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Abstract

Sites involved in central chemoreception (CCR) are widely distributed in the brain. One possible
explanation for the existence of multiple central chemoreceptor sites is the vigilance state-
dependent hypothesis, that some sites are of greater importance in wakefulness others in sleep. We
briefly summarize the evidence for a distributed network of central chemoreceptor sites and a
vigilance state-dependent differentiation among them. We then discuss the role of orexin in
vigilance state-dependent CCR based on our recent studies using orexin knockout mice and focal
microdialysis of an orexin receptor antagonist at the retrotrapezoid nucleus and medullary raphé in
rats. Orexin affects CCR in a vigilance state-dependent manner that varies with circadian time.
Orexin also contributes to emotional stress- and other state-dependent related regulation of
ventilation, e.g., the defense response. Diversity in central chemoreception including orexin
neurons and the synaptic control of respiratory and cardiovascular output neurons appears to be
necessary for animals to adapt themselves to constantly changing situations and behavioral states.
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1. Multiple central chemoreception sites

Central chemoreception (CCR) refers here to the detection of CO,/pH at sites within the
central nervous system and the resultant effects on ventilation. Therefore, such sites should
fulfill at least three criteria; 1) they should be activated by CO»/pH, 2) changes in CO,/pH
within a physiological range at the site should affect ventilation, and 3) their destruction or
inhibition should result in a diminution of the hypercapia-induced ventilatory augmentation.
The detecting element could include glia or neurons or their axons or dendrites.

The first criterion can be examined by measuring the expression of c-fos, a histological
marker of neuronal activation, in response to CO» inhalation in vivo (Sato et al., 1992;
Berquin et al., 2000; Okada et al., 2002; Sunanaga et al., 2009) or by electrophysiological
measurements using either patch-clamp, Ca2*-sensitive dye, or voltage-sensitive dye in ex
vivo slice or block preparations (Williams et al., 2007; Onimaru et al., 2008; Erlichman et
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al., 2009). Another strategy is to examine the histological distribution of putative CO,/pH-
sensing molecules. Many sensing molecules have been proposed to date such as inward
rectifier K* (Kir) channels, tandem pore domain acid-sensing potassium (TASK) channels,
gap junctions, transient receptor potential (TRP) channels, and amiloride-sensitive acid-
sensing ion channels (ASICs) (Jiang et al., 2005; Dubreuil et al., 2009; Ziemann et al.,
2009). These putative CO2/pH sensing molecules do not necessarily function in a mutually
exclusive manner but may function synergistically (Jiang et al., 2005). The anatomical
studies to date have revealed multiple possible brain sites that could contribute to CCR. In
the lower brainstem, they include: 1) ventrolateral medullary surface structures at locations
dorsal to the traditional rostral (Mitchell’s are; now thought to be the retrotrapezoid nucleus)
and caudal (Loeschke’s) chemosensitive areas and the intermediate (Schlaefke’s) area, 2)
the pre-Botzinger complex, 3) the nucleus tractus solitarii (NTS), 4) the medullary raphe
(MR; raphe magnus, obscurus, and pallidus), 5) the locus coeruleus, 6) the lateral
parabrachial nucleus. (Berquin et al., 2000; Okada et al., 2002; Jiang et al., 2005; Onimaru
et al., 2008; Erlichman et al., 2009), and the adjacent fastigial nucleus of the cerebellum
(Martino et al., 2007). Although higher brain structures such as the hypothalamus and cortex
can also be activated by CO, inhalation (Berquin et al., 2000; Ziemann et al., 2009), the
lower brainstem has been the focus of special interest in part because decerebration has had
only a limited impact on the hypercapnia-induced ventilatory augmentation (Tenney and Ou,
1977).

To examine whether focal stimulation within these candidate sites would affect ventilation,
Nattie and colleagues (Li et al., 1999) established a method to produce a focal acidosis by
reverse microdialysis of artificial cerebrospinal fluid equilibrated with high CO, and
simultaneously measure ventilation in unanesthetized rats. It is important to note that this
technique results in a change in tissue pH like that observed with a ~6.6 mm Hg increase in
arterial PCO», (Li and Nattie, 2002), which means the change is within the physiological
range and certainly much less than that accompanying the inhalation of 7% CO,, a
commonly used stimulus. From a series of such experiments, 6 central chemoreceptor sites
have been described so far in the lower brainstem. 1) Focal acidification of the
retrotrapezoid nucleus (RTN) in the rat increased ventilation about 24% due to increases in
tidal volume (Li et al., 1999). This site corresponds to the ventrolateral medullary surface
structure at a location dorsal to Mitchell’s area. 2) In the rostral MR, focal acidification by
dialysis induced an ~20% increase of ventilation mediated by respiratory frequency in the
rat (Nattie and Li, 2001). 3) Focal acidification in the caudal MR (raphe obscurus) alone had
little effect on ventilation in the rat but if performed simultaneously with focal acidification
of the RTN, the response was much greater (51%) than focal RTN acidification alone (24%)
(Dias et al., 2008). Focal acidification by dialysis in the MR of the goat also increases
ventilation (Hodges et al., 2004a,b). 4) Focal acidification of the caudal NTS of the rat
increased ventilation by 20-30% (Nattie and Li, 2002). 5) Focal acidification of the pre-
Bdtzinger complex increased ventilation in conscious goats (Krause et al., 2009). 6) Focal
acidification of the region just deep to the caudal chemsensitive area on the ventrolateral
medulla increased ventilation in wakefulness (daSilva et al., 2010). In each experiment,
focal dialysis with artificial cerebrospinal fluid equilibrated with 5% CO, had no effect nor
did dialysis of high CO, at sites adjacent to the areas of interest. Thus, a mild focal acidosis
at many, but not all, brainstem sites produces a stimulation of ventilation. The response to
the focal acidosis can involve frequency and/or tidal volume (see Fig. 1) and sometimes
changes in metabolic rate and heart rate (Hodges et al., 2004a,b).

In earlier experiments under anesthesia, acute destruction of specific chemoreceptor sites
including the RTN, the NTS, and the MR severely curtailed the subsequent response to
systemic hypercapnia, even when the lesion was unilateral (reviewed by Nattie, 2000).
Therefore, under anesthesia all the sites studied seemed to be interrelated and indispensable
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for the full expression of central chemoreception. However, in recent studies applying focal
inhibition or cell specific lesions in unanesthetized animals, the degree of inhibition of the
CO,, response was smaller, indicating rather independent and specific roles for the respective
central chemoreceptor sites (Nattie and Li, 2009). For example, unilateral microdialysis of
muscimol, a GABA-A receptor agonist, into the RTN in conscious rats resulted in a
reduction of the systemic CO, response to inhalation of 7% CO, by ~20% (Nattie and Li,
2000). And cell-specific lesions of neurokinin-1 receptor expressing cells in the RTN,
serotonergic cells in the MR, and of catecholaminergic cells in the locus coeruleus (A6)
decreased the CO, response by 15-30% during both sleep and wakefulness (reviewed by
Nattie and Li, 2006). Thus, studied in the absence of anesthesia, each chemosensitive site
seems able to contribute uniquely. There is also experimental evidence to indicate that sites
can interact in a synergistic manner (Li et al., 2008). We examined in conscious rats the
combined function of two central chemoreceptor sites, the MR and the RTN by focal
inhibition using microdialysis. Inhibition of neurons within the RTN alone using muscimol,
a GABA-A receptor agonist, decreased the ventilatory response to 7% CO» by 24%.
Inhibition of caudal MR serotonergic neurons alone with the 5-HTq receptor agonist, 8-
OH-DPAT, had no significant effect on the CO, response. But simultaneous inhibition of
both sites decreased the CO, response by 51% indicating the presence of a remarkable
synergy between these two central chemoreceptor sites.

Why are there so many central chemoreceptor sites? Multiple sites may play synergistic
roles both as a fail-safe mechanism and as an amplification mechanism, which is likely not
simply additive. A complementary hypothesis is that central chemoreceptor sites are
components of neural circuits that exist for specific but different purposes, which share the
property of CO, sensitivity and ventilatory augmentation. An example of this would be in
vigilance state-dependence as shown in Fig. 1 in which focal acidification of the RTN
affected ventilation predominantly in wakefulness (Li and Nattie, 2002) while focal
acidification of the rostral MR increased breathing predominantly in sleep (Nattie and Li,
2001).

2. Wakefulness/sleep-dependent central chemoreception

Basal ventilation and ventilatory reflex regulation from both central and peripheral (carotid
body) chemoreceptors are considerably different during the awake and sleep states
(Douglas, 2000; Krieger, 2000). Tidal volume is largest during awake periods, decreases by
20-30% during slow-wave sleep (SWS), and decreases further during rapid-eye-movement
(REM) sleep. Respiratory frequency decreases during SWS and is lower than that during
quiet wakefulness (QW); however, respiratory frequency does not decrease during REM
sleep. Consequently, the rank order of minute ventilation is QW > SWS > REM (Fig. 2). In
addition, both the rhythm and amplitude of ventilation are extremely regular during SWS
while in REM breathing is much less regular and the CO, response virtually absent.
Reduced metabolic demand during sleep cannot explain the diminished minute ventilation
because arterial PCO5 increases slightly during sleep (Krieger, 2000). It is possible that
sleep-related neuronal mechanisms actively interfere with the neural or chemical control of
breathing, since minute ventilation decreases during sleep even in a hypercapnic
environment (Fig. 2) (see also Fig. 2 in daSilva et al., 2010). During SWS, airway resistance
markedly increases due to decreased tonus of the upper airway muscles, whereas decreases
in the contraction of intercostal muscles and of the diaphragm are small (Krieger, 2000).
Therefore, sleep affects the neurons regulating the upper airway and those controlling the
thorax in different manners. This notion again supports the hypothesis that the decrease of
ventilation during sleep is not a consequence of general depression in central nervous
activities.
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Hypoxic and hypercapnic ventilatory responses are also vigilance-state dependent (QW >
SWS > REM and refer to Fig. 3). The pulmonary stretch receptor reflex and irritant receptor
reflex are also suppressed during sleep, and hence, cough develops only after arousal from
sleep (Douglas, 2000). Although these phenomena are well known, the underlying
mechanisms remain to be elucidated.

3. Orexin as an arousal-associated modulator for central chemoreception?

Orexins (orexin-A and orexin-B), also known as hypocretins (hypocretin-1 and
hypocretin-2, respectively), were identified as ligands for a G-protein-coupled orphan
receptor in 1998 (Sakurai et al., 1998). They are cleaved from a common precursor, prepro-
orexin. The orexin-1 receptor (OX4R) has a 10-fold selectivity for orexin-A whereas the
orexin-2 receptor (OX5,R) binds to orexin-A and -B with equal affinity. In a different
perspective, orexin-B has a 10-fold selectivity for OX,R because affinities of orexin-A to
bind OX4R (1C50=20 nM) and OX5R (IC50=38 nM) are similar (Sakurai et al., 1998). The
location of orexin-containing cell bodies is restricted to the lateral hypothalamus,
perifornical area (PFA), and dorsomedial hypothalamus (DMH). Conversely, orexin-
containing nerve terminals and receptors are widely distributed in the brain (Elias et al.,
1998; Nambu et al., 1999; Marcus et al., 2001). This anatomic feature establishes the basis
for the contributions by orexin to the control of multiple physiological functions, such as the
control of energy homeostasis, feeding behavior, reward process, sleep-wake states, stress
response, cardiovascular and respiratory control (Fig. 4) (Peyron et al., 1998; Saper et al.,
2005; Zheng et al., 2005; Sakurai, 2007).

Orexins play a key role in the stabilization of wakefulness and are thought to be arousal
promoting peptides (Carter et al., 2009). Diminished orexin function can result in a specific
clinical syndrome, narcolepsy, in animals and humans (Chemelli et al., 1999; Thannickal et
al., 2000). Orexin neurons have state-dependent activity (Lee et al., 2005; Mileykovskiy et
al., 2005; Takahashi et al., 2008); orexin levels in cerebrospinal fluid of rats increase just
before awakening, remain high during wakefulness (Desarnaud et al., 2004), increase much
higher during exercise (Martins et al., 2004) and/or in heightened alertness (Kuwaki, 2008),
decrease during the light, inactive period (Desarnaud et al., 2004) and in SWS as measured
in the hypothalamus (Kiyashchenko et al., 2002). Orexin neurons receive dense projections
from the suprachiasmatic nucleus, a circadian rhythm oscillator (Saper et al., 2005) as well
as many other sites (see Fig. 4) and release of orexins into the extracellular fluid in the rat
hypothalamus is larger in the dark, active period than in the light, resting period (Yoshida et
al., 2001). At the efferent side (Fig. 4), orexin neurons provide excitatory inputs to nuclei
that regulate arousal (Peyron et al., 1998; Espana et al., 2001; Sakurai, 2007), and are
anatomically connected with neurons involved to the control of breathing (Fung et al., 2001;
Young et al., 2005; Zhang et al., 2005; Rosin et al., 2006; Dutschmann et al., 2007;
Nakamura et al., 2007; Kuwaki, 2008). A key aspect of orexin physiology is the marked
circadian variation of orexin levels in cerebrospinal fluid (Desarnaud et al., 2004) and in
hypothalamus (Yoshida et al., 2001) of rats. The circadian change in cerebrospinal fluid
orexin is from ~750 pg/mL at the nadir to ~1400 pg/mL at the peak while in the
hypothalamus it is from ~300 pg/mL at the nadir to ~ 550 pg/mL at the peak. These
measured changes are large compared to those measured in the hypothalamus during a given
phase of the circadian cyle comparing wakefulness to slow wave sleep, which change from
~1.4 fmol/20 pL in wakefulness to ~ 1.25 fmol/uL in slow wave sleep (Kiyashchenko et al.,
2002). Thus the diurnal changes in orexin levels vary by ~ 2 fold while the changes in orexin
levels between wakefulness and sleep within a given diurnal period are much smaller, ~
11%. In contrast, orexin neuron firing rates do vary by vigilance state even within a
circadian period (vida supra) and direct activation of orexin neurons via in vivo
photostimulation of channelrhodopsin-2 elicits rapid sleep state transitions regardless of
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circadian period (Carter et al., 2009). We conclude that orexin must play an important role

in circadian variations in cardio-respiratory control (Mortola, 2004; Stephenson, 2007) and
that they also likely play a role in vigilance state cardio-respiratory control within circadian
periods. One must consider both the vigilance state and the circadian period in the study of
orexin function.

In respect to central chemoreception, orexin neurons are activated by CO,/pH in vitro
(Williams et al., 2007) and in vivo as measured by c-fos activation (Sunanaga et al., 2009)
and prepro-orexin knockout mice have a 50 % decrease in the ventilatory CO, response
measured during the light/inactive phase of the circadian cycle during wakefulness but not
during sleep (Fig. 3), an effect that is reversible by administration of orexin-A and orexin-B
(Deng et al., 2007). Administration via the cerebral ventricles of an OX;R-selective
antagonist (SB-334867) decreased the respiratory chemoreflex by 24% in the wild-type mice
also studied during the light/inactive phase of the circadian cycle (Deng et al., 2007).

At the RTN region, where there is evidence for OX;Rs, OX,Rs, and for activation by
hypothalamic stimulation (Peyron et al., 1998; Marcus et al., 2001; Ciriello et al., 2003;
Fortuna et al., 2009), unilateral microdialysis of OX;R antagonist (SB-334867) in rats
during the light/inactive phase of the circadian cycle resulted in a 30% reduction of the
ventilatory response to breathing 7% CO, during wakefulness, while during SWS the
inhibitory effect was only 9% (Dias et al., 2009). These results are well in accordance with
the results in prepro-orexin knockout mice mentioned above. Thus, orexin contributes to a
vigilance state-dependent control of ventilation, at least in a part, through the RTN as
measured during the light/inactive phase of the circadian cycle. These effects of antagonism
of OX4R in the RTN during wakefulness in the light/inactive phase of the circadian cycle
may well be greater if studied during the dark/active phase of the circadian cycle when
orexin levels are up to 2 fold higher.

We also examined the possible effect of microdialysing the OX4R antagonist (SB-334867)
at the rostral MR, which receives projections from orexin-containing neurons (Peyron et al.,
1998) and expresses both OX1R and OX,R (Marcus et al., 2001), during the dark, active and
separately, during the light, inactive periods of imposed diurnal cycles (Dias et al., 2010).
During wakefulness in the dark period, but not in the light period, OX4R antagonism caused
a 16% reduction of the ventilatory response to 7% CO, compared with vehicle. There was
no significant effect in sleep. The fact that focal antagonism of OX4R in the MR was only
effective in wakefulness in the dark period of the circadian cycle when orexin levels are high
while it was dramatically effective at the RTN during wakefulness in the light period of the
diurnal cycle when orexin levels are lower (it was not studied in the RTN in the dark period)
suggests a site specific sensitivity to orexin during the circadian cyle with the RTN being
much more sensitive. This interpretation requires more evidence but it suggests the
hypothesis that different central chemoreceptor sites may vary in function not only by
vigilance state but by circadian period.

During preparation of this manuscript, we noted a very recent report examining ventilatory
chemoresponsiveness in a large number of narcolepsy-cataplexy patients (Han et al., 2010).
Patients (n=130) had higher apnea hypopnea indices in a polysomnographic study and
depressed hypoxic responsiveness but normal hypercapnic responsiveness in a daytime
study. Possible reasons for the discrepancy in hypercapnic responsiveness between humans
and rodents are as follows: 1) the inhalation period of CO» in our rodent study was relatively
long (20 min in rats and 6 hrs in mice) because of a need to collect data in both sleep and
wake states while the human data were derived from an acute re-breathing protocol. Such a
prolonged stimulus may exaggerate a subtle difference. 2) The animals received no cues as
to when the inspired gas mixture was changed. On the other hand, patients would expect and
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prepare for CO, in a rebreathing test. Such cognitive and emotional changes may mask
possible differences in CO, responsiveness in humans. 3) Given the diurnal cycle of orexin,
high in awake, daytime in man (dark time in rat/mouse), it is possible that the remaining
orexin in the patients is enough to activate/excite the chemoreceptor sites but not enough to
protect motor tone when sleep state changes or to prevent loss of wakefulness. Although
these human data seem not to support our hypothesis of orexin’s contribution to the
hypercapnic chemoreflex, they do indicate that orexin seems to contribute to another type of
ventilatory regulation; suppression of sleep apnea occurrence. Indeed, we have previously
shown, in orexin deficient mice, exaggeration of sleep apnea occurrence (Nakamura et al.,
2007) and attenuation of respiratory long term facilitation that was induced by intermittent
hypoxia, an experimental model of repetitive sleep apnea (Terada et al., 2008; Toyama et al.,
2009). The mechanism by which orexin suppresses sleep apnea is not clear. In that orexin
provides an excitatory stimulus to the pre-Bétzinger complex and phrenic motoneurons
(Young et al., 2005) and to central chemoreceptor sites, e.g., MR 5-HT neurons (Dias et al.,
2010) and the RTN (Dias et al., 2009), its absence via genetic disruption of synthesis or by
blockade of receptors could be viewed as removal of a necessary excitatory input during
sleep states that promotes neural responses that prevent apnea.

4. State dependency beyond wakefulness/sleep states

In addition to vigilance state-dependent regulation of ventilation, we have also been
interested in another type of “state”-dependent regulation, namely, emotional stress-
dependent regulation of ventilation and circulation. Localization of orexinergic cell bodies
in the PFA and the DMH prompted us to examine a possible role of orexin in the defense
response against stressors because stimulation of them elicited behavioral “rage” along with
the specific autonomic responses including ventilatory augmentation that was termed the
“defense response” (also called “fight or flight response”) (Jordan, 1990; DiMicco et al.,
2002).

By using prepro-orexin knockout mice and orexin neuron-ablated mice (Hara et al., 2001),
we have several lines of evidence that support our hypothesis of a possible contribution of
orexin to the defense response. First, disinhibition of the PFA with the GABA-A receptor
antagonist, bicuculline, resulted in a greatly diminished defense response (increases in blood
pressure, heart rate, and ventilation) in urethane-anesthetized orexin deficient mice as
compared to the wild-type controls (Kayaba et al., 2003; Zhang et al., 2006). Other features
of the defense response also attenuated include: a) the blood flow shift from visceral
vasculature to the skeletal muscle, and b) the suppression of the baroreceptor reflex to
“allow” a blood pressure greater than that in the resting condition. Second, an attenuation of
the defense response (circulatory and behavioral responses) was also observed by natural
stimulation (application of air jet to the animal’s nose and confrontation to a territorial
intruder) in unanesthetized and freely moving animals. Foot shock stress-induced analgesia
was also attenuated in the mutant mice (Watanabe et al., 2005). Unfortunately, we did not
examine ventilatory parameters in awake animals with the stress paradigms. Finally, in
anesthetized orexin neuron-ablated mice, disinhibition of the amygdala or the bed nucleus of
the stria terminalis (BNST) by an injection of bicuculline caused little cardiorespiratory
activation whereas activation was consistently observed in wild-type control mice (Zhang et
al., 2009). From these results, we concluded that orexin-containing neurons in the PFA/
DMH mediate at least a part of the amygdala- and BNST-induced cardiorespiratory
responses and act as a master switch to activate multiple efferent pathways of the defense
response.

Although vigilance state-dependent responses and emotional stress-dependent responses
may appear to be independent, we assume that the common feature of these responses is a

Respir Physiol Neurobiol. Author manuscript; available in PMC 2011 October 31.



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

1duasnuey Joyiny vd-HIN

Kuwaki et al.

Page 7

state-dependent and feedforward adjustment of central ventilatory and autonomic regulation
to fit with a bodily demand associated with behavioral and metabolic changes. Animal
arousal, or alertness, is minimal during sleep, increases during quiet wakefulness, and
further increases during active wakefulness with activities such as exercise, stress, or panic.
The level of this arousal activation by orexin in rodents will be greater in the dark, active
period of the circadian cycle than in the light, inactive period. Apparently independent
regulation of ventilation in a specific “state” seems to be a different facet of a single control
system in which orexin play an important role. In line with this notion, orexin was recently
shown to play a key role in cardiovascular and behavioral responses associated with panic
attack both in animal models and in humans (Johnson et al., 2010).

5. Conclusion

Diversity in central chemoreception and the synaptic control of respiratory and
cardiovascular output neurons appears to be necessary for animals to adapt themselves to
constantly changing situations and behavioral states. Although further studies in both
animals and humans are definitely indispensable, the orexin system is likely to function as
one of the essential modulators for orchestrating the circuits that control autonomic
functions and behavior.
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Figure 1. Vigilance-state-dependent central chemoreception

The top panel shows a schematized view of a medullary cross section at the level of the
facial nucleus ~11 mm caudal to bregma. NTS refers to nucleus of the tractus solitarius;
RTN to the retrotrapezoid nucleus; VII to the facial nucleus. The rectangles show the
approximate size of the dialysis probe placed either in the medullary raphe or in the RTN.
The circular shaded areas show the approximate area of decreased pH when the dialysis
solution contains 25% CO,, based on pH measurements obtained under anesthesia. The
panel at lower left shows the ventilatory responses to focal acidification of the RTN in
wakefulness and sleep. Note that ventilation increases only in wakefulness and
predominantly via an increase in tidal volume. The panel at lower right shows the
ventilatory response to focal acidification of the medullary raphe in wakefulness and sleep.
Note that ventilation increases only in sleep and predominantly via an increase in breathing
frequency. (Adapted from Nattie 2001)
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Figure 2. Relationship between vigilance states and minute ventilation under various gas
conditions

Note that vigilance-state-dependent changes in minute ventilation (QW > SWS > REM) is
well preserved under hypoxic and hypercapnic conditions. Data are expressed means + SEM
of 5 wild-type mice. * P < 0.05 compared with QW. (Adapted from Kuwaki, 2008)
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Figure 3. Vigilance-state-dependent changes in hypercapnic ventilatory responsiveness in wild-

type (WT) mice and prepro-orexin knockout mice (ORX-KO)

Hypercapnic responsiveness was evaluated by calculating the slope of the relationship
between the inspired CO5, concentration (0-10%) and minute ventilation. Data are presented
as means + SEM of 5 WT mice and 5 ORX-KO mice. * P < 0.05 compared with WT mice.
t P < 0.05 compared with the data during awake (ANOVA with repeated measures design).
Abbreviations: SWS, slow-wave sleep; REM, rapid-eye-movement sleep. (Adapted from
(Nakamura et al. 2007))
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Figure 4. Pivotal role of orexin in connecting state-dependent behavioral regulation system and
cardiorespiratory homeostatic reflex pathways

Among known connections from/to orexinergic neurons in the hypothalamus, selected brain
nuclei are depicted that are relevant to this review (thick lines). Many nuclei located at both
of input (MR, RTN, LC, NTS) and output (cardiorespiratory motor neurons) interfaces in
the homeostatic cardiorespiratory reflex pathway receive projections from orexinergic
neurons (right half). Simultaneously, orexinergic connections are engaged in sleep/wake
regulation and emotional stress-induced behavioral changes (left half). Thus, orexin can
modulate cardiorespiratory homeostasis in a state-dependent manner. Arrows indicate a
probable excitatory connection and circles indicate an inhibitory connection. Connections
shown in thin lines are either direct or indirect. Abbreviations: AMG, amygdala; BNST, bed
nucleus of the stria terminalis; DR, dorsal raphe; LC, locus coeruleus; MLR, medullary
locomotor region; MR, medullary raphe; NTS, nucleus tractus solitarius; PAG,
periaqueductal gray; PVN, paraventricular nucleus; RTN, retrotrapezoid nucleus; RVLM,
rostral ventrolateral medulla where sympathetic premotor neurons are located; SCN,
suprachiasmatic nucleus; TMN, tuberomammillary nucleus; VLPO, ventrolateral preoptic
nucleus.

Respir Physiol Neurobiol. Author manuscript; available in PMC 2011 October 31.



