this approach, we determined
that 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. This quantification
suggests that, compared to other NA groups, the pontine A7 group has a particularly high
preference to target the XII nucleus relative to its other efferent projections. Figure 4
schematically depicts the contributions of different NA groups to axonal projections to the
X1 nucleus, as quantified by these two different approaches.

The percentages of cells located in different NA cell groups that have axonal projections to
the X1 nucleus provide useful estimates of their potential contributions to the total NA input
to XII motoneurons. However, for a more complete picture, one will need to determine the
density and pattern of branching within the XII nucleus of NA axons that originate in
different cell groups, the preferential locations of axon terminals relative to XII
motoneuronal cell bodies and dendrites (cf. Funk et al., 2011) and, ultimately, the magnitude
of postsynaptic effects produced by afferents from different NA groups.

In separate pharmacological experiments, we made an attempt to estimate the relative
strength of the endogenous NA excitatory drive to XII motoneurons from different NA cell
groups. Based on the evidence that most NA cells have the inhibitory ay-adrenergic
autoreceptors (Huangfu and Guyenet, 1997; Reiner, 1985), we conducted local
microinjections of the a-adrenergic receptor agonist, clonidine, into selected sites of origin
of NA projections to the XII nucleus as the means of selectively silencing NA cells in
different groups. To date, we tested the effects of clonlidine microinjections on the level of
spontaneous XII nerve activity in urethane-anesthetized, paralyzed, and artificially
ventilated rats by placing the injections into the A5, SubC, or A7 groups (Fenik et al., 2002,
2008, 2012). We found that only the injections placed in the A7 group significantly reduced
spontaneous XII nerve activity, by 31% following unilateral injections, and that the effect
was blocked when clonidine injections were preceded by microinjections into the same site
of a selective ay-adrenergic receptor agonist (Fenik et al., 2008). In contrast, neither
clonidine microinjections placed at sites surrounding the A7 group nor those placed into the
SubC or the A5 regions had any tonic effect of XII nerve activity. Thus, unilateral
pharmacological inhibition of A7 cells resulted in significant decrements of XII nerve
activity, whereas silencing of A5 or SubC cells did not despite the anatomical evidence for
NA projections from all these groups to the XII nucleus and direct evidence that at least A5
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cells are spontaneously active in our rat model and are inhibited by clonidine (Fenik et al.,
2002). This demonstrates that the presence of axonal projections does not necessarily
translate into significant functional effects.

The concept that activity of NA cells predictably changes with behavioral states, so that it is
highest during active wakefulness, partially declines during slow-wave sleep and ceases
during REM sleep has been well supported by recordings from LC and SubC neurons
(Aston-Jones and Bloom, 1981; Reiner, 1986; Takahashi et al., 2010). However, it has not
been determined whether the same is the case for other brainstem NA and adrenergic
neurons. Since our anatomical and pharmacological data indicated that the A7 and possibly
also A5 and Al groups may provide endogenous excitation to X1 motoneurons, it became
important to determine whether all brainstem catecholaminergic cells are depressed during
REM sleep. In the case of A5 neurons, we addressed this by recording from these cells
during carbachol-induced REM sleep-like episodes and determined that A5 cells are indeed
silenced (Fenik et al., 2002). To test whether this is also the case for A7 and other
catecholaminergic neuronal groups, we used the carbachol model of REM sleep and c-Fos
expression as an indirect marker of the level of cell activity. In different rats, we produced
varying cumulative durations of REM sleep-like state by repeatedly injecting carbachole (or
saline) into the dorsomedial pons. At the end of the experiment, the animals were perfused
and the percentages of tyrosine hydroxylase-positive cells expressing c-Fos were determined
for each catecholaminergic group and correlated with the total time spent in REM sleep-like
state during 140-min-long period prior to perfusion (Rukhadze et al., 2008). For the SubC
and pontine part of the A5 group, we found a significant negative correlation between the
level of c-Fos expression and the amount of time spent in REM sleep-like state. This was
consistent with electrophysiological data indicating that these cells are silenced during REM
sleep (Fenik et al., 2002; Reiner, 1986). We also found significant negative correlations for
AT neurons. Furthermore, for A7, pontine A5 and dorsomedial medullary A2/C2 neurons,
there was a positive correlation between the time that elapsed between the last REM sleep-
like episode and the time of perfusion, which indicated that nuclear c-Fos accumulation
increased in these cells with time after each REM sleep-like episode. This was consistent
with the cells increasing their activity after each episode. In contrast, the correlations were
not significant for catecholaminergic cells located in the caudal part of the A5 group and
ventrolateral medullary Al and C1 neurons. Although interpretation of these results is based
on the assumption that the level of c-Fos expression reflects the level of cell activity, the
consistency of c-Fos and electrophysiological data in support of this assumption for SubC
and A5 neurons strongly suggests that pontine A7 and medullary A2/C2 neurons are also
suppressed or silenced during REM sleep, whereas the ventrolateral medullary A1/C1
neurons and neurons of the caudal part of the A5 group are not. This would indicate
heterogeneity of the behaviors of pontomedullary catecholaminergic neurons during REM
sleep. Alternatively, our negative results with A1/C1 and caudal A5 neurons could be caused
by the absence of spontaneous activity in these neurons in urethane-anesthetized rats.
However, data show that adrenergic C1 neurons have spontaneous activity in urethane-
anesthetized rats (Huangfu et al., 1992; Verberne et al., 1999). Our recent
electrophysiological data confirm that C1 neurons are spontaneously active and show that
they are activated during the REM sleep-like episodes (Stettner et al., 2013). It is possible
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that the lack of significant correlation between c-Fos expression and the amount of prior
time spent in REM sleep-like episodes for the combined group of Al and C1 neurons was
caused by opposite behaviors of Al and C1 neurons and our limited ability to distinguish
between Al and C1 neurons based solely on anatomical landmarks and tyrosine hydroxylase
immunohistochemistry (Rukhadze et al., 2008). Thus, whether A1 neurons are
spontaneously active and how their activity changes during REM sleep remains to be
determined.

6 NA CONTROL OF THE UPPER AIRWAY FOLLOWING EXPOSURE TO
CHRONIC-INTERMITTENT HYPOXIA

The findings reported in the preceding sections revealed the mechanisms that may
importantly determine the level of activity in XII motoneurons across sleep—wake states in
normal rats, thus in an animal model that differs in many ways from subjects with OSA,
which is an almost uniquely human disorder. Although rats and humans have similar
fundamental mechanisms that regulate sleep—wake behavior and the control of breathing,
rats’ upper airway anatomy is different (their hyoid bone is not mobile like it is in humans),
and rats do not exhibit any propensity for sleep-related upper airway obstructions. With NA
control identified as a potentially important determinant of upper airway muscle tone in
normal rats, we conducted studies with rats subjected to chronic-intermittent hypoxia (CIH)
in an attempt to determine how this major pathophysiological condition of OSA affects the
otherwise normal control of the upper airway.

Rats were subjected to CIH for 35 days, with O, oscillating with 180-s period between a
mild hyperoxia (24%) and nadirs of 6.9% daily from 7 am to 5 pm, while control rats were
subjected to a matching sham treatment (Rukhadze et al., 2010). About 17 h after the last
exposure, the animals were perfused and brain sections containing the XII nucleus were
subjected to tyrosine hydroxylase or ai-adrenoceptor immunohistochemistry. We quantified
the density of NA terminals in the ventrome-dial quadrant of the XII nucleus, where these
terminals are particularly numerous in normal rats (Aldes et al., 1988) and where most XI|
motoneurons that innervate tongue protruder muscles are located (Altschuler et al., 1994;
Dobbins and Feldman, 1995). We also counted XII motoneurons expressing cq-
adrenoceptor-like protein throughout the entire cross sections through the XII nucleus in
CIH- and sham-exposed rats. We found that CIH rats had significantly higher density of NA
terminals in the ventromedial XII nucleus than sham-treated animals (Fig. 5A). CIH rats also
had a significantly higher percentage of a-adrenoceptor-expressing XII motoneurons in the
dorsal half of the XII nucleus and a similar trend was present in the ventral half. In
complementary studies, we determined that CIH-exposed rats had elevated NA terminal
density in the spinal trigeminal sensory nucleus (Sp5) and a trend in the same direction in
the trigeminal motor nucleus (V), but the magnitude of these effects was not as large as in
the XII nucleus (39% increase in the ventro-medial quadrant of the XII nucleus, 18% in the
Sp5, and 9% in the V) (Mody et al., 2011; Rukhadze et al., 2010).

These results suggested that NE terminal sprouting, combined with increased expression of
ag-adrenergic receptors may act together to enhance endogenous NA activation of XII
motoneurons following exposure to CIH. To test whether this is the case, in urethane-

Prog Brain Res. Author manuscript; available in PMC 2015 July 10.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kubin

Page 10

anesthetized, paralyzed, and artificially ventilated rats previously subjected to CIH or sham
treatment for 35 days, we tested the effects of a1-adrenoreceptor agonists and antagonists
injected into the XII nucleus on spontaneous XII nerve activity (Stettner et al., 2012).
Microinjections of the aq-adrenoceptor agonist, phenylephrine into the XII nucleus
predictably increased XII nerve activity. However, the magnitude of the effect did not differ
between the CIH- and sham-treated rats, possibly due to the large intersubject variability of
the effect. In contrast, microinjections of the aq-adrenoceptor antagonist, prazosin caused
larger declines of spontaneous XII nerve activity in the CIH- than sham-treated rats (Fig.
5B). This finding was consistent with CIH-enhancing endogenous NA excitatory drive to
XI1I motoneurons that could last at least for 20 h after the last CIH exposure. Interestingly,
our related c-Fos study did not support the hypothesis that CIH exposure leads to a lasting
increase of activity in central catecholamineric neurons. We found no c-Fos increase in any
of the pontomedullary catecholaminergic neuronal groups in rats that were gently kept
awake for 2.5 h and then perfused 20 h after the last exposure to CIH when compared to
sham-treated animals. Indeed, the percentage of catecholaminergic cells with nuclear c-Fos
expression tended to be lower in the CIH than sham-treated animals in all medullary groups
(significant for the A1 group) (Benincasa Herr et al., 2013). Thus, CIH may lead to
enhanced central catecholaminergic transmission through sprouting of central terminals and
increased expression of aq-adrenoceptors, whereas the level of spontaneous activity of
catecholaminergic cells does not appear to be persistently increased following CIH.

These studies show that CIH may enhance central catecholaminergic tone, thereby
increasing NA drive to upper airway motoneurons during wakefulness and probably slow-
wave sleep, that is, when NA neurons are active. This possibility offers a mechanistic
explanation for the observation that OSA patients have elevated upper airway muscle tone
when compared to persons with fully patent upper airway (Katz and White, 2004;
Mezzanotte et al., 1992; Suratt et al., 1988). CIH may also affect catecholaminergic
modulation of transmission in other pathways. For example, transmission of reflexes
affecting XII motoneurons and NA modulation of other cardiorespiratory functions and
sleep—wake behavior may be altered following CIH exposure, as well as in OSA patients.
Demonstration of these possible outcomes will require additional studies.

7 CONCLUSIONS AND FUTURE DIRECTIONS

Both NE and 5-HT provide excitatory drives that maintain spontaneous activity of XII
motoneurons, with the NA system playing a relatively more prominent role than 5-HT in
rats. When these two drives are antagonized at the level of the XII nucleus, no further
decline of XII nerve activity occurs during pharmacologically induced REM sleep-like
episodes. This finding shows that, at least in our experimental model, the entire REM sleep-
related decline of upper airway muscle tone is caused by the withdrawal of these two
neurochemically distinct excitatory inputs. A major part of the NA input to XII motoneurons
originates in pontine NA groups that have state-dependent activity, maximal during active
wakefulness and minimal or absent during REM sleep. Our data also suggest that
ventrolateral medullary catecholaminergic neurons do not have this pattern; indeed,
adrenergic C1 neurons may increase their activity during REM sleep. After a period of
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exposure to CIH, NE drive to XII motoneurons is increased by mechanisms that include
sprouting of NA terminals in the XII nucleus and increased expression of aq-adrenoceptors.

One challenge for future studies will be to determine to what extent these findings apply to
upper airway control in healthy humans and OSA patients. Comparison of the role of NE
and 5-HT in the control of XII motoneurons in rats and cats suggests that there are at least
quantitative species differences. Furthermore, in subjects with an anatomically compromised
upper airway, reflex regulation of upper airway muscle tone initiated by flow limitation is
superimposed on the central drives that set the baseline upper airway muscle activity. Not
only CIH but also recurrent sleep disruptions may alter the role NE plays in the control of
upper airway muscles and other aspects of cardiorespiratory and sleep—wake controls. Thus,
our studies in rats provide reference points for future investigations of the role of NE in
humans and animal models with spontaneous- or experimentally induced sleep-related
respiratory disorders.
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FIGURE 1.
Example of an REM sleep-like episode elicited by carbachol microinjection into the

dorsomedial pontine tegmentum in a urethane-anesthetized, paralyzed, and artificially
ventilated rat. (A) Continuous recording before and after carbachol injection that elicited a
typical REM sleep-like episode. The top trace shows the running average of the power of
hippocampal activity in the 2.5-4.0 Hz frequency range, which corresponds to theta
frequency in anesthetized rats (Vertes et al., 1993). In this case, inspiratory activity of the
XI1I nerve was transiently abolished at the peak of the carbachol effect. (B) Expanded
portion of the record in (A) showing individual inspiratory bursts of XII nerve activity and
its integrated version recorded after the episode, as marked by the grey vertical line in (A).
All signals are scaled in arbitrary units.

**Unpublished record from Stettner et al. (2013).
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FIGURE 2.
Comparison of the effects of the aq-adrenergic receptor antagonist, prazosin, and a broad-

spectrum 5-HT receptor antagonist, methysergide, microinjected into the XII nucleus on
spontaneous activity of the medial branch of the XII nerve in urethane-anesthetized rats.
Given the elongated shape of the XII nucleus, the compounds were injected into the center
of the nucleus at three rostro-caudal levels to ensure antagonism of relevant receptors on all
XI1 motoneurons and their dendrites. Spontaneous activity of the XII nerve was measured
relative to its level prior to the injections. The injections were made during the first ~10 min
after time zero (arrows). Both antagonists reduced XII nerve activity, with the minimum
attained ~30 min after the injections. Prazosin had a stronger depressant effect than
methysergide, suggesting that NE provided more endogenous excitation to XII motoneurons
than 5-HT. In addition, methysergide caused a delayed activation. XII nerve activity
partially recovered during180 min after the injections. Each curve is based on data from six
animals (Fenik et al., 2005b). The panel on the right shows a lateral view of the XII nucleus
and surrounding structures adapted from a rat brain atlas (Paxinos and Watson, 2007). The
diameters of the circles representing the injection sites are scaled to show the initial
distribution of the drugs calculated with the assumption that 25% of tissue volume is
available to accommodate 40 nl volume of the injectate (Nicholson, 1985). Abbreviations:
CB, cerebellum; DMV, dorsal motor nucleus of the vagus nerve; DpGi, dorsal
paragigantocellular nucleus; Gi, gigantocellular reticular nucleus; Gr, gracile nucleus; 10,
inferior olive; NTS, nucleus of the solitary tract; Pr, prepositus nucleus; Px, pyramidal tract;
Ro, nucleus of roller; 4V, 4th ventricle.
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FIGURE 3.
When endogenous activation of XII motoneurons mediated by NE and 5-HT is blocked,

there is no additional depression of XII nerve activity during the REM sleep-like episodes
elicited in urethane-anesthetized rats by pontine carbachol injections. The top graph shows
the effect of combined microinjections of the a;-adrenergic receptor antagonist, prazosin,
and a broad-spectrum 5-HT receptor antagonist, methysergide, into the XII nucleus on
spontaneous XII nerve activity. REM sleep-like episodes were elicited repeatedly at three
times during each experiment, first prior to the antagonists injections, then at the time of
peak antagonist effect (~50 min after injections), and then again when XII nerve activity
partially recovered from the effect of the antagonists (~170 min after injections). The three
bar graphs at the bottom show XII nerve activity before (B), during (D), and after (A) each
of the three REM sleep-like episodes elicited at these three times. The middle set of bars
shows that no depression of XII nerve activity occurs at the time when the antagonists exert
their maximal effect. Average data from six rats.

Adapted from Fenik et al. (2005b).
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FIGURE 4.
Quantitative representation of afferent projections to the XII nucleus from distinct groups of

pontomedullary noradrenergic (NA) neuronal groups. (A) When expressed relative to the
average total numbers of retrogradely labeled NA neurons following tracer injections into
the XII nucleus, cells of the A5 group have strongest projections, followed by sub-coeruleus
(SubC), A1/C1 and A7 groups, whereas the projections from the locus coeruleus (LC) are
negligible. (B) When the numbers of NA cells retrogradely labeled from the XII nucleus are
expressed relative to the average total numbers of neurons present in each cell group, the A7
group contains the highest percentage of cells that send axons to the XII nucleus. In this
panel, circles are scaled proportionally to the square root of the numbers of cells counted
bilaterally in each NA group and arrow thickness is proportional to the percentage of cells in
each group that were retrogradely labeled from the XII nucleus. The numbers inside each
circle represent the average numbers of retrogradely labeled cells found in each group per
animal and the average total numbers of NA cells in each group, as determined by Rukhadze
and Kubin (2007). Consistent with the representation of axonal projections to the XII
nucleus shown in (B), pharmacological inhibition of A7 neurons resulted in a significant
reduction of spontaneous XII nerve activity (Fenik et al., 2008), whereas local
microinjections of clonidine to inhibit A5 or SubC neurons did not result in significant
changes (Fenik et al., 2002, 2008).
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FIGURE 5.
Rats exposed to chronic-intermittent hypoxia (CIH) for 35 days have increased density of

NA terminals in the ventromedial quadrant of the XII nucleus and increased dependence of
spontaneous XII nerve activity on the endogenous excitatory drive mediated by a4-
adrenergic receptors. (A) Position of the axon terminal counting box (100x100 pm) in the
XII nucleus and the average numbers of dopamine-p-hydroxylase (DBH) terminals counted
in 24 matched for the anteroposterior level pairs of brain sections from eight pairs of CIH/
sham-treated rats. Several XII motoneurons retrogradely labeled from the base of the tongue
are present within and adjacent to the counting box. CE, central canal. (B) Microinjections
of the a1-adrenergic receptor antagonist, prazosin into the XII nucleus resulted in larger
decrements of spontaneous XI1 nerve activity in anesthetized, paralyzed, and artificially
ventilated rats tested ~20 h after the last exposure to CIH than in sham-treated animals. The
injections did not cause any changes of the central respiratory rate.

(A) Data from Rukhadze et al. (2010) and (B) data from Stettner et al. (2012).
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