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A B S T R A C T

Sleep and arousal from sleep are associated with profound changes in cardiovascular and respiratory functions.
Fluctuations of arterial blood pressure (ABP), heart rate (HR), and respiration occur both during non-rapid eye
movement (NREM) and REM sleep and during transitions between sleep and behavioral arousal. These changes
reflect complex, state-dependent interactions among several neuronal groups in the hypothalamus and brain-
stem. These neurons utilize the excitatory amino-acid L-glutamate or the inhibitory amino acid γ-aminobutyric
acid (GABA) and are modulated in a state-dependent manner by inputs from cholinergic, monoaminergic, and
hypothalamic orexin/hypocretin and melanin-concentrating hormone (MCH) neurons. These different neuronal
populations mediate continuous interactions between cortical state and subcortical circuits modulating sym-
pathetic and cardiovagal output, respiratory pattern, and chemosensitivity. Reciprocally, brainstem areas in-
volved in these functions promote behavioral arousal in the setting of hypoxia, hypercapnia, or other stressors.
Studies in rodents using optogenetic and other approaches for selective activation or inactivation of specific
neuronal groups identified by their unique neurochemical markers, combined with recording of cortical activity,
cardiovascular responses, and respiration, have provided new information on the brainstem mechanisms con-
trolling arousal, wake-sleep cycle, cardiovascular and respiratory control (Luppi et al., 2017; Saper and Fuller,
2017; Scammell et al., 2017; Dampney, 2016; Del Negro et al., 2018; Guyenet, 2006; Guyenet and Abbott, 2013;
Smith et al., 2013). These findings also provide further insight into the pathophysiology of sleep-related car-
diovascular and respiratory disorders including sleep apnea, narcolepsy, congenital central hypoventilation
syndrome, sudden infantile death syndrome, and sudden unexpected death in epilepsy.

1. Cardiovascular and respiratory phenomenology during sleep
and wakefulness

The different stages or sleep are defined by distinct patterns of
electrocortical activity reflected in the electroencephalogram (EEG) and
associated changes in motor and autonomic functions. NREM sleep is
associated with reduction of muscle tone, and different EEG patterns
that define 3 stages; stage 1 (N1) at the beginning of sleep; stage 2 (N2)
characterized by sleep spindles; and deep or stage 3 sleep (N3) char-
acterized by low frequency (0.5–2 Hz) delta waves. NREM sleep is
punctuated by spontaneous or stimulus-induced Microarousals detected
by spontaneous increase in EEG frequencies, K complexes, or delta
bursts. REM sleep is associated with low amplitude mixed frequency in
the EEG and absent muscle tone; tonic EMG is interrupted by phasic
phenomena characterized by muscle brief irregular distal muscle twit-
ches, rapid eye movements, and arousal reflected by increases in EEG
frequency and muscle tone. There are state-related changes in sympa-
thetic output, ABP, HR, baroreflex sensitivity, respiratory rhythm,
chemosensitivity, and airway tone during sleep (Somers et al., 1993;

Douglas et al., 1982a; Douglas et al., 1982b; Silvani and Dampney,
2013; Schafer and Schlafke, 1998; Dempsey et al., 2004; Orem et al.,
2000). These interactions among pontomedullary circuits directly in-
volved in the wake-sleep cycle, cardiovascular and respiratory reflexes
and modulatory inputs from the hypothalamus and other rostral regions
(Fig. 1).

1.1. Cardiovascular changes

The cardiovascular changes during sleep in experimental animals
have been comprehensively reviewed (Silvani and Dampney, 2013). In
humans, like in experimental animals, during NREM sleep there is a
progressive reduction of ABP reflecting decrease in sympathetic vaso-
motor activity; there is also a progressive increase in cardiac para-
sympathetic modulation associated with reduced HR (Somers et al.,
1993).

In rats, sympathetic nerve activity to both skeletal muscles and
kidneys decreases in NREM sleep compared with that during wakeful-
ness (Silvani and Dampney, 2013). There is also an increase in skin
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Fig. 1. Brainstem and hypothalamic areas involved in control of cardiovascular and respiratory functions.
Several areas of the hypothalamus and brainstem participate in control of arousal, sleep-wake cycle, cardiovascular and respiratory functions. Where these areas have
been primarily identified in experimental animals, particularly rodents, their putative location in human brain are shown. Among the hypothalamic areas, the
ventrolateral preoptic (VLPO) and median preoptic (MnPO) areas are primarily involved in transition from wakefulness to non-rapid eye movement (NREM) sleep;
the melanin concentrating hormone (MCH) neurons in the posterior later hypothalamus are also active during both NREM and particularly REM sleep. In contrast,
the orexin (ORX)/hypocretin neurons are active primarily during active wakefulness and stabilize the wake state. The paraventricular nucleus (PVN) mediates
responses to internal stressors whereas the dorsomedial nucleus (DMH) initiates responses to external stressors as well as cold. These effects are mediated by
premotor sympathoexcitatory neurons in the rostral ventrolateral medulla (RVLM) including the C1 group, which are critical for responses to hypoxia and other
internal stressors, and neuron of the rostral ventromedial medulla (RVMM) and medullary raphe nuclei, including the nucleus raphe obscurus (NRO) and raphe
(pallidus) that are involved in response to externals stressors and thermoregulatory responses to cold. Activity of sympathoexcitatory neurons in the RVLM is
regulated by baroreceptor and chemoreceptor inputs relayed by the nucleus of the solitary tract (NTS). Baroreflex inputs to NTS neurons trigger inhibition of
sympathoexcitatory RVLM neurons via a relay in the caudal ventrolateral medulla (CVLM) and activation of cardiovagal neurons of the nucleus ambiguus (NAmb).
Components of the central respiratory network, including the retrotrapezoid nucleus (RTN) that responds to hypercapnia and indirectly (via the chemoreceptors) to
hypoxia, and the preBötzinger complex (preBötC), which is the inspiratory pattern generator, interacts with cardiovascular control areas. The activity of brainstem
cardiovascular and respiratory groups is controlled during wakefulness (and REM sleep) by neurons in the lateral parabrachial nucleus (LPB) and pedunculopontine
tegmental nucleus (PPT). Neurons in the locus coeruleus (LC) participate in behavioral arousal and contribute to cardiovascular and respiratory responses during this
state via interactions with other brainstem areas. All these wake-active regions are stimulated by ORX neurons and inhibited by MCH neurons (not shown).
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temperature, particularly at distal sites, during NREM sleep; this is
presumably due to reduced vasoconstrictor sympathetic nerve input to
skin blood vessels (Silvani and Dampney, 2013). Microarousals during
NREM sleep are accompanied by transient cardiovascular manifesta-
tions referred to autonomic arousals. They manifest with a stereotyped
sequence: of increase in HR, followed by an increase in ABP, and then
returns of HR to or below baseline level followed by return of ABP to
baseline (Silvani and Dampney, 2013). This sequence of cardiovascular
activation also occurs spontaneously during wakefulness and during
episodes of periodic leg movements of sleep (Silvani and Dampney,
2013). REM sleep is characterized by bursts of skin and muscle sym-
pathetic nerve activity and elevated ABP and HR (Somers et al., 1993).
During REM sleep, ABP and HR return toward values similar to those
during wakefulness (Silvani and Dampney, 2013). Studies in experi-
mental animals indicate that, in contrast with NREM sleep and wake-
fulness, there is a highly differentiated change in sympathetic outflow
during REM sleep. There is an increase in activity in lumbar sympa-
thetic nerves supplying the skeletal muscle, whereas there is a decrease
in mesenteric and renal sympathetic nerve activity (Silvani and
Dampney, 2013). Baroreflex sensitivity also varies across the sleep-
wake cycle, reaching a maximum during deep NREM sleep and re-
sulting in lower short-term variability of ABP and HR than in wake-
fulness (Silvani and Dampney, 2013). Cross-correlation studies show
that the pattern of coupling between the spontaneous fluctuations of
heart period (reciprocal of HR) and systolic ABP varies among wake-
sleep states in normal subjects, reflecting variable contribution of bar-
oreflex and central command mechanisms (Silvani et al., 2008).
Overall, during the night, there is a normal 10–20% reduction of BP
(dipping), which primarily reflects reduced sympathetic output to re-
sistance vessels (Seravalle et al., 2018).

1.2. Respiratory changes

There is reduced respiratory chemosensitivity during sleep (Douglas
et al., 1982a; Douglas et al., 1982b; Schafer and Schlafke, 2001). The
hypoxic ventilatory drive is minimal during REM sleep whereas the
hypercapnia ventilatory drive varies during sleep. Hypercapnia is a
much more potent stimulus for arousal than hypoxemia (Douglas et al.,
1982a; Douglas et al., 1982b). Behavioral respiratory drive is minimal
during deep NREM sleep and may be activated intermittently during
REM sleep, either erratically or by dream contents (Schafer and
Schlafke, 1998). This leads to irregular breathing patterns with short
breathing pauses and phases of rapid shallow breathing that are in-
dependent of variations in chemoreceptor or vagal afferent activity
(Orem et al., 2000). Bursts of rapid eye movements are associated with
increased breathing frequency and reduced tidal volume even in the
setting of hypercapnia (Schafer and Schlafke, 1998). During transition
from wakefulness to sleep and throughout sleep stages there is reduced
tonic activation of dilator muscles of the upper airway particularly
during REM sleep, which predisposes to obstructive sleep apnea
(Mezzanotte et al., 1996).

2. Control of arousal and sleep states

The changes in cardiovascular and respiratory functions during
sleep reflect the influences of multiple neuronal cell groups that reg-
ulate arousal and transitions between sleep stages. These neurons are
distributed in the basal forebrain, hypothalamus, and brainstem.
Whereas medullary neurons mediate feedback cardiovascular and re-
spiratory reflexes, inputs from more rostral areas involved in control of
arousal and sleep-wake cycle provide a state-dependent, feedforward
modulation of these reflexes (Fig. 2). Thus, a short discussion review of
these areas is appropriate in this context. There are several excellent
reviews on this topic (Luppi et al., 2017; Saper and Fuller, 2017;
Scammell et al., 2017).

2.1. Brainstem arousal circuits

Recent evidence in rodents indicates that the parabrachial nucleus
(PB) in the dorsal pons is a primary wake-promoting area (Saper and
Fuller, 2017). Studies in rats showed that integrity of the basal fore-
brain is critical for cortical arousal and this involves input from gluta-
matergic neurons in the medial parabrachial nucleus and adjacent
precoeruleus area; cell-specific lesions in this region produced beha-
vioral unresponsiveness a monotonous slow cortical EEG (Saper and
Fuller, 2017). A study using selective deletion of vesicular glutamate
transporter gene in the external lateral PB subdivision showed that
glutamatergic neurons in this region have a critical role in arousal in
response to elevated CO2 (Kaur et al., 2013).

The basal forebrain contains cholinergic, glutamatergic, and
GABAergic neurons that promote arousal via inputs to the cerebral
cortex. Recordings from channelrhodopsin-2 tagged neurons showed
that three cell types - cholinergic, glutamatergic, and parvalbumin-
positive GABAergic neurons - were more active during wakefulness and
REM sleep than NREM sleep and activation of each cell type rapidly
induced wakefulness (Xu et al., 2015). The pedunculopontine tegmental
nucleus (PPT) contains intermingled populations of glutamatergic and
cholinergic neurons that promote wakefulness and suppress low-fre-
quency electroencephalogram rhythms during NREM sleep (Kroeger
et al., 2017). Monoaminergic brainstem groups, including nora-
drenergic neurons of the locus coeruleus (LC) and serotonergic neurons
of the dorsal raphe nuclei, together with histaminergic neurons of the
tuberomammillary nucleus, are active during arousal, reduce their ac-
tivity in NREM sleep and become essentially silent in REM sleep
(Hobson and Pace-Schott, 2002). All wake-promoting glutamatergic,
cholinergic, and monoaminergic neurons are activated by inputs from
orexin/hypocretin neurons of the posterior lateral hypothalamus
(Kuwaki and Zhang, 2010). Orexin neurons fire during active wake-
fulness and via their brainstem targets have major role in coordinating
arousal with cardiovascular and respiratory activation (Grimaldi et al.,
2014; Kuwaki and Zhang, 2010; Nattie and Li, 2012), as discussed
below. The posterior hypothalamus also contains a population of glu-
tamatergic neurons in the supramammillary nucleus that promote wa-
kefulness (Luppi et al., 2017; Saper and Fuller, 2017; Scammell et al.,
2017).

2.2. Transition from wakefulness to sleep

The transition from wakefulness to sleep primarily depends on
GABAergic neurons in the core region of the ventrolateral preoptic area
(VLPO) and in the median preoptic area (Saper and Fuller, 2017). The
sleep-promoting neurons of the VLPO also produce galanin and send
inhibitory projections to all wake-promoting neuronal groups of the
brainstem and hypothalamus. Low-frequency photostimulation of these
neurons in mice promotes sleep whereas their optogenetic inhibition
reduces sleep. Chemogenetic activation of these neurons also reduced
body temperature, and induced short-latency sleep in an animal model
of insomnia (Kroeger et al., 2018). The lateral hypothalamus contains a
population of MCH neurons that also synthesize GABA and promote
sleep in part via inhibition of wake-active neurons (Jego et al., 2013;
Konadhode et al., 2013; Tsunematsu et al., 2014). A study in rodents
led to identification of group of medullary neurons located lateral and
dorsal to the facial nerve (named parafacial zone by the authors) that
participate in initiation of slow wave sleep (Anaclet et al., 2014). These
neurons project to the wake-promoting medial PB nucleus and are sleep
active; their lesion leads to increases in daily wakefulness at the ex-
pense of slow-wave sleep (Anaclet et al., 2014). Studies in transgenic
mice showed that the majority of these neurons are GABA/glycinergic;
genetically targeted activation and optogenetically based mapping
showed that inhibitory connections between these medullary neurons
and basal forebrain projecting medial PB glutamatergic neurons form a
circuit that can trigger slow wave sleep and modulate the cortical EEG
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in behaving animals (Anaclet et al., 2014).
Sleep initiation is determined both by circadian and homeostatic

influences. The suprachiasmatic nucleus of the hypothalamus is the
master circadian oscillator and sends direct or indirect signals to hy-
pothalamic areas involved in wake-sleep transition, thermoregulation,
and control of ABP and HR (Saper, 2013). They include the sleep-pro-
moting neurons of the VLPO and median preoptic nucleus, warm-sen-
sitive neurons of the medial preoptic nucleus (MPO), and sym-
pathoexcitatory neurons of the paraventricular nucleus (PVN) and
dorsomedial nucleus (DMH) (Saper, 2013).

2.3. Non REM-REM sleep transition

Onset of REM sleep depends on a group of glutamatergic REM-on
neurons located ventral to the LC in the dorsal pons and referred to as
subcoeruleus region (sublaterodorsal region in rodents) (Boeve et al.,
2007). These neurons trigger muscle atonia via projections to the nu-
cleus reticularis gigantocellularis in the ventromedial medulla, which
sends projections that inhibit the spinal motor apparatus (Luppi et al.,
2013b). The NREM-REM sleep transition depends on a putative flip-flop
mechanism that involves reciprocal GABAergic inhibitory interactions

between REM-on neurons of the subcoeruleus region REM-off neurons
located in the ventrolateral periaqueductal gray (PAG) and adjacent
pontine tegmentum (Lu et al., 2006; Luppi et al., 2013a; Luppi et al.,
2013b). The REM-on/REM-off switch is modulated by cholinergic,
monoaminergic, and hypothalamic influences (Scammell et al., 2017).
Cholinergic neurons of the PPT are REM-on neurons that facilitate REM
sleep in part via inputs to the subcoeruleus area; monoaminergic neu-
rons of the LC and dorsal raphe are REM-off neurons that inhibit REM
sleep in part via inputs to the PPT (Hobson and Pace-Schott, 2002). A
group of neurons in the ventrolateral medullary tegmentum, corre-
sponding to the nucleus reticularis paragigantocellularis, promote REM
sleep by sending GABAergic inhibitory projection to REM-off neurons
(Weber et al., 2015). The hypothalamus has an important role in con-
trolling NREM-REM sleep transitions (Luppi et al., 2013b). Orexin
neurons inhibit REM sleep by activation of LC and dorsal raphe neurons
(Hasegawa et al., 2014). In contrast, the MCH neurons of the poster-
olateral hypothalamus activate the REM-on and inhibit REM-off neu-
rons (Varin et al., 2018; Torterolo et al., 2015).

Fig. 2. Interactions among brainstem and hypothalamic areas involved in control of cardiovascular and respiratory functions during wakefulness and sleep.
(A) During wakefulness there is activation of hypothalamic orexin (ORX) neurons and several brainstem groups, including the lateral parabrachial nucleus (LPB) and
pedunculopontine nucleus (PPT) that, together with neurons of the locus coeruleus (LC) maintain arousal and promote sympathetic activity via inputs to the rostral
ventrolateral medulla (RVLM) including the C1 group and respiration via inputs to the preBötzinger complex (preBötC). During wakefulness, as well as non-rapid eye
movement (NREM) sleep the respiratory rhythm is regulated by neurons of the retrotrapezoid nucleus (RTN) that respond to CO2. The RVLM provides premotor
sympathoexcitatory neurons that trigger increase in muscle and splanchnic, including renal, sympathetic nerve activity (SNA). The nucleus of the solitary tract (NTS)
relays baroreceptor and chemoreceptor inputs to the RVLM, nucleus ambiguus (NAmb), lateral PB and RTN. The LPB provides a reciprocal input to the NTS that
reduces baroreflex responses during arousal, including those mediated by sympathoinhibitory neurons of the caudal ventrolateral medulla (CVLM). In responses to
internal stressors, neurons of the PVN activate sympathoexcitatory responses via the RVLM. In response to internal stressor and cold exposure, neurons of the
dorsomedial nucleus of the hypothalamus promote sympathoexcitatory responses via inputs to the rostral ventromedial medulla (RVMM), nucleus raphe obscurus
(NRO) and raphe pallidus, including increase in skin SNA. (B) During NREM sleep there is a progressive reduction of arterial blood pressure that reflects reduced
muscle and renal SNA, reduced in heart rate and increased baroreflex sensitivity. This may in part reflect reduced inhibitory influence of the LPB on baroreceptive
NTS neurons as well as reduced input from sympathoexcitatory hypothalamic neurons such as ORX and PVN neurons. The ventrolateral preoptic area (VLPO) and
median preoptic are (MnPO) participate in NREM sleep induction and thermoregulation. Increased activity of neurons in the medial preoptic nucleus (MPO) may
result in decreased activity of medullary raphe neurons, including those in the RPa that elicit skin SNA in response to cold. This may explain the skin vasodilation
during NREM sleep. The influence of the RTN on preBötC continues to drive the respiratory rhythm, although the sensitivity of the respiratory network is reduced
compared to NREM sleep, in part reflecting reduced activating neuromodulatory drive from sleep-active groups, such as the LC and PPT. (C) During REM sleep there
is increased in skeletal muscle SNA and decreased in renal SNA These changes may in part reflect the activity of REM-sleep active nonserotonergic neurons in the
nucleus raphe obscurus, which include putative sympathoinhibitory and sympathoexcitatory populations. In the sympathoexcitatory effects of C1 neurons is blunted
during REM sleep. The periaqueductal gray consist of a lateral column containing REM-active sympathoexcitatory and a ventrolateral column containing REM-
inactive sympathoinhibitory neurons that regulate sympathetic output to different vascular beds via their effect on the RVLM and could potentially contributed to the
hemodynamic pattern in REM sleep (not shown). REM-active neurons in the LPB may contribute to sympathetic excitation. REM-sleep active GABAergic neurons in
the nucleus reticularis paragigantocellularis (NPGi) inhibit these cardiovagal neurons in brain slices; this may contribute to increase in heart rate during REM sleep.
During this state, the RTN does not drive inspiration via the preBötC and therefore the hypercapnic drive to increase respiratory frequency is absent.
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3. Mechanisms for cardiovascular control during sleep

Both during wakefulness and across sleep stages the control of ABP
and HR occurs primarily at the level of the medulla and results from the
interaction between feedback control via reflexes triggered by cardio-
vascular and respiratory afferents, and feedforward modulation by in-
puts primarily from the hypothalamus and PAG activated during dif-
ferent behavioral states (Dampney, 2016; Guyenet, 2006; Silvani and
Dampney, 2013) (Fig. 2).

3.1. Brainstem Targets for cardiovascular modulation during the wake-sleep
cycle

The main target for both reflex and behavioral control of ABP are
the premotor sympathoexcitatory glutamatergic neurons of the rostral
ventrolateral medulla (RVLM), including the C1 group. The RVLM
sends excitatory inputs to a subset of spinal preganglionic neurons that
activate noradrenergic neurons in the sympathetic ganglia that elicit
vasoconstriction of splanchnic and skeletal muscle blood vessels. This
pathway has a primary role in mediating tonic and reflex control of
peripheral vascular resistance and thus ABP (Guyenet, 2006; Dampney,
2016). C1 neurons utilize L-glutamate and epinephrine; they innervate
both sympathetic and parasympathetic preganglionic neurons, the PVN,
and many brainstem areas involved in autonomic regulation, arousal
and stress, including the lateral PB and LC. Optogenetic C1 stimulation
increases ABP and mimics the effect of various internal stressor that
increase sympathetic nerve activity (Stornetta and Guyenet, 2018).
Studies using archaerhodopsin loss-of-function optogenetics showed
that photoinactivation of C1 neurons reduced sympathetic nerve ac-
tivity and ABP in anesthetized rats but resulted in only a small ABP
reduction in conscious animals under normoxic conditions (Wenker
et al., 2017). The sympathoinhibitory effects of C1 inactivation were
substantially enhanced during hypoxia or after sino-aortic denervation.
These results indicate that C1 neurons have low activity under nor-
moxia, but their function is important to maintain stability of ABP
during hypoxia or anesthesia and is a major contributor to hypertension
caused by baroreceptor deafferentation (Wenker et al., 2017). Chan-
nelrhodopsin-2 mediated photostimulation of C1 neurons also caused
arousal from NREM sleep associated with intense cardiorespiratory
activation; the arousal response was less reliably obtained during REM
sleep and the cardiorespiratory activation was dramatically reduced
during REM compared to NREM sleep and wakefulness (Abbott et al.,
2013; Burke et al., 2015).

The rostral ventromedial medulla (RVMM) and medullary raphe,
including the serotonergic neurons of nucleus raphe pallidus and raphe
obscurus, contain premotor sympathoexcitatory neurons that are cri-
tical for thermoregulatory responses to cold; these neurons elicit skin
vasoconstriction and lipolysis in the brown fat (Nakamura and
Morrison, 2011). These neurons also elicit tachycardia in response to
external stressors (Dampney, 2015, 2016).

The third major target of state-dependent cardiovascular control is
the cardiac vagal preganglionic neurons located in the ventrolateral
portion of the nucleus ambiguus (McAllen and Spyer, 1978; Gourine
et al., 2016). These neurons inhibit the automatism of the sinus node
and provide for a beat-to-beat control of the heart rate (Gourine et al.,
2016).

3.2. Hypothalamic commands and cardiovascular changes during NREM
sleep

There is evidence that central commands are primarily responsible
for the changes in ABP and HR that occur during transition from wa-
kefulness to sleep (Silvani and Dampney, 2013). The VLPO core, which
is critical for induction of NREM sleep, sends GABAergic inputs to the
PVN; this inhibitory connection may contribute to decrease sympathetic
nerve activity during this sleep stage (Uschakov et al., 2006). Warm

sensitive neurons of the medial preoptic area are also activated during
NREM sleep (Alam et al., 1995) and send inhibitory projections to cold-
sensitive neurons of the median preoptic nucleus and medullary raphe,
including the nucleus raphe pallidus. As mentioned above, neurons of
the nucleus raphe pallidus are responsible for skin vasoconstrictor re-
sponses to cold (Nakamura and Morrison, 2011); reduced activity these
neurons may thus contribute to skin vasodilation occurring in NREM
sleep (Silvani and Dampney, 2013).

3.3. Baroreceptor reflex and its modulation during sleep

The baroreceptor reflex (baroreflex) is the principal mechanism for
short-term regulation of ABP (Dampney, 2016; Guyenet, 2006). Bar-
oreceptor afferents provide a monosynaptic excitatory input to a group
of neurons of the caudal portion of the nucleus of the solitary tract
(NTS), triggering a disynaptic sympathoinhibitory pathway mediated
by a group of GABAergic neurons in the caudal ventrolateral medulla
that inhibit the RVLM neurons, and a monosynaptic cardioinhibitory
pathway mediated by cardiovagal neurons of the nucleus ambiguus
resulting in bradycardia (Dampney, 2016; Guyenet, 2006). There is a
continuous modulation or resetting of the baroreflex during each phase
of the sleep-wake cycle (Silvani et al., 2015; Silvani and Dampney,
2013). Baroreflex sensitivity increases during NREM sleep due to in-
creases responsiveness of NTS to baroreceptor input (Tang and
Dworkin, 2010). This may reflect reduced inhibition of the NTS from
the lateral PB (Silvani et al., 2015). The lateral PB projects to the NTS
(Herbert et al., 1990) and its activation reduces sympathoinhibitory
baroreflex sensitivity during wakefulness (Hayward and Felder, 1998)
and also reduces cardioinhibitory baroreceptor sensitivity during de-
fence responses (Hayward, 2007). Lateral PB neurons that are active
during wakefulness are inhibited during NREM sleep and this may
promote baroreflex responses via disinhibition of the NTS in his stage
(Silvani and Dampney, 2013).

3.4. Putative brainstem mechanisms for cardiovascular changes during
REM sleep

As mentioned above, during the tonic period of REM sleep there are
highly differentiated changes in sympathetic nerve activity, with in-
creased in skeletal muscle and decreased in renal and mesenteric vas-
cular resistance. These effects are mediated by brainstem mechanisms
driving changes in activity of premotor sympathetic neurons at the
transition from NREM to REM sleep (Fig. 2) (Silvani and Dampney,
2013). The central mechanisms that drive these cardiovascular changes
are incompletely understood. The caudal portion of the nucleus raphe
obscurus contains REM-sleep active nonserotonergic neurons that in-
clude putative sympathoinhibitory and sympathoexcitatory groups
(McCall and Clement, 1989; Morrison and Gebber, 1984); stimulation
of this region elicited an increase in muscle sympathetic activity and
decreased in renal sympathetic activity similar to that observed in REM
sleep (Futuro-Neto and Coote, 1982). The REM-on neurons of the
subcoeruleus (sublaterodorsal tegmental) nucleus project to the lateral
paragigantocellular nucleus in the medulla (Sirieix et al., 2012), which
also contains REM-sleep active neurons that overlap the sympathoex-
citatory regions in the RVLM and RVMM (Dampney, 1994); neurons in
these areas could potentially increase sympathetic nerve activity during
REM sleep. Whereas C1 neurons in the RVLM are unlikely to contribute
substantially to the increased skeletal muscle sympathetic nerve ac-
tivity as their cardiovascular effects are blunted during REM sleep
(Abbott et al., 2013).

The PAG consist of a lateral column containing sympathoexcitatory
and a ventrolateral column containing sympathoinhibitory neurons,
these PAG columns regulate sympathetic output to different vascular
beds via their effect on the RVLM (Bandler et al., 2000). Neurons of the
ventrolateral PAG are inhibited, whereas those in the lateral PAG are
activated during REM sleep (Luppi et al., 2013a; Saper et al., 2010),
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these opposite changes in PAG neuronal activity could contribute to the
increase in skeletal muscle and the decrease in renal sympathetic nerve
activity via changes in the firing rate of RVLM neurons (Silvani and
Dampney, 2013). The lateral PB contains a substantial number of
neurons that are more active during REM sleep than during quiet wa-
kefulness and NREM sleep (Saito et al., 1977) and may contribute to
resetting of the baroreflex and subsequent increase in sympathetic
nerve activity during REM sleep. Similarly, the PPT contains cholinergic
neurons that are more active during wakefulness and REM sleep than
during NREM sleep (Hobson and Pace-Schott, 2002). These neurons
integrate motor, sympathoexcitatory, and respiratory commands and
provide excitatory inputs to the RVLM (including the C1 area), resulting
in increased sympathetic activity (Padley et al., 2007; Topchiy et al.,
2010; Fink et al., 2017). Thus, these cholinergic PPT neurons may
contribute to trigger the burst of sympathetic activity, increased ABP,
HR and respiration during REM sleep. Conversely, reduced activity of
these neurons may contribute to the progressive reduction of ABP and
HR during NREM sleep. Neurons in the medial vestibular nucleus show
burst discharges synchronized to bursts of rapid eye movements (Bizzi
et al., 1964) and, via their projections to the NTS, lateral PBN, and PPT
may contribute to transient cardiovascular changes, particularly bar-
oreflex modulation during phasic REM sleep (Horowitz et al., 2005).
During phasic REM sleep, there are irregular bursts and trains of re-
spiratory activity; in this state the central respiratory drive may mod-
ulate the activity of sympathetic premotor RVLM neurons in part via
inputs from GABAergic barosensitive neurons in the caudal ven-
trolateral medulla (Mandel and Schreihofer, 2006). Activity of cardio-
vagal neurons of the nucleus ambiguus may also be affected during
sleep stages. In addition to the beat-to-beat excitatory drive from the
baroreceptive neurons of the NTS, these cardiovagal neurons are also
strongly modulated by respiration, primarily via influences from neu-
rons in the neighboring respiratory oscillator but also from peripheral
afferent inputs via the NTS (Ben-Tal et al., 2012) Increased activity of
these cardiovagal neurons may explain the progressive reduction of the
HR and increased respiratory HR modulation during NREM sleep. In
contrast, REM-sleep active GABAergic neurons in the nucleus reticularis
paragigantocellularis inhibit these cardiovagal neurons in brain slices;
this may contribute to increase in heart rate during REM sleep
(Dergacheva et al., 2010).

4. Brainstem respiratory circuits and sleep

The respiratory central pattern generator is located in the lower
brainstem and includes several rhythm-generating components that
drive downstream premotor neurons innervating spinal respiratory and
cranial motoneurons (Del Negro et al., 2018; Smith et al., 2013). These
pattern generators respond to stimuli from central and peripheral
chemoreceptors that trigger ventilatory responses to maintain optimal
alveolar ventilation and gas exchange (Nattie and Li, 2012). These
central and peripheral chemoreceptor inputs interact to regulate the
pattern of respiration and also trigger sympathoexcitatory and cardio-
vagal responses to maintain optimal tissue oxygenation.

4.1. Respiratory pattern generators

Breathing at rest is characterized by 3 phases, active inspiration,
post-inspiration, and passive expiration. Periods of increased re-
spiratory demand or hypercapnia engages active expiration, which in-
creases the tidal volume of the subsequent breath and thus ventilation
to meet the O2 demands or to correct PCO2. The different phases of the
respiratory rhythm are driven by 3 coupled oscillators (Del Negro et al.,
2018; Smith et al., 2013). The preBötzinger Complex (preBötC) located
in the ventrolateral medulla is the critical pattern generator of in-
spiration and provides glutamatergic inputs to all pontine and medul-
lary premotor respiratory regions (Smith et al., 2013). Other preBötC
promote arousal via projection to the LC and other rostral areas. Active

expiration is driven by a group of neurons located rostral to the preBötC
and lateral to the facial nerve nucleus and referred to as the parafacial
respiratory group (Pisanski and Pagliardini, 2018). These neurons are
close or correspond to neurons of the retrotrapezoid nucleus (RTN), the
primary chemosensitive area, as discussed below. A group of choli-
nergic and glutamatergic interneurons located medial to the RTN/
parafacial nucleus, referred to as postinspiratory complex (Anderson
et al., 2016) may constitute an independent oscillator that controls
postinspiration; post-inspiration retards lung deflation, promotes gas
exchange, and reduces the risk of upper airway collapse during sleep
(Del Negro et al., 2018; Smith et al., 2013).

4.2. Central chemosensitive zones

There is abundant experimental evidence that the primary central
chemosensitive zone is the RTN (Guyenet and Bayliss, 2015). The RTN
contains glutamatergic neurons that express the transcription factor
paired-like homeobox 2 B (PHOX2B) and are activated by increased
PCO2, both via intrinsic proton receptors and paracrine signals from
astrocytes (Guyenet and Bayliss, 2015). These neurons also receive
input from peripheral chemoreceptors activated by hypoxia via a relay
in the NTS and thus integrate central and peripheral chemosensitive
signals (Guyenet and Bayliss, 2015). Whereas under hypocapnia RTN
neurons are silent and the hypoxia-triggered excitatory input from the
carotid bodies is suppressed., silencing RTN neurons optogenetically
quickly triggers a compensatory increase in carotid body activity
(Guyenet et al., 2017). Optogenetic studies using channelrhodopsin
photoactivation show that stimulation of RTN neurons elicits an im-
mediate increase in ventilation without changes in ABP or arousal
(Burke et al., 2015). Glutamatergic RTN neurons stimulate respiration
via inputs to the preBötC and other brainstem respiratory groups. Op-
togenetic activation of RTN neurons in wake rodents increases
breathing frequency and inspiratory amplitude, entrains the breathing
cycle, elicits active expiration, and reduces expiratory flow immediately
following inspiration (expiratory brake) (Burke et al., 2015; Guyenet
et al., 2017). The effects of optogenetic activation of RTN on breathing
depend on the state of vigilance. These studies show that RTN neurons
regulate breathing frequency during quiet rest and NREM sleep when
inspiration is driven rhythmically by the preBötC. In contrast, phasic
RTN stimulation ceases to influence breathing frequency during REM
sleep (Burke et al., 2015). Selective optogenetic inhibition of RTN
neurons profoundly reduces breathing rate and amplitude during
NREM sleep and reduces inspiratory amplitude during REM sleep
(Burke et al., 2015). Active expiration during REM sleep may reflect
excitatory effects of cholinergic inputs from REM-on neurons of the PPT
(and laterodorsal tegmental nucleus) to the RTN/parafacial area
(Boutin et al., 2017; Pisanski and Pagliardini, 2018). The RTN/paraf-
acial area is also site of coordination of central respiratory activity with
rhythmic oscillations in sympathetic discharge. In normal conditions,
sympathetic bursts occur primarily during inspiration; under hy-
percapnia or hypoxia there is phasic activation of expiratory muscles,
which is accompanied by synchronous discharges in sympathetic nerve
activity (Molkov et al., 2014).

Respiratory chemosensitivity also involves serotonergic neurons of
the medullary raphe, including the nucleus raphe pallidus and nucleus
raphe obscurus (Hodges and Richerson, 2010; Corcoran et al., 2015).
These neurons detect changes in PCO2 as well as hypoxia, and exert a
global excitatory effect on the brainstem respiratory network, including
the preBötC and phrenic motoneurons (da Silva et al., 2011; Morinaga
et al., 2018; Barnett et al., 2017). Whereas C1 neurons are activated by
hypoxia, neurons of the LC are activated by hypercapnia and also have
an excitatory effect on brainstem respiratory neurons (Nattie and Li,
2012; Doi and Ramirez, 2010). The respiratory network controls the
phasic activity of muscles that the control upper airway via inputs to
the nucleus ambiguus, hypoglossal, trigeminal, and facial nuclei. These
cranial motor nuclei also receive modulatory serotonergic and
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catecholaminergic inputs that promote patency of the upper airway. For
example inputs from the nucleus raphe pallidus excite neurons of the
nucleus ambiguus innervating the posterior cricoarytenoid muscle
(Arita et al., 1995); and inputs from the C1/A1 area activate neurons of
the hypoglossal nucleus innervating the genioglossus muscle (Rukhadze
et al., 2017). A decrease of these monoaminergic influences during
NREM, and particularly REM sleep, may contribute to reduced tone of
muscles opening the upper airway and increase susceptibility to ob-
structive sleep apnea.

4.3. Nucleus of the solitary tract and integrated respiratory and
cardiovascular responses

The caudal portion of the NTS has a major role in coordinating re-
spiratory and sympathetic activities (Zoccal et al., 2014; Molkov et al.,
2014; Guyenet, 2014). The NTS is the first synaptic station of all car-
diorespiratory afferents, including those from peripheral chemor-
eceptors, baroreceptors, cardiac receptors and pulmonary stretch re-
ceptors (Subramanian et al., 2007).

These afferents are excitatory (glutamatergic) and participate in
complex synaptic interactions at the level of the NTS, in part via local
inhibitory neurons (Zoccal et al., 2014). The NTS conveys chemor-
eceptor inputs to the RTN, RVLM (including C1 neurons) and cardio-
vagal neurons of the nucleus ambiguus (Guyenet, 2014). Activation of
peripheral chemoreceptors stimulates ventilation and elicits sympa-
thetic vasoconstriction and decrease of the heart rate. The NTS is also a
site of interaction between inputs from baroreceptors and chemor-
eceptors (Zoccal et al., 2014). For example, baroreceptor inputs result
in perturbation of the respiratory pattern via transient activation of
inspiratory neurons in the BötC; these neurons participate in the re-
spiratory modulation of sympathetic nerve activity, thereby providing
and additional pathway for the sympathetic baroreflex (Zoccal et al.,
2014).

4.4. Parabrachial/Kölliker Fuse complex: arousal, respiratory, and
cardiovascular control

The PB, together with the adjacent Kölliker-Fuse (KF) nucleus,
forms a complex referred to as pontine respiratory group that partici-
pates in multiple mechanisms controlling ventilation, upper airway
caliber, and cardiovascular responses. Selective microsimulation at
different sites the PB/KF generates distinct respiratory patterns and
changes in the upper airway (Chamberlin and Saper, 1994). As men-
tioned earlier in this paper, studies in rodents indicate that glutama-
tergic neurons of the external lateral PB have a critical role in arousal in
response to elevated CO2 (Kaur et al., 2013). These neurons receive
excitatory inputs from chemosensitive neurons of the RTN and me-
dullary raphe and project to forebrain regions mediating arousal, in-
cluding the orexin group (Niu et al., 2010). These connections may
provide an anatomical substrate for the role of the external lateral PB in
hypercapnic arousal (Chamberlin, 2013; Kaur et al., 2013). A study
combining c-Fos immunohistochemistry with in situ hybridization or
retrograde tracing showed that glutamatergic neurons in the external
lateral, lateral crescent, and KF subnuclei of the PB complex that are
activated by hypercapnia project to several respiratory groups (Yokota
et al., 2015; Yokota et al., 2016). They include the ventrolateral me-
dullary premotor respiratory column, the hypoglossal motor nuclei, and
in the case of the KF also the phrenic nucleus in the spinal cord (Yokota
et al., 2015; Yokota et al., 2016). The lateral PB is also connected to the
RTN (Li and Song, 2001). All these connections may provide for the
effects of hypercapnia in promoting respiration and stabilizing the
upper airway. The lateral PB receives inputs from arterial baroreceptors
and cardiac receptors via the NTS and projects back to the NTS and to
the RVLM, including the C1 group. Via these projections, different
portions of the lateral PB may exert either excitatory or inhibitory in-
fluences on baroreflex responses and sympathetic output (Chamberlin

and Saper, 1992; Davern, 2014).

5. Integrated control of arousal, cardiovascular and respiratory
control

The multiple interactions among neuronal groups controlling
arousal, cardiovascular, and respiratory functions provide for an in-
tegration among these functions across behavioral states.

5.1. Brainstem mechanisms

One typical example of state-dependent integration is provided by
the brainstem cholinergic and monoaminergic groups. Despite their
opposite activity and influences on REM sleep, both cholinergic and
monoaminergic neurons promote arousal, sympathetic activity, venti-
lation, and patency of the upper airway. Neurons of the lateral PB and
the C1 area are also important examples of such integrative function.
Glutamatergic neurons of the external lateral PB receive overlapping
inputs from the RTN and C1 area, mediate hypercapnic arousal from
sleep, and together with cholinergic PPT neurons, promote sym-
pathoexcitatory and ventilatory responses during wakefulness and REM
sleep. C1 neurons respond to hypoxia via chemoreceptor inputs relayed
by the NTS, and elicit arousal from NREM sleep, sympathetically
mediated increase in ABP, and increase in ventilation (Abbott et al.,
2013; Guyenet and Abbott, 2013). These multiple effects reflect their
widespread glutamatergic and adrenergic connections (Stornetta and
Guyenet, 2018; Wenker et al., 2017). C1 neurons provide glutamatergic
input to preganglionic sympathoexcitatory neurons (Dampney, 2016;
Guyenet, 2006), preBötC inspiratory neurons (Malheiros-Lima et al.,
2018) and LC neurons promoting behavioral arousal (Abbott et al.,
2012). C1 neurons also send adrenergic inputs to orexin neurons pro-
moting arousal (Bochorishvili et al., 2014), to RTN/parafacial region
neurons generating active expiration (Malheiros-Lima et al., 2017) and
to local inhibitory interneurons of the nucleus ambiguus, promoting
tachycardia (Boychuk et al., 2011). In contrast to lateral PB neurons,
the effects of C1 neurons are blunted during REM sleep (Abbott et al.,
2013; Burke et al., 2015). There is evidence that substantial increases or
decreases in baroreceptor activity in physiological conditions cause
arousal in animal models and human subjects. For example, in con-
scious subjects, baroreflex deactivation during head-up tilt increased
sleep latency and fast EEG activity indicating cortical activation (Cole,
1989) and increase of ABP by 10–20mmHg in response to pharmaco-
logical stimuli causes arousal from sleep in humans (Kesler et al., 1999).
The interactions between the baroreflex and arousal in both humans
and experimental animals have been recently reviewed (Silvani et al.,
2015). Both lateral PB and C1 neurons may also participate in the
modulation of the state of arousal by the baroreflex. Increased baror-
eceptor activity could promote arousal via NTS-mediated activation of
the lateral PB; upon arousal the lateral PB could reduce activity of
baroreceptive NTS neurons leading to disinhibition of C1 neurons; this
in turn would further promote arousal and sympathoexcitation (Silvani
et al., 2015).

5.2. Role of hypothalamic neurons

As briefly reviewed above, the hypothalamus contains several
neuronal groups that participate in maintenance of arousal, promote
transition between wakefulness and sleep, and/or contribute to reg-
ulation of REM sleep. Two salient examples of integration between
these effects and control of cardiovascular and respiratory functions are
provided by orexin and MCH neurons. These neuronal groups provide
widespread inputs to brainstem areas cardiovascular and respiratory
areas and exert opposite effects on these functions. Orexin neurons fire
during active wakefulness, primarily during behavioral states such as
stress or reward. They decrease their firing during quiet wakefulness,
are virtually silent during NREM sleep, and are almost silent, with
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occasional discharges, during REM sleep. Orexin increases sympathetic
activity, ABP and HR primarily via excitatory effects on the RVLM
(including C1 neurons), and also activates neurons in the medullary
raphe nuclei, pontine A5 (noradrenergic) group, and PVN (Grimaldi
et al., 2014). Orexin neurons provide collateral input to the NTS and
nucleus ambiguus and contribute to state-dependent modulation of the
cardioinhibitory baroreflex. Brain extracellular levels of orexins do not
tightly correlate with different wake-sleep states and may thus con-
tribute to modulation of cardiovascular and respiratory functions
during sleep (Grimaldi et al., 2014). Studies on knockout mice indicate
that orexin is necessary for the normal changes of ABP and HR that
occur upon transitions between wakefulness, NREM sleep, and REM
sleep (Grimaldi et al., 2014). Orexin neurons also innervate brainstem
respiratory pattern generators and chemosensitive areas, including the
PB/KF complex, preBötC, and RTN/parafacial region; via these pro-
jections orexin promotes ventilatory responses to hypercapnia during
behavioral arousal (Shahid et al., 2012; Yokota et al., 2015; Yokota
et al., 2016). Orexin may also facilitate baseline neural ventilatory
output in response to acidosis in part via increased chemosensitivity of
medullary serotonergic neurons (Corcoran et al., 2015). In contrast,
sleep-active MCH neurons exert widespread control of autonomic and
respiratory functions that are largely opposite to those of orexin. For
example, activation of MCH neurons facilitate the baroreflex, reducing
ABP and HR (Brown et al., 2007); and inhibit the hypercapnia-induced
chemoreflex (Li et al., 2014).

6. Conclusions

Recent experimental findings provide a pathophysiological basis for
combined cardiovascular and respiratory abnormalities functions in
sleep-related disorders, including development of hypertension in pa-
tients with obstructive sleep apnea and increased cardiovascular risk in
patients with narcolepsy. These disorders are further discussed in other
reviews in this Issue and only few examples will be briefly mentioned
here to emphasize the interactions among sleep, cardiovascular, and
respiratory disturbances in these and other disorders. Conditions such
as chronic intermittent hypoxia, an experimental model of obstructive
sleep apnea (OSA), are associated with plastic changes in the medullary
respiratory network including the RTN/parafacial region that promote
active expiration associated with an additional bursts of sympathetic
activity that may provide a mechanism for development of hyperten-
sion (Barnett et al., 2017; Lemes et al., 2016). Plastic changes in the
NTS elicited by chronic intermittent hypoxia also contribute to in-
creased chemoreceptor input to sympathoexcitatory areas, providing an
additional mechanism for hypertension in OSA. Carotid body hyper-
activity occurs not only in animal models of OSA, essential hyperten-
sion, and heart failure. Unlike these animal models, in humans with
OSA, essential hypertension, or mild to moderate congestive heart
failure sympathetic tone and ABP are elevated but resting ventilation
under normoxia is unchanged. It has been proposed that in humans in
the waking state, a mild and sustained rise in carotid body activity may
have little effect on breathing because a simultaneous reduction in
central chemoreceptor (RTN) activity (Guyenet et al., 2017). Increased
sympathetic activity could be sustained in these conditions due to re-
duced activity of the baroreflex resulting from activation of the carotid
bodies and/or direct chemoreceptor reflex driven activation of sym-
pathoexcitatory neurons of the RVLM (Guyenet et al., 2017).

Orexin knockout mice have blunted decrease in ABP on passing
from wakefulness to NREM sleep and an exaggerated increase in ABP on
passing from NREM to REM sleep. These findings suggest that physio-
logic concentrations of orexins may modulate sympathetic function to
amplify the sleep-related fall in ABP (Grimaldi et al., 2012). Impairment
of orexin signaling may prevent the normal ABP dipping during sleep
and thus constitute a cardiovascular risk factor in patients with nar-
colepsy (Grimaldi et al., 2014).

The complex interactions among key brainstem areas involved in

arousal, cardiovascular control, and automatic respiration also explain
the life-threatening manifestations of disorders such as multiple system
atrophy (MSA) and congenital central hypoventilation syndrome. For
example, loss of C1 neurons in MSA may manifest not only with or-
thostatic hypotension but also reduced respiratory chemosensitivity
and arousal responses to hypoxia. Loss of neurons in the preBötC, lat-
eral PB and medullary raphe may contribute to sleep apnea, respiratory
dysrhythmia, impaired arousal responses to hypercapnia, laryngeal
stridor, and death during sleep in these patients Congenital central
hypoventilation syndrome associated with PHOX-2B mutations is
characterized by loss of hypoxic or hypercapnic ventilatory reflexes,
abnormal fluctuations of arterial PCO2 and, in severe cases, fatal re-
spiratory failure during sleep. Phox2B expression is necessary for dif-
ferentiation of carotid body afferents and several brainstem nuclei in-
cluding the RTN, NTS/dorsal vagal complex, and medullary
catecholaminergic (including C1) neurons. A defect in hypercapnia/
hypoxia induced arousal due to impaired activity of medullar ser-
otonergic neurons may contribute to some cases of sudden infant death
syndrome and sudden unexplained death in epilepsy.
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