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ABSTRACT

Introduction: Orexins (ORXs) are neuropeptides produced by a small neuronal population
localized in the lateral hypothalamic area. Despite the restricted localization, ORX neurons
widely project through the entire neuroaxis, except the cerebellum, thus suggesting the
involvement of ORXs in the coordination of many biological functions. The role of ORXs in
the regulation of the wake-sleep and feeding behaviours is well known, but less is known about
their involvement in thermoregulation and in the regulation of the cardiovascular and
respiratory variables, depending on the wake-sleep states. The loss of ORX neurons entails
narcolepsy type 1 (NT1), a neurological disorder characterized by excessive daytime sleepiness
and cataplectic attacks. Moreover, increased arterial pressure (AP) during sleep, blunted AP
differences between sleep and wakefulness (W) and increased occurrence rate of sleep apneas
have been reported in ORX-deficient (ORX-KO) mouse models of NT1 and confirmed in some
studies on NT1 patients. Therefore, few studies have been described an interaction between

ambient temperature (Ta) and breathing in mice and humans.

Aims: the first experiment aimed to explore the autonomic mechanisms of cardiovascular
control during sleep in an ORX-knock out (ORX-KO) mouse model of NT1. The second
experiment investigated the role of ORXs in the modulation of respiratory variables in the
different states of the wake-sleep cycle, as a function of Ta. Moreover, a second aim was to
verify whether the increase in sleep apnea occurrence rate in ORX-KO mice depended on the

exposure to different Ta (20°C vs 30°C).

Methods: To explore the autonomic cardiovascular mechanisms in ORX-KO mice during
sleep, 13 male ORX-KO mice were compared with 12 congenic wild-type (WT) mice. The
electroencephalogram, electromyogram, and AP of the mice were recorded in the light (rest)
period during intraperitoneal infusions of selective autonomic blockers, such as atropine methyl
nitrate, atenolol, or prazosin, to block muscarinic cholinergic, f1-adrenergic, or al-adrenergic
receptors, respectively. Saline was infused as control. To investigate the role of ORXs in
breathing phenotype during the wake-sleep states as function of Ta, respiratory variables of 9
male ORX-KO and 8 congenic WT mice were studied at thermoneutrality (Ta=30°C) or during
mild cold exposure (Ta=20°C) inside a whole-body plethysmography chamber. The wake-sleep

states were scored non-invasively, using a previously validated technique.



Results: ORX-KO had significantly higher AP values during REM sleep, smaller decreases in
AP from W to both non-rapid-eye-movement (NREM) sleep or REM sleep, and greater
increases in AP from NREM sleep to REM sleep compared to WT. These differences remain
unchanged after atropine infusion; conversely, they were abolished by prazosin and also by
atenolol, with the exception of the blunted AP decrease from W to REM sleep in ORX-KO. In
the second experiment, we found that in both WT and ORX-KO, Ta significantly affected
ventilatory period (VP) and minute ventilation (Vg) values during NREM and REM sleep. The
occurrence rate of sleep apneas in NREM sleep was significantly reduced at Ta=20°C compared
with Ta=30°C. No significant differences were found in respiratory regulation during sleep
between WT and ORX-KO mice, except for sigh occurrence rate, which was significantly

increased at Ta=20°C compared with Ta=30°C in WT mice, but not in ORX-KO mice.

Conclusion: The results of the first experiment support the hypothesis that alterations in
sympathetic control of the heart and resistance vessels are sufficient to mediate sleep-related
alterations of AP due to ORX-deficiency in a mouse model of NT1. Moreover, the second
experiment do not support a main role for ORXs in the modulation of respiratory regulation as
a function of Ta, during sleep, except for sigh occurrence rate. However, we showed that the

sleep apnea occurrence rate critically depends on Ta, without any significant effect of ORXs.



1 THE HYPOCRETIN/OREXIN SYSTEM

1.1 The Peptides, the Receptors and the Anatomic organization

Orexin A and B (ORX-A, ORX-B), also called Hypocretin 1 and 2, are two neuropeptides
discovered in 1998 by two independent research groups, and produced in the lateral area of
hypothalamus (LHA) (De Lecea et al., 1998; Sakurai et al., 1998). Orexins/Hypocretins are
considered the most pleiotropic family of hypothalamic neuropeptides because they are
involved in the regulation of several biological processes, such as sleep, energy expenditure,

cardiovascular functions, pain and neuroendocrine regulation (Milbank & Lopez, 2019).

The first group that described these neuropeptides, led by Gregor Sutcliffe, used the directional
tag polymerase chain reaction (PCR) subtraction to identify a novel mRNA with restrictive
expression in dorsal and lateral hypothalamus. This mRNA encoded a protein of 130 amino
acid, identified as the precursor of two different peptides. These peptides shared substantial
amino acid identities with each other and with the gut hormone secretin. For the sequence
homology with secretin and for their hypothalamic origin, they were named Hypocretin-1 and

Hypocretin-2 (De Lecea et al., 1998).

In parallel, Masashi Yanagisawa and its group, while characterizing ligands for orphaned G-
protein-coupled cell surface receptors (GPCRs), identified two novel peptides that bind to two
related orphaned GPCRs (Hypocretin/-orexin receptor-1 and Hypocretin/Orexin receptor-2).
Yanagisawa and colleagues determined that those peptides were originated from a common
precursor in the lateral hypothalamus and, considering its hypothalamic locations, they
suggested a potential role in feeding behaviour. In line with this, they demonstrated that
intracerebroventricular (ICV) infusions of these peptides increased food intake in non-fasted
rats whereas fasting increased the expression of those peptides. Therefore, considering their
orexinergic activity, the researchers named these peptides Orexin-A (ORX-A) and Orexin-B

(ORX-B), from the Greek orexis, meaning appetite (Sakurai et al., 1998).

Although “hypocretins” and “orexins” (ORXs) are synonymous for the same neuropeptides,

the orexin nomenclature will be used throughout this thesis, to avoid confusion.

ORX-A is a 33-amino acid peptide of 3562 Da, with an N-terminal pyroglutamyl residue, two
sets of intrachain disulfide bonds and C-terminal amidation (Sakurai et al., 1998). This

structure, predicted from cDNA sequence, is completely conserved among several mammalian
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species (human, sheep, dog, cow, mouse, rat, and pig). ORX-B is a 28-amino acid C-terminally
amidated linear peptide of 2937 Da, with the C-terminal half very similar to that of the ORX-
A (73%), whereas the N-terminal half is more variable. ORX-B is 46% (13/28) identical in
sequence to ORX-A. Mouse ORX-B was predicted to be identical to rat ORX-B, whereas
human ORX-B has two amino acid substitutions compared to the rodent sequence within the
28-residue stretch. ORX-B also has a high degree of sequence similarity among species

(Sakurai, 1999).

Both ORXs derive from a common 130-residue (rodent) or 131-residue (human) precursor
polypeptide, called prepro-orexin (prepro-ORX), by proteolytic processing (Sakurai et al.,
1999). The human prepro-ORX gene is located on chromosome 17q21 and consists of two
exons and one intron (818-bp) distributed over 1432bp of the human genome (Sakurai et al.,
1999). The exon 1 (143-bp) includes the 5’-untranslated region and the first 7 residues of the
secretory signal sequence, while the exon 2 (473-bp) contains a portion of the open reading
frame and the 102-bp 3’-untranslated region. The expression of the prepro-ORX gene depends
of many physiological factors, such as sleep or fasting (Hirano et al., 2018; Wall & Volkoff,
2013).

A study performed on transgenic mice demonstrated that the human prepro-ORX fragment,
which contains the whole length of the 5’-noncoding region and a 3149-bp 5’-flanking region
of exon 1, is sufficient to allow the expression of the Escherichia coli f-galactosidase (LacZ)
gene in ORX neurons without ectopic expression, and contains all the necessary elements for
appropriate expression of that gene (Sakurai et al., 1999). This fragment, functioning as a
promoter, has been used to observe the consequences of the expression of exogenous molecules
in ORX neurons of transgenic mice and to establish several transgenic lines, e.g., ORX neurons-
ablated (ORX-AB) rats and mice (Beuckmann et al., 2004; Hara et al., 2001), mice with ORX
neurons expressing green fluorescent protein (Yamanaka, Muraki, et al., 2003) or calcium-

sensitive fluorescent protein (Yellow cameleon Yc2.1) (Tsujino & Sakurai, 2009).

ORXs produce excitatory post-synaptic responses by binding to two GPCRs, named ORX-1
receptor (OX1R) and ORX-2 receptor (OX2R), which have 64% amino acid overlapping
(Sakurai et al., 1998). Both the receptors’ genes are highly conserved between species; the
amino acid identity between the human and the rat homologues of each receptor is 94% and
95% for OX1R and OX2R, respectively (Ohno & Sakurai, 2008). Binding experiments using
Chinese Hamster Ovary (CHO) cells, expressing selectively the human OX1R or OX2R c-



DNA, demonstrated different affinity of those receptors to ORX-A or ORX-B. In particular,
OXIR had a highest affinity for ORX-A and OX2R had similar elevated affinity for both the
neuropeptides (Sakurai et al., 1998).

GPCRs transmit information into cells by activating heterotrimeric G-protein, that are
composed of an a, B and y subunits. Binding of ORXs to OX1R or OX2R activates two different
G-protein subtypes, which produces the different effects of ORXs in specific neurons. OX1R
is coupled exclusively to the Gq/11 subclass, which induces the activation of phospholipase C
and the triggering of the phosphatidylinositol cascade, whereas OX2R may couple to Gi and/or
Gq/11 subtypes (Sakurai, 1999; Zhu et al., 2003).

In situ hybridization studies have demonstrated that both orexin receptors (OXRs) mRNAs are
expressed in the central nervous system in regions with dense orexin innervations. Molecular
and immunohistochemistry studies have shown that OX1R and OX2R have a different and
complementary distribution throughout the rat brain (Marcus et al., 2001). Outside the
hypothalamus, OX1R mRNA has been found in tenia tecta, hippocampus, dorsal raphe nucleus,
and locus coeruleus (LC). OX2R mRNA is expressed in the cerebral cortex, nucleus
accumbens, subthalamic nucleus, paraventricular thalamic nuclei and the raphe nuclei. Within
the hypothalamus, OX1R mRNA has a main distribution in the anterior hypothalamic area and
ventromedial hypothalamic nucleus (VMH), while high levels of OX2R mRNA are found in
the dorsomedial hypothalamus (DMH), in the arcuate nucleus (ARC), paraventricular nucleus
(PVN) and tuberomammillary nucleus (TMN) (Ohno & Sakurai, 2008). The dorsal raphe (DR)
and ventral tegmental area (VTA) express both ORXRs (Marcus et al., 2001). The wide

distribution of the OXRs confirms the pleiotropic role of the orexinergic neurotransmitters.

ORXs are produced by a small population (3000 in the rat brain, 50000 in the human brain) of
neurons located in the perifornical nucleus, LHA and dorsal hypothalamic area (Peyron et al.,
1998). The ORX neurons have different size (cell body diameter 15-40 pm) and shape
(multipolar, fusiform or spherical). Apart from ORXs, ORX neurons also produce and secret
galanin, prolactin, neuronal activity regulated pentraxin (NARP), glutamate and the inhibitory
peptide dynorphin. Whereas glutamate is packaged separately from ORXs, dynorphin is
packaged in the same vesicles that contain ORXs and is co-released with them. The overall
effect of the co-releasing is variable, depending of the expression of OXRs or dynorphin

receptors on the postsynaptic membrane (Arrigoni et al., 2019).



Although ORX neurons represent a relatively small population of cells, they diffusely project
from the hypothalamic regions to the entire neuroaxis, excluding the cerebellum (Nambu et al.,
1999; Peyron et al., 1998). Studies performed with genetic encoded retrograde tracer or from
appositions of anterogradely labelled terminals, have identified the inputs to ORX neurons, that
originate from a wide variety of brain regions. The largest inputs derive from other areas of the
hypothalamus and from regions involved in the emotion and autonomic control, such as the
infralimbic cortex, lateral septum, and the bed nucleus of the stria terminalis (BST). This
anatomical organization suggests that the activity of ORX neurons influences multiple brain
areas and that ORXs are involved in the regulation of multiple physiological processes (Sakurai

et al., 2005; Yoshida et al., 2006).

The study of ORX neurons’ efferent and afferent systems and the characterization of genetically
modified animal models, have suggested that ORX neurons are involved in the regulation of
the feeding behaviour and energy metabolism and in the maintenance of the wakefulness (W);
moreover, they are related to other systems that regulate emotions, reward and energy
homeostasis. Lack of ORXs leads to narcolepsy, a disabling sleep disorder characterized by
excessive daytime sleepiness and abnormal rapid-eye-movement (REM) sleep manifestations
including sleep paralysis, cataplexy, hallucinations and sleep onset REM sleep periods

(Scammell, 2003).

1.2 Orexins, sleep and wakefulness

The symptoms and the pathophysiology of narcolepsy have suggested a crucial role of ORXs
in the maintenance and consolidation of W state. As discussed above, ORX neurons are
localized exclusively in LHA and posterior hypothalamus and, despite their specific
localization, they project through the entire neuroaxis, with the exception of cerebellum (Peyron
et al., 1998). ORX neurons densely innervate the PVN of the thalamus, the ARC of the
hypothalamus and, most notably, brain stem monoaminergic regions involved in the
maintenance of the arousal and in the regulation of the wake-sleep cycle, such as TMN nucleus
(containing histaminergic neurons), LC (containing noradrenergic neurons) and DR (containing
serotoninergic neurons) (Nambu et al., 1999). The distribution of both OXRs’ mRNA reflects
that of the projection sites; within mouse brain, OX1R is most abundantly expressed in the LC,
while OX2R is highly expressed in the TMN (Marcus et al., 2001). The DR and VTA contain
both OXRs (Marcus et al., 2001). These observations suggest that these nuclei are major
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effector sites of ORXs. In line with these hypothesis, in vitro studies have shown that
noradrenergic neurons of LC, dopaminergic neurons of VTA, serotoninergic cells of DR and
histaminergic neurons of TMN are all activated by ORXs (Liu et al., 2002; Yamanaka et al.,
2002). The activity of these monoaminergic neurons is synchronized and strongly associated
with sleep and wakefulness: they fire tonically during W, less during NREM and cease firing
during REM. Moreover, ORXs directly activate cholinergic neurons in basal forebrain (BF),
that is also involved in the maintenance of arousal and attention. These observations indicate
that ORX-mediated arousal results from the activation of these wake-active monoaminergic
neurons and that ORX neurons might exert their excitatory influence on these wake-active

neurons, sustaining their activity (Sakurai, 2007).

There are mutual projections between ORX neurons and the ventrolateral preoptic area
(VLPO), that have a crucial role in non-rapid eye movement (NREM) sleep onset and
maintenance. The VLPO neurons fire during sleep and decrease their firing during W. They
contain the inhibitory Gamma Amino-butyric acid (GABA) and galanin neurotransmitters, and
project to the major nuclei in the hypothalamus and brainstem that participate in arousal
(Yoshida et al., 2006; Sakurai et al., 2005). Moreover, VLPO receives afferents from each of
the major monoaminergic systems (Chou et al., 2002) and therefore, it can be inhibited by the
same arousal systems that it inhibits during sleep (Saper et al., 2005). ORX neurons are
inhibited by both Muscimol (GABAAa receptor agonist) and Baclofen (GABAg receptor
agonist), thus indicating that the VLPO might be a source of GABA-containing inhibitory
projections to ORX neurons. This pathway might be important for turning off ORX neurons
during sleep (Sakurai, 2007).

In vivo single unit recording studies, performed independently by two different research groups,
have reported the changes in the ORX neurons’ activity across sleep-wake cycle. Using
unrestrained, unanaesthetised rats, Mileykovskiy and colleagues found that ORX neurons fired
in active waking, while they were relatively inactive during quiet waking, with transient
activation related to sensory stimuli. Moreover, ORX neurons were silent in NREM sleep and
tonic period of REM sleep, with occasional burst discharge in phasic REM (Mileykovskiy et
al., 2005). To understand the mechanisms by which ORX neurons are involved in the
maintenance of the awake state, Lee and colleagues also recorded the activity of ORX neurons
in head-fixed rats across sleep-wake cycle. They found that ORX neurons discharged during
active W, in association with movements, decreased firing during quiet W and ceased firing

during NREM and REM sleep, when postural muscle tone is low or absent. Interestingly, during
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the transition from REM sleep to W, ORX neurons increased firing before the end of sleep,
prior to the onset of electroencephalographic (EEG) activation, anticipating by several seconds

the awakening (Lee et al., 2005).

Narcolepsy is a disorder characterized by the inability to maintain vigilance states, with
frequent transitions between state of sleep and W. The disease is caused by a loss of ORX
neurons, thus suggesting that ORX is crucial to stabilize W and to inhibit abnormal transition
between each vigilance state. To explain how ORX neurons stabilize W, by interacting with the
neural circuits described above, Saper et al. have considered the ORX system as a key
component of a flip flop model. A “flip-flop switch” is a circuit that contains mutually inhibitory
elements that set up a self-reinforcing loop. The activity in one of the competing sides shuts
down inhibitory inputs from the other side, and therefore disinhibits its own action (Saper et
al., 2005). During W, histaminergic neurons of TMN, noradrenergic neurons of the LC and
serotonergic neurons of the DR receive excitatory influences by ORX neurons and send
inhibitory feedback projections to them. The feedback circuit might maintain the activity of
monoaminergic neurons, also in case of small perturbation. In fact, when the activity of the
monoaminergic neurons decreases, this causes a reduction in the inhibitory influence on ORX
neurons and so ORX neurons may have an increased excitatory influence on monoaminergic
neurons to maintain their activity. Moreover, these monoaminergic cells send excitatory
projections to the thalamus and cerebral cortex, and inhibitory projections to the VLPO sleep
centre. Because VLPO neurons do not have OXRs, ORX neurons serve primarily to reinforce
monoaminergic tone, instead to directly inhibit VLPO. These mechanisms might maintain
wakefulness. During sleep, the firing of VLPO sleep-active neurons inhibits the
monoaminergic cell groups, thus relieving their own inhibition. This also allows it to inhibit the
activity of ORX neurons and, so, to prevent the activation of monoaminergic neurons that might

interrupt sleep.

The presence of ORX neurons in this circuit stabilizes the switch and prevents unwanted
transition between sleep and wake states. In fact, when ORX neurons are removed from the
switch, such as in narcolepsy, the sleep-active neurons of VLPO and the monoaminergic
neurons became the only players in the “flip flop system”: when the activity in one of the
competing sides begins to overcome the other side, this produces an abrupt transition into an
alternative state. This mechanism could explain the instability of wake/sleep states in
narcolepsy (Saper et al., 2005; Sakurai, 2007). Fig. 1 schematically shows the role of ORX

neurons in the stabilization of wake-sleep states.
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Figure 1. Role of orexin system in the stabilization of sleep and wakefulness.

The figure represents the interaction between ORX neurons, localized in the LH, monoaminergic wake-active
neurons (histaminergic neurons in TMN, noradrenergic neurons in LC, and serotoninergic neurons in DR), and
VLPO sleep-active centre, during the wake-sleep states. Green arrows represent excitatory input and red arrows
inhibitory input. The thickness of arrows represents the strength of the input. A. Wakefulness. During
wakefulness, the monoaminergic wake-active neurons receive excitatory influences by ORX neurons and send
inhibitory projections to them. The monoaminergic cells send excitatory projections to the thalamus and cortex
and inhibitory projections to the VLPO sleep centre. These mechanisms maintain wakefulness state. B. Sleep
state. VLPO sleep-active neurons send inhibitory projections to both ORX neurons and monoaminergic
neurons to stabilize sleep. C. Narcolepsy. If ORX neurons are removed from this system, VLPO sleep centre
and monoaminergic neurons are the two only players and set up a mutually inhibitory circuit, which is instable
and can cause an abrupted and unwanted transition between sleep and awake state. Orexin (ORX),
tuberomammillary nucleus (TMN), locus coeruleus (LC), dorsal raphe (DR), ventrolateral preoptic area
(VLPO).



ORX neurons interact with multiple neuronal systems, integrating and coordinating the afferent
information about fuel stores and emotional stimuli, to produce a coherent activation of the
arousal system. ORX neurons receive inputs from the limbic system, including the amygdala
and other regions closely associated, which is involved in emotion, motivation, learning, and
memory. These inputs might be important for regulation of ORX neurons activity upon
emotional stimuli, to evoke arousal or emotional related responses, including elevation of
sympathetic outflow (Ohno & Sakurai, 2008). Moreover, interaction with these regions might
be implicated in the pathophysiology of cataplexy, that is generally triggered by strong positive
emotion (Sakurai, 2007).

1.3 Orexins, feeding behaviour and energy balance

The hypothalamus is historically considered a key site for the maintenance of the energy
homeostasis, as it coordinates and integrates metabolic, behavioral and neuroendocrine

résSponsces.

In mammals, the neurons of the LHA are important for feeding and behavioral arousal, as
evidenced by the fact that animal models with injuries in this region exhibit weight loss and
reduction in food intake. Therefore, the LHA is considered the feeding center, also because is
an important component of the autonomic nervous system which extensively projects within
the hypothalamus and throughout the entire neuroaxis and coordinates all the multiple processes

necessary to induce environmentally appropriate feeding-related behaviors (Willie et al., 2001).

One of the first functions ascribed to ORXs, also considering their hypothalamic origin, was
the regulation of feeding behaviour. Their feeding promoting effect was supported by several
studies: central administration of ORXSs in rats, in early light phase, promoted food intake in a
dose-dependent manner (Sakurai et al., 1998), the expression of prepro-ORX was increased
during fasting (Sakurai et al., 1998; Wall & Volkoff, 2013) and, moreover, ORXs neurons
increased their firing in condition of negative energy balance (Burdakov et al., 2005;
Yamanaka, Beuckmann, et al., 2003). ORX-A has been found to induce an orexinergic effect
more durable than ORX-B (ORX-A induce feeding that last for about 4hours while ORX-B for
about 2h) probably due to the difference in the secondary structure of the two peptides. Due to
the higher orexinergic activity of the ORX-A compared to ORX-B, it was hypothesized that

OXIR was implicated in the modulation of feeding more than OX2R. Moreover,
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intraperitoneally administration of a selective OX1R antagonist (SB-334867-A) inhibited
feeding and increase the onset of behavioural satiety (Ishii et al., 2005; Liu et al., 2020).

ORXs promote feeding behaviour through multiple neural pathways. One of the hypothalamic
nuclei involved in the feeding regulation is the ARC, which is composed by two main neuronal
populations: orexigenic neurons, which co-express neuropeptide Y (NPY') and agouti-related
protein (AgRP), and anorexigenic neurons, which co-express cocaine- and amphetamine-
related transcript (CART) and pro-opiomelanocortin (POMC; the precursor of the alpha-
melanocyte stimulating hormone, a-MSH). Due to the dense projections of ORXs neurons to
the ARC (Peyron et al., 1998), several studies have suggested that ORXs exert their orexinergic
activity at least partially through the stimulation of the orexinergic NPY neurons (Yamanaka et
al., 2000), which express OX1Rs and are directly activate by ORXs (Arrigoni et al., 2019).
While some studies have demonstrated that the feeding promoting effect of ORX-A is
completely abolished by central administration of NPY-Y1 or NPY-Y5 receptors antagonists
(Dube et al., 2000), other studies showed only a partial blocking effect (Yamanaka et al., 2000),
thus suggesting the existence of other pathways by which ORXs exert their action. One of these
additional circuits might be the inhibition of the anorexigenic POMC-expressing neurons,
which also express OX1Rs. Despite the mechanism by which ORX inhibits POMC neurons is
not completely understood, Ma and colleagues demonstrated that ORX decreased the electrical
activity of POMC cells, primarily by modulating synaptic inputs, in particular by increasing the
GABAergic afferent input and by inhibiting the glutamatergic afferent input (Ma et al., 2007).

The ARC generates also integrated regulation of metabolic balance. The connections between
ORX neurons and both subsets of ARC neurons (NPY or POMC neurons) provide an indirect
regulation of ORX neurons by leptin and ghrelin, which are peripheral indicators of the
metabolic status. Leptin is a satiety hormone secreted by adipose tissue, that increases energy
metabolism and reduces energy intake. High leptin levels suppress ORX neurons activity (Zhu
et al., 2002) but the interaction between ORX and leptin is not completely understood.
Moreover, less is known about the localization of leptin receptors on ORX neurons: while some
studies describe a colocalization (Hakansson et al., 1999), others are not able to confirm this
finding (Goforth et al., 2014; Sheng et al., 2014). Ghrelin, an orexigenic hormone which is
secreted by stomach and that regulates appetite, activates directly ORX neurons (Yamanaka,

Beuckmann, et al., 2003).
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ORX neurons can also sense changes in extracellular glucose concentration.
Electrophysiological studies on brain slices have shown that low glucose levels increase ORX
neurons’ activity; conversely increasing in extracellular glucose concentration directly inhibits
ORX neurons by inducing a membrane hyperpolarization and the cessation of action potentials
(Fig.2) (Yamanaka, Beuckmann, et al., 2003; Burdakov et al., 2005). ORX neurons are
considered as functional glucosensors because their electrical activity is more inhibited when
their metabolic state is low whereas their response to glucose is reduced by high energy levels

(ATP, lactate, pyruvate) (Venner et al., 2011).
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Figure 2. Role of ORX system in the regulation of feeding behaviour and energy balance.

ORX neurons in the LH area promote feeding behaviour, at least in part, through the stimulation of NPY/AgRP
neurons and through the inhibition of the POMC/CART neurons, both located in the ARC. Moreover, ORX
neurons control energy homeostasis through sensing the peripheral levels of metabolites, such as glucose,
leptin and ghrelin and modulate energy expenditure, at least in part, by increasing BAT thermogenesis through
the sympathetic nervous system. Green arrows represent excitatory input and red arrows inhibitory input.
(Lateral hypothalamic area (LH area), Neuropeptide Y/Agouti Related Protein (NPY/AgRP), pro-
opiomelanocortin/ cocaine- and amphetamine- related transcript (POMC/CART), arcuate nucleus (ARC),
brown adipose tissue (BAT).

ORXs not only increase food intake but are also implicated in the control of energy balance, by
increasing energy expenditure. Daily energy expenditure includes three different components,
such as basal metabolic rate (BMR), non-exercise thermogenesis and motor activity. Mice that
lack ORX neurons display a decrease in physical activity during dark period (active period for

mice) (Hara et al., 2001) and injection of ORX-A in the third ventricle of mice brain increases
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their BMR by increasing oxygen consumption (Lubkin & Stricker-Krongrad, 1998). ORXs also
stimulate sympathetic outflow, as suggested by the increase in mean arterial blood pressure and
heart rate (HR) following the ICV injection of ORX in rats’ brain (Shirasaka et al., 1999), and
these effects generally result in an increased energy consumption. Moreover, chemogenetic
activation of the ORX neurons increases non-exercise thermogenesis during periods of
spontaneous physical activity and prevents the inactivity that usually follows a high fat diet

meal (Arrigoni et al., 2019).

Increasing in ORX signalling causes a decrease in body weight and prevents late onset obesity
in double receptor knock out mice (Funato et al., 2009), while ORX-ataxin-3 mice, which are
ORX neurons ablated, show a decreased food intake combined with development of late onset
obesity (Hara et al., 2001). The severity of the obese phenotype depends on the genetic
background of the mice. In fact, ORX-ataxin-3 mice show a metabolic disruption more severe
than prepro-ORX knockout (ORX-KO) mice studied by Chemelli et al. (Chemelli et al., 1999).
This difference could depend on the complete absence of the ORX neurons in ORX-ataxin-3
mice. In fact, as mentioned above, ORX neurons express also other neuropeptides or
modulatory factors such as dynorphin, which may influence feeding behaviour. In line with
this, Ghule et al. demonstrated that the lack of dynorphin causes uncoupling between energy

intake and body weight gain (Ghule et al., 2020).

In agreement with the studies on mouse models with dysregulation of the ORX system, human
studies have demonstrated that narcoleptic patients have a higher incidence of obesity compared
to the average population. Moreover, they show a decreased caloric intake combined with and
increased body mass index (BMI), suggesting an impairment in energy balance with reduced

energy expenditure and BMR (Schuld et al., 2000).

ORXs have also a key role in the maintenance of consolidated W, an essential state for
supporting feeding behaviour. During starvation, there are low levels of glucose and leptin,
together with high ghrelin levels. The low energetic availability directly modulates activity of
ORX neurons to maintain W, because proper maintenance of arousal during fasting is essential
to allow food seeking behaviour and animal’s survival. ORX-ataxin-3 mice fail to respond to
fasting with increase in W and activity (Yamanaka, Beuckmann, et al., 2003). Furthermore, it
has been reported that after 48-h of fasting, prepro-orexin mRNA was up-regulated compared
with the fed control in rats (Sakurai et al., 1998). These findings suggest that ORX neurons are

crucial to maintain the arousal during the period in which energy stores are low and indicate
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that ORX neurons are an important link between energy balance and arousal (Tsujino &

Sakurai, 2009).

1.4 Orexins and thermoregulation

The maintenance of the energy homeostasis requires a perfect balance between energy intake
and energy expenditure. While energy intake is represented by caloric intake of food and
beverage, energy expenditure depends on locomotor activity, on the thermic effect of the food
and on thermogenesis. Thermogenesis, defined as obligatory, is represented by BMR and is
sufficient to preserve body temperature (Tb) when the organism is in its range of
thermoneutrality. When the organism is facing temperature below the thermoneutrality, it
quickly responds trough an activation of heat saving mechanisms, such as piloerection and
vasoconstriction. However, this response is limited and requires additional mechanisms, called
facultative or adaptive thermogenesis, that includes shivering and non-shivering
thermogenesis. In mammals, most of the non-shivering thermogenesis takes place in the brown
adipose tissue (BAT) (Milbank & Lopez, 2019). Several studies on genetic modified mouse
models have demonstrated that ORXs promote energy expenditure, through the increasing of
motor activity and/or BMR (Hara et al., 2001; Lubkin & Stricker-Krongrad, 1998) but also
through the modulation of BAT thermogenesis (Fig. 2). ORXs and OXI1R are also important
for BAT development, differentiation, and function, as demonstrated by Sellayah and
colleagues (Sellayah & Sikder, 2012; Sellayah et al., 2011) in ORX-KO mice. These mice
showed an increase in body weight and a lower accumulation of triglyceride in BAT, compared
to wild type (WT) control mice. Moreover, both OX1R and OX2R knockout mice showed the
same phenotype of ORX-KO mice, due to the orexin-mediated dysfunction of BAT with

consequent impairment of thermogenesis and accumulation of energy stores in the body.

Morphological analysis have also shown that ORX neurons are implicated in the modulation of
the BAT thermogenesis through the sympathetic nervous system (Milbank & Lopez, 2019).
ORX-containing fibers and OXRs have been described in many regions, including the rostral
raphe pallidus (rRPa) region of the ventromedial medulla, a key site of sympathetic and somatic
premotor neurons involved in the control of thermal effectors (Morrison & Nakamura, 2011).
The neurons of rRPa are involved in the regulation of Tb and in controlling BAT thermogenesis.
Accordingly, injection of 12pmol of ORX-A into rRPa produces large and continued increasing
in BAT sympathetic outflow and in BAT thermogenesis (Tupone et al., 2011). Moreover, the
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stimulation of ORX neurons by means of bicuculline microinjection (a GABA-A antagonist)
into the LHA, in anesthetized and artificially ventilated rats, induces a significant increase in
BAT temperature and in BAT sympathetic nerve activity , in HR and in blood pressure (BP)
(Cerri & Morrison, 2005).

Several studies have explored the intricate connection between orexinergic system and
thermoregulation. Monda and colleagues were the first to demonstrate that ICV administration
of ORX-A induces an increase not only in the firing of the sympathetic nerve to BAT, but also
in HR and Tb (Monda et al., 2001). Moreover, Székely end colleagues have shown that ICV
injection of ORX-A in rats could induce a short-lasting hypothermia, followed by a longer
lasting hyperthermia. On the other hand, ORX-B directly causes hypothermia (Székely et al.,
2002). Studies on ORX-KO and ORX-neurons-ablated (ORX-AB) mice have also shown that
these mice have a Tb comparable to that of WT littermates (Zhang et al., 2010). However,
ORX-KO mice showed elevated Tb during sleep (Mochizuki et al., 2006) and ORX-AB mice
had an attenuated drop of Tb when the animals fell asleep (Zhang et al., 2007). Accordingly,
narcolepsy patients showed a smaller drop in Tb during sleep rather than control subjects

(Mosko et al., 1983).

Recently, Kuwaki and his group have investigated the role of ORX in the stress-induced
hyperthermia, subjecting ORX-KO and ORX-AB mice to different kind of stressors. They
found that ORX-AB mice, but not ORX-KO mice, showed the expected blunting in handling
stress-induced hyperthermia (Zhang et al., 2010). Moreover, they found that the uncoupling
protein-1 (UCP-1), a key protein involved in non-shivering thermogenesis, did not increase in
the BAT of ORX.AB mice, although BAT functionality was preserved (Zhang et al., 2010).
Using other two different kind of stressor, such as environmental cold exposure and brain
prostaglandin E2 (PGE2) injections, which mimic inflammatory fever, they also found that only
ORX-AB mice exhibited a blunted PGE2-induced fever and intolerance to cold (5°C) exposure
(Takahashi et al., 2013). All these results suggest that ORX producing neurons, but not ORX

itself, are important in the stress-induced thermogenic response.

ORXs could also have a protective role in aging-associated impaired thermogenesis (Sellayah
& Sikder, 2014). However, the mechanisms underlying the increasing in fat mass induced by
aging are still poorly understood. Sellayah and Sikder have shown that aging is associated with
a compromised differentiation of BAT, morphologic abnormalities, and thermogenic

dysfunctions in mice (Sellayah & Sikder, 2014). Aged mice showed an interscapular brown
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region progressively invaded by white-like adipocytes and failed to mobilize the energetic
reserves from brown adipocyte, thus producing an impairment in the regulation of basal
thermogenesis. Interestingly, the administration of ORX-A reversed these effects, increasing
core Tb, improving cold tolerance, and reducing adiposity; conversely, ORX-AB mice showed
stronger brown-fat dysfunction. These results suggest that ORX signalling has also a role in the
aging-associated thermogenesis and lead to speculate that ORX system could be a potential

target of interventions to reverse the age-associated fat mass increase.

1.5 Orexins and respiratory control

It has been known for a long time that LHA is involved in both breathing and cognitive arousal.
In 1950s, Redgate and Gellhorn studied the involvement of the LHA in the regulation of
breathing by using high-frequency currents to produce localised lesions in the LHA of lightly
anaesthetised cats. Through the monitoring the rate and depth of respiration, they observed that
the lesions resulted in a rapid decrease in the rate and/or depth of respiration, and these effects
increased with the size and number of lateral hypothalamic lesions (Redgate & Gellhorn, 1958).
Moreover, the injection of barbiturates, that inhibited lateral hypothalamic activity, also
reduced respiratory activity. Based on these results, Redgate and Gellhorn suggested that
impulses from the LHA elicited an increased respiratory activity. These findings have been also
supported by recent immunohistochemical evidences that have revealed that ORX-A
immunoreactive nerve fibers project to different areas involved in breathing control, such as
Kolliker—Fuse nucleus, dorsal and rostral ventrolateral medulla (RVLM), pre-Botzinger
complex, the nucleus tractus solitarii (NTS), raphe nuclei, hypoglossal nuclei, and phrenic
nuclei. All these areas are critical for respiratory rhythmogenesis, respiratory activities
regulation, and upper airway and diaphragm movements control (Han, 2012). In line with this,
the expression of both OXRs mRNA is also found in many respiratory nuclei in the brainstem

with a pattern matching that of ORX-containing axon terminals (Marcus et al., 2001).

The effects of ORX-A on tidal volume (i.e. the amount of air inhaled or exhaled during normal
ventilation) (Vt) and ventilatory period (VP) have been studied in mice by Zhang and
colleagues through administration of ORX-A in lateral ventricle and cisterna magna. Injections
in lateral ventricle induced a dose-dependent increase in respiratory frequency, Vt, BP, and HR.
Effects were present few seconds after the administration and lasted 10—40 min, depending on
the dose. The minimum dose that evoked a significant response was 0.03 nmol for Vt and
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respiratory frequency, or 0.3 nmol for BP and HR, suggesting that respiratory changes were not
secondary to the cardiovascular response. Moreover, intracisternal administration of ORX-A
also induced similar changes, except for respiratory frequency, that didn’t change even at the

highest dose (Zhang et al., 2005).

The study of mice with genetic deletion of the gene encoding prepro-ORX (ORX-KO) has
allowed to better understand the link between the ORX system, breathing control and chemo-
responsiveness. These mice were moderately obese and showed an attenuated fight-or-flight
response when exposed to stressors, including diminished cardiovascular, respiratory, and
behavioural responses (Kayaba et al., 2003), although basal ventilation was not significantly
altered in ORX-KO mice, compared to that in control mice. Similar responses were observed
in ORX-ataxin-3 mice exposed to air jet stress (Zhang et al., 2006). These findings suggested
that ORX might be a master switch, which elicits multiples changes in behaviour and autonomic

outputs, regulating respiration only in a stress condition.

ORX system is extremely important for the appropriate respiratory stimulation during
hypercapnia. Using patch-clamp recordings, Williams et al. demonstrated that the ORX neurons
were intrinsically sensitive to the extracellular levels of CO2 and H" (Williams et al., 2007),
key chemical variables controlled by breathing. Physiological acidosis causes an increase in
ORX neurons firing rate while alkalosis produces a decrease in their firing rate. These effects
might be mediated, at least in part, by the TASK-like tandem-pore K+ channels (Williams et
al., 2007), and by other acid-sensing channels.

In vivo studies have shown that the ORX system participates in the regulation of respiration
and the COz central chemoreflex. The amplitude of the hypercapnic (5% C0O2-21% O2 and
10% CO2-21% 02) and hypoxic (15% O2) ventilatory responses in both ORX-KO and control
mice depends clearly on the behavioural state. Nakamura and colleagues found that, compared
to control mice, ORX-KO mice had an attenuated responses to hypercapnia during W but not
during sleep periods; this is in line with the notion that ORX neurons fire more during W
(Nakamura et al.,, 2007). No differences were found between the two genotypes in the
ventilatory responses to hypoxia, suggesting that ORXs are not involved in the hypoxic
response, even during W and that the abnormal hypercapnic responses in ORX-KO mice may

be vigilance-state-dependent (Kuwaki, 2008).

To better understand the possible involvement of ORX in acute respiratory chemoreflex during

W, Deng et al. performed ICV administration of ORX-A and ORX-B or OX1R antagonist (SB-
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334867) in ORX-KO mice and control mice. They found that ORX-B increased spontaneous
ventilation more than ORX-A, mainly through OX2R. Moreover, the administration of either
ORX-A or ORX-B partially restored the hypercapnic chemoreflex in ORX-KO mice.
Conversely, blockage of OXR1 by SB-334867 blunted hypercapnic chemoretlex of the control
mice, indicating that OX1R are necessary for chemoreflex control (Deng et al., 2007). This
study also confirmed that in mice ORXs are not involved in ventilatory hypoxic response.
Selective inhibition of both OXRs by Almorexant, an orally administered dual OXRs
antagonist, in unanaesthetised rats, induced a decrease in CO; response only in W and only
during the dark (active) period of the diurnal cycle. Moreover, Almorexant also decreased W
and increased NREM and REM sleep during the dark period, thus suggesting that the ORX
system have a critical role in central chemoreception in a vigilance state-dependent manner and
the sleep—wake difference in the CO; response can be in large part attributed to ORXs (Li &
Nattie, 2010).

In narcoleptic patients there is also evidence of an impaired chemo-responsiveness. However,
in contrast to results obtained on ORX-KO model, narcoleptic patients showed a significant
decrease in hypoxic responsiveness, unrelated to BMI, age or sex, but not in hypercapnic
responsiveness, suggesting that, in humans, ORX-A is not the key factor contributing to chemo-

responsiveness (Han et al., 2010).

ORXs might also get involved in the mechanisms of stabilization of breathing. Respiratory
long-term facilitation (LTF) is a physiologic augmentation of respiratory motor output that
occurs also after the end of hypoxic stimuli and is presumed to prevent sleep apneas. Terada et
al. showed that LTF is absent in ORX-KO mice (Terada et al., 2008), which is in line with the
finding that ORX-KO mice had more frequent sleep apneas (Nakamura et al., 2007).
Narcolepsy is also characterized by a higher frequency of sleep apneas compared to healthy
controls (Chokroverty, 1986). The high incidence of apneas could induce sleep fragmentation
and hypoxia, thus compromising the ventilatory responsiveness of these patient. In humans, the
most common type of sleep apnea is OSA (Obstructive Sleep Apnea), characterized by a
complete or partial obstruction of the upper airway during sleep. The prevalence of OSAs in
narcolepsy patients ranges from 2% to 68% (Sansa et al., 2010), with a marked variability
among studies, due to the different definitions of OSAs, or to the use of a small study’s group
(Hoshino et al., 2019). Increased BMI facilitates airway obstruction and frequently correlates
with OSA. Narcoleptic patients have often increased BMI, and this may predispose to co-

morbid OSA. OSAs have been divided into two patterns of pathophysiology: non-stage specific
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OSAs and REM-related OSAs, with the latter associated with adverse cardiovascular and
metabolic events, such as hypertension, increased insulin resistance, impairment of human
spatial navigational memory, and non-dipping nocturnal BP (Alzoubaidi & Mokhlesi, 2016). A
recent study performed by Hoshino and colleagues has confirmed a high prevalence of REM-
related OSA in adult narcoleptic patients with OSA. These results might reflect the
pathophysiological characteristics of narcolepsy (Hoshino et al., 2019).

1.6 Orexins and cardiovascular regulation

As discussed above, ORXs are involved in the regulation of many biological functions, such as
feeding behaviour and energy metabolism, maintenance of W and they are essential for the
physiological response to stressor. Moreover, an integrate and coordinate autonomic response
that also involves the cardiovascular system, is essential to stay awake and actively interact

with the external environments.

Both ORX neurons and receptors are found in neuronal sites that are importantly involved in
cardiovascular autonomic regulation, e.g. NTS, RVLM, medullary raphe and the premotor
centres of the PVN (Li & Nattie, 2014). The distribution of OXRs reflects the projection of
ORX neurons. The OX1R and OX2R mRNA is differentially distributed through the central
autonomic network. OX2R mRNA is expressed in the PVN, which contains two subtype of
neurons populations: magnocellular (type 1) and parvocellular (type 2). The pre-autonomic
parvocellular neurons send long descending projections to several areas within the central
nervous system involved in cardiovascular regulation. Between these, the dorsal vagal complex,
in the dorsomedial medulla, which contains vagal preganglionic neurons, the NTS, where
baroreceptor and chemoreceptor afferents end, the RVLM, which is a central site for the
generation of sympathetic tone for the vasculature, and the intermediolateral column of the
spinal cord, which is the site of sympathetic preganglionic motor neurons involved in the
regulation of BP and HR (Shirasaka et al., 2003). Shirasaka and colleagues showed that ORXs
directly excited type 1 and type 2 neurons of the PVN (Shirasaka et al., 2001). The functional
significance of the depolarizing effects of orexins on PVN neurons has not been established,
however it has been shown that electrical or chemical stimulation of the PVN increases BP and

renal sympathetic nerve activity (RSNA) in conscious rats (Kannan et al., 1989).
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The cardiovascular effects of ORXs were first demonstrate in 1999 by Shirasaka and
colleagues. They showed that ICV administration of ORX-A (0.3 — 3 nmol) produced a dose-
dependent increase in mean arterial pressure (MAP), HR and RSNA in conscious unrestrained
rats. Significant correlations were observed between RSNA and HR or MAP, thus suggesting
that the increases in HR and MAP were due to an ORX-A dependent increase in sympathetic
outflow. These increases were also observed in anesthetized rats, thus indicating that these
effects were not due to increases in rat’s locomotion or stress. The central administration of
ORX-B also produced an increase in MAP and HR but, in contrast to ORX-A, it did not
determine increase in RSNA. All the cardiovascular and sympathetic responses induced by

ORX-A were greater than those induced by ORX-B (Shirasaka et al., 1999).

Shirasaka and colleagues also showed that central administration of both ORX-A and ORX-B
increased plasma norepinephrine (NE), with effects being longer with ORX-A; moreover, a
high dose of ORX-A also increased plasma epinephrine (Epi) levels, suggesting an involvement
of the sympatho-adrenomedullary system (SA system) in cardiovascular responses. Therefore,
the large response induced by ORX-A, compared with that induced by ORX-B, may be due to
activation of the SA system in addition to an increased sympathetic outflow (Shirasaka et al.,
1999). Similar results were found in conscious rabbit, in which ICV, but not intravenous,
administration of ORX-A evoked a dose-dependent increase in MAP and RSNA, as well as in
circulating plasma levels of Epi, vasopressin and glucose concentration (Matsumura et al.,

2001).

The increase in MAP and HR can also be evoked in anesthetized rats by the injection of ORX-
A in the cisterna magna (Chen et al., 2000) or in the subarachnoid space of the thoracic spinal
cord (Shahid et al., 2011). This reflects the distribution of ORX terminals in autonomic centres
all the way down to the spinal cord and indicates that ORX can produce cardiovascular
responses by acting at multiple levels into the neuroaxis. Focal injection of ORXs allowed to
identify additional sites involved in cardiovascular regulation, such as the pressor area of
RVLM (Chen et al., 2000) and medullary raphe (Ciriello et al., 2003). The cardiovascular
effects of ORX-A injections on NTS are still controversial and depend on the dosage. Smith
and colleagues showed that injections of low doses (10 pM—10 nM) of ORX-A produced a
significant increase in MAP and HR (Smith et al., 2002), whereas high doses (25-250 mM)
decreased MAP and HR, and potentiated bradycardia after the activation of baroreflex (De
Oliveira et al., 2003). On the contrary, Shih and colleagues demonstrated that bilateral
microinjections of ORX-A or ORX-B produced bidirectional and dose-dependent

20



cardiovascular effects. Indeed, at a low dose (5 pmol) ORXs decreased arterial pressure, HR,
and power density of the vasomotor components of BP signals, an experimental index for
sympathetic neurogenic vasomotor outflow, whereas at a higher dose (>20 pmol) they evoked
cardiovascular excitatory responses. The bidirectional action of ORXs might be due to different
concentrations of nitric oxide (NO), an important neuromodulator for the cardiovascular
regulation in NTS. Low doses of ORXs stimulate NO synthase to produce low concentration
of NO, that potentiates glutamatergic excitatory postsynaptic potentials, decreasing BP.
Conversely, high doses of ORXs induce the increased release of NO, which, in turn, increases

BP through potentiation of GABAergic inhibitory pathways (Shih & Chuang, 2007).

ORX-A participates in the short-term regulation of BP but not in the long-term regulation.
Chronic ICV infusions of ORX-A for 14 days in conscious rats increase the systolic BP, but

the values returned to baseline levels at day 14 ( Lin et al., 2002).

1.7 Orexins and integrated autonomic control

The perifornical area (PFA) of the hypothalamus, that contains the highest density of ORX-
neurons, is known as “defense area”. Defense reaction is defined as an increase in arousal level
and sympathetic outflow to deal with the imminent danger. Defense reaction is associate with
increase in BP, HR, respiratory frequency, and resistance in most vascular beds, and by a
decrease in resistances in skeletal muscle and airway blood vessels (Kayaba et al., 2003).
Anatomical and physiological evidence support the role of ORXs in this response: Kuwaki and
his group demonstrated an attenuated response in both anaesthetized and conscious ORXs-
deficient mice. They reported that the increases in BP, HR, respiratory frequency and 3-band
power of electroencephalogram (an index of cortical arousal), induced by the stimulation of
PFA with bicuculline, were attenuated in ORX-KO (Kayaba et al., 2003) and, in a similar way,
the increases in BP, HR, and respiratory minute volume and vascular dilatation in skeletal
muscle were reduced in mice that lack ORX neurons (ORX-AB) (Zhang et al., 2006).

Moreover, ORX-AB mice showed an attenuated suppression of the baroreceptor reflex during
the defense response, thus suggesting that ORXs are involved in the inhibition of baroreflex

only during this response (Kuwaki, 2015).

The study of the role of ORXs in cardiovascular regulation in narcoleptic patients has led to

results that are not in full agreement with those obtained in mice. The autonomic regulation in
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human narcolepsy type 1 (NT1) has been little explored. In 1982, Sachs and Kaijser reported a
disrupted autonomic control in narcoleptic patients. The subjects involved in their study (n=9)
showed an attenuation of some autonomic reflexes, i.e. subnormal changes in BP and HR in
handgrip test (in which the increase in HR depends on the inhibition of vagal efferent and the
increase in blood flow is mediated by B-adrenergic vasodilatation) and Valsalva maneuver (in
which patients maintain a constant expiratory rate by blowing through a mouthpiece that
permits a slow air flow). Conversely, diving reflex (in which bradycardia is elicited by an
increase in vagal activity) and the orthostatic test (in which the increase in BP depends on
sympathetic vasoconstriction) were similar in narcoleptic patients and controls. This pattern, in
which only some reflexes are compromised, but not others, suggested that the autonomic
impairment had central origin, while the function of peripheral nerves was preserved (Sachs &
Kaijser, 1982). However, these results were not confirmed by subsequent study performed by
Hublin et al, suggesting that the abnormalities reported in Sachs’ study might be due to an
insufficient standardization of tests’ conditions, rather than a defect in the autonomic control
(Hublin et al., 1994). Moreover, Grimaldi et al. also excluded abnormal cardiovascular
responses to head-up tilt test, Valsalva maneuver, deep breathing and isometric handgrip tests

in narcoleptic patients (Grimaldi et al., 2010).

As discussed earlier, ORX neurons play a key role in the maintenance of W state. The
relationship between wake-sleep states and cardiovascular regulation has been studied in both
mouse models with ORX deficiency and in NT1 patients. However, the results are still
controversial. Some studies suggest that narcolepsy affects the ability to modulate BP during
sleep. Grimaldi and colleagues showed a significantly reduced night-time decrease in BP (“non-
dipping” pattern) in patients with narcolepsy (Grimaldi et al., 2012). This pattern was
accompanied by sleep fragmentation and/or other pathologic sleep phenomena. The “non-
dipping profile” has also been identified by Dauvilliers et al. (Dauvilliers et al., 2007). Also, in
narcoleptic mice the dip in BP that normally exists between W and NREM sleep, is reduced, as
is the rise of the BP when waking up from sleep (Bastianini et al., 2011; Lo Martire et al., 2012).
However, the comparison between narcoleptic patients and subjects with insomnia evidenced
no significant difference in “non-dipping profile” between groups. Moreover, the change in
nocturnal BP did not correlate with the ORX levels in cerebrospinal fluid (CSF) of narcoleptic
patients, thus suggesting that it is not the lack of ORX itself to lead to the abnormalities in
nocturnal BP but it might be caused by the disruption of sleep architecture (Sieminski &

Partinen, 2016).
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1.8 Loss of function: Narcolepsy

Narcolepsy is a rare and disabling sleep disorder, described for the first time by Jean Baptiste
G¢élieneau in 1880. This disease is one of the most common causes of chronic sleepiness and is
characterized by dysregulation of sleep-wake behaviour, resulting in the inability to maintain
vigilance states, pathological intrusion of REM sleep into W and frequent transition between

states of sleep and W (Sakurai, 2007).

The exact prevalence of narcolepsy is not known, but some studies estimate that in Europe
narcolepsy affects between 20 and 47 people out of 100000 inhabitants (Ohayon et al., 2002),
with no gender difference. The onset of symptoms in narcoleptic patients follows a bimodal
distribution, with a first peak appearing between 10-20 years and a second peak between 35-40
years (Dauvilliers et al., 2007). The gap between the onset of the symptoms and the diagnosis
is 5-15 years, and narcolepsy can be undiagnosed or misdiagnosed in many patients.
Interestingly, gender seemed to impact the timeliness of diagnosis. Despite women report more
occurrences of cataplexy and have greater objective sleepiness, they receive a diagnosis more
delayed than men. One explanation for this may be that women are less forthcoming with their
symptoms, opting to self-medicate, or because they are less affected in their daily lives than

men (Won et al., 2014).

The disease is characterized by chronic daytime sleepiness, occurring daily and typically every
2 hours. The intensity varies across the day and between individuals. Sleepiness is exacerbated
by periods of inactivity. The sleep episodes are sudden and irresistible, despite the desperate
efforts to fight the urge to sleep. They are usually short, although their duration can increase
with passive activities or, in case of severe sleepiness, also during activities that need
concentration, such as work, study or driving. Sleep episodes are frequently associated with
dreaming; and can restore normal wakefulness for up to several hours (Dauvilliers et al., 2007;

Scammell, 2015).

Narcolepsy is also characterized by abnormal manifestations of REM sleep, which normally
occurs during the usual sleep period, and includes vivid dreams, rapid eye movement and
paralysis of all skeletal muscles, except for those involved in respiration. However, in
narcoleptic patients REM sleep can intrude in wakefulness at any time of the day. The most

dramatic consequence of REM intrusion is cataplexy, that is characterized by a sudden, partial
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or complete paralysis of voluntary muscle, triggered by strong positive or negative emotional
stimuli, with preserved consciousness. The duration of the cataplectic episodes varies from few
seconds to several minutes. Sixty percent of narcoleptic subjects develops cataplexy. All
striated muscles, except diaphragm, can be affected, causing the individual to collapse. Partial
cataplexy can be limited to facial and neck muscles or involves limb, while severe episodes
produce bilateral and generalized loss of muscles control, sufficient to cause a fall. The
frequency of cataplectic episodes varies from less than one episode per year to several episodes
per day. Patients can occasionally have a “status cataplecticus”, which is characterized by

continuous cataplectic episodes lasting several hours (Dauvilliers et al., 2007).

Other symptoms associated to dysregulation of REM sleep include sleep paralysis and sleep-
related hallucinations. These symptoms are not specific and, thus, less diagnostically
informative, because are present in about 50% of narcoleptic patients but also in about 20% of
general population (Scammell, 2015). Sleep paralysis is similar to cataplectic attack but can
occur at awakening (mainly from REM sleep) or at sleep onset. These episodes can be
associated to a sensation of fear, suffocation and/or hallucinations. Disturbing hallucinations
can occur at the onset of sleep (hypnagogic hallucinations) or at awakening (hypnopompic
hallucinations). Typical hallucinations are visual, tactile, auditory, or even vestibular. The
duration of both sleep paralysis and hallucination is rarely more than 1 or 2 minutes (Dauvilliers

et al., 2007; Scammell, 2015).

The most recent International Classification of Sleep Disorder (3™ version, ICSD-3) now
recognizes two subtypes of narcolepsy. NT1 represents the classical clinical syndrome,
characterized by excessive daytime sleepiness, cataplexy and absent or very low levels of ORX-
A in CSF. Conversely, narcolepsy type 2 (NT2) is characterized by absence of cataplexy and
normal levels of ORX-A in CSF. Cataplexy is specific to NT1 and is the best diagnostic marker
of the disease (Dauvilliers et al., 2007; Scammell, 2015). Thus, the diagnosis of NTI1 is
straightforward, while NT2 is difficult to diagnose (Scammell, 2015; Reading, 2019).

NT1 often includes other symptoms directly related to reduction in hypocretin signalling, such
as the dysregulation of the feeding behaviour. Narcoleptic patients tend to gain excessive
weight and have also higher BMI than normal subjects (in adult patients BMI is 15% above
average), possibly due to the low metabolic rate. Moreover, narcolepsy shows an increased
prevalence of non-insulin-dependent diabetes, sleep apnea syndrome, sleepwalking and REM

sleep behaviour disorders. In addition, depression has been reported in 18-37% of cases but is
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difficult to understand if it is related to a neuropathologic state or to the effect of narcolepsy on

patients’ life (Dauvilliers et al., 2007; Scammell, 2015).

Studies performed in genetically modified animal models demonstrated that ORX system plays
a key role in NT1. After a linkage analysis of dogs with autosomal recessive narcolepsy, Lin
and colleagues found a null mutation in the OX2R gene (Lin et al., 1999). Meanwhile,
Yanagisawa’s group found that mice lacking the prepro-ORX gene (ORX-KO) showed a
phenotype resembling human NT1 (Chemelli et al., 1999). These findings were confirmed also
in narcoleptic subjects with cataplexy, in which approximately 90% of them had no detectable
ORX-A in their CSF (Nishino et al., 2000; Mignot et al., 2002). Post-mortem studies confirmed
that the markedly decrease in CSF ORX-A levels resulted from a loss of ORX-producing
neuron. Peyron et al, found no detectable prepro-ORX mRNA in the hypothalamus of the
narcoleptic/cataplectic subjects (Peyron et al., 2000), and a 90% reduction in the number of
ORX immunoreactive neurons was found by Thannickal and colleagues. Interesting, this
reduction was highly selective and was greater in the brain of narcoleptic subject with cataplexy

than in patients without cataplexy (Thannickal et al., 2000).

Despite of the results in animal studies, the process that causes the selective loss of ORX
neurons in NTI1 is still unknown. However, an auto-immunological mechanism has been
proposed, based on the tight association between narcolepsy and human leukocyte antigen
(HLA). HLA genes encode proteins that can present antigens to T cells, and this interaction
triggers the immune response against those cells that contain the specific antigen. Many
autoimmune diseases are associated with HLA genes (Liblau, 2018). More than 98% of subjects
with NT1, and about 50% of people with NT2, carry HLA-DQB1*06:02 (Scammell, 2015).
This HLA haplotype confers an increased risk of narcolepsy of 200-fold; the homozygotes for
this allele have doubled risk compared to heterozygotes. Variations in other class II or class I

alleles also contribute to genetic susceptibility (Reading, 2019).

Narcolepsy is usually sporadic, and the onset of the symptoms follows a seasonal peak, in late
spring. This observation suggests that the disease may be triggered by other infections, such as
Streptococci or respiratory winter viruses. In the winter of 2009-2010, the administration of
Pandemrix, a vaccine against swine’s flu HIN1, caused an increase of new cases of narcolepsy
by a factor of 5-14 in children and teenagers and by a factor of 2-7 in adults. Observational
studies showed that the risk of narcolepsy was elevated for 2 years after the Pandemrix

vaccination. All the subjects were positive for HLA-DQB1*06:02 and developed the symptoms
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few months after the vaccination. However, an increased risk of narcolepsy was reported also
in China, where natural HIN1 infection was common but no vaccination was administered
(Sarkanen et al., 2018). These findings support the hypothesis of an autoimmune process
underlying narcolepsy. The mechanism of cell death in NT1 is most likely T-cell mediated with
activation of helper T cells (CD4+), that secret cytokines, and killer T cells (CD8+) that lyse
target cells through the secretion of cytotoxic granules (Liblau, 2018). Recent study by Latorre
and colleagues has identified the presence of a specific type of autoreactive immune cell, called
CD4+ memory T cell, in the blood samples of 19 narcoleptic patients. These cells target and
recognize self-antigens expressed by ORX producing neurons, and this recognition led to T-
cell proliferation and activation, and to production of cytokines (Latorre et al., 2018). CD4+
memory T cells were present also in 3 out of 13 control subjects, but their level was low, and
the proportion of reactive T cells was ten times less than in narcoleptic group. Furthermore,
reactive T cells were found also in NT2 patients, which are not ORX-deficient. Although these
findings represent an important point to understand the pathophysiology of narcolepsy, the
precise mechanisms by which T-cell subtypes lead to death of ORX neurons remains only

speculative (Latorre et al., 2018; Liblau, 2018).

The diagnosis of narcolepsy is based on the clinical history of the patient, which gives
information about sleep quality, presence of cataplexy or sleep paralysis and the level of
daytime sleepiness. After the anamnesis, is essential to confirm the diagnosis with night-time
polysomnography, followed by multiple sleep latency test (MSLT). Polysomnography helps
the clinician to exclude other potential causes of daytime sleepiness and to check if the patient
sleep at least 6 hours before MSLT. Narcoleptic patients show fragmented and light sleep, a
shortened REM sleep latency (< 15 minutes) and an augmentation in slow-wave sleep at the
end of the night (Dauvilliers et al., 2007b). During MSLT, the subject is encouraged every 2
hours to fall asleep for 20 minutes, starting at least 1,5 h after awakening. People with
narcolepsy usually fall asleep in less than 8 minutes and have REM sleep in at least two of
MSLT. A sleep-onset REM period (SOREMP) is defined as the occurrence of REM sleep
within 15 minutes of sleep onset. A positive MSLT is defined by a short sleep-onset latency
plus at least two SOREMPs. The presence of the HLA-DQB1*0602 genotype in patients can
only support the diagnosis. Since narcolepsy is characterized by a selective loss of ORX
neurons, the diagnosis should be confirmed by measurement of ORX-A levels in the CSF,
which must be lower than 110 pg/ml or one third of mean values obtained in normal subjects

(Dauvilliers et al., 2007; Scammell, 2015).
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1.9 Mouse models of orexin deficiency

In the last decades, genetically engineered mice have been used as models to study the effects

of ORX system disfunction and to explore the mechanism at the basis of narcolepsy.

In 1999, Chemelli and colleagues developed a prepro-ORX knockout mouse (ORX-KO) model
by using the homologous recombination strategy to introduce a null mutation in the mouse
prepro-ORX gene, the precursor gene that encodes for both ORX-A and ORX-B. To target that
gene, the researchers constructed a targeting vector to replace exon-1 with nuclear lac-Z and
neo cassettes by homologous recombination in embryonic stem cells (Chemelli et al., 1999).
This mouse model congenitally lacks ORX peptides, whereas ORX neurons and the other
neurotransmitters co-released with ORX, are preserved. ORX-KO mice reproduce many
narcoleptic characteristics. Compared to control mice, ORX-KO are hypersomnolent during
active dark period and show a fragmented W, with direct transitions into REM sleep. Moreover,
during dark phase, they have transient episodes of behavioural arrest, that resemble cataplectic
attack. A consensus report has defined mouse cataplexy as an abrupt episode of nuchal atonia
lasting at least 10 s, preceded by at least 40s of W, with mouse immobile and 6 activity
dominating the electroencephalogram (Scammell et al., 2009). Mouse cataplexy can be
enhanced by social interaction and motor activity, such as grooming, burrowing or climbing
(Chemelli et al., 1999). Finally, ORX-KO mice show a short phasic high-amplitude bursts of
pointed theta waves (7 Hz) during either cataplexy-like episode or REM sleep (Bastianini et al.,
2012).

The association between ORX system and narcolepsy came from studies on canine model with
mutations in OX2R (Lin et al., 1999). Willie and colleagues developed an OX2R knockout
(OX2R-KO0) mouse model by using a homologous recombination strategy to introduce a null
mutation in the OX2R gene. Like narcoleptic Dobermans, OX2R knockout mice were only
mildly symptomatic. They showed disrupted wakefulness and abnormal attacks of NREM
sleep. However, in contrast to ORX-KO mice, OX2R-KO mice were only mildly affected
(Willie et al., 2003).

In 2001, Hara and colleagues developed a genetically engineered mouse model in which ORX-
containing neurons were specifically ablated (ORX-AB) (Hara et al., 2001). This mouse model

was developed by introducing a truncated Machado-Joseph disease gene product (ataxin-3)
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with an expanded polyglutamine stretch expressed under the control of the ORX promoter. The
ORX neurons of the ORX-AB mice degenerate postnatally, with a drastic reduction occurring
within 2 weeks after birth. At 12 weeks of age, more than 99% of ORX neurons were lost and
at 15 weeks of age, nearly no ORX neurons could be found in the hypothalamic regions (Hara
et al., 2001). This model recapitulates the development of human pathology, characterized by
the loss of orexinergic neurons at postnatal age. As ORX-KO mice, ORX-AB mice also exhibit
a phenotype like human narcolepsy. They show narcoleptic behavioural arrest and a disruption
of the wake-sleep cycle like those observed in ORX-KO mice. Moreover, ORX-AB mice show
a late-onset obesity despite hypophagia that may reflect a reduction in energy expenditure. This
metabolic abnormality was greater than that observed in ORX-KO mice. ORX neurons contain
not only orexin, but also other neuropeptides or modulatory factors, which may be involved in
metabolism regulation. The loss of these molecules in ORX-AB mice may explain the

metabolic differences observed between the mouse models (Hara et al., 2001).

In the last decade, Tabuchi and colleagues created a genetically modified mouse model with a
conditional ablation of ORX neurons, which had closer fidelity to narcolepsy phenotype. This
mouse model allows the study of the relationship between the number of ORX neurons and
narcolepsy symptoms and, so, the progression of the disease. To produce the specific
degeneration of ORX neurons in adulthood, the conditional mouse model (ORX-tTA; TetO
DTA mice) has been developed by using Tet-off (Tet-O) system, in which the expression of
diphtheria Toxin A (DTA) in ORX neurons was controlled by doxycycline (DOX). ORX-tTA
(Orexin-tetracycline-controlled Transcriptional Activator) mice (Tabuchi et al., 2013), in which
tTA is expressed in ORX neurons and is driven by human prepro-ORX promoter, are bred with
TetO DTA mice to create a double transgenic mice ORX-tTA; TetO DTA. The administration
of DOX to these mice blocks the tTA from binding to the TetO, and disables the expression of
DTA (Black et al., 2018). These double transgenic mice showed an increase in body weight
and fragmentation of wake-sleep states, the latter of which depended on the number of ORX-
neuron ablated. Also, the frequency of cataplectic attack in this model was exacerbated by the
increased loss of ORX-neurons, thus suggesting that the symptomatology of narcolepsy is
related to the number of remaining ORX neurons (Tabuchi et al., 2014). The conditional control
of ORX neurons degeneration has been proposed as model of both NT1 or NT2, depending on
the extent of the ablation (Black et al., 2018).
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2 SLEEP-DEPENDENT REGULATION OF

CARDIORESPIRATORY SYSTEM

2.1 Arterial pressure regulation

The maintenance of the arterial pressure (AP) within a physiological range is one of the most
important goals for the cardiovascular system, because it primarily determines the blood flow
to all the body’s tissues. Therefore, its value is finely regulated by complex control mechanisms
that interact at different levels. This regulation acts on three different levels: a local control

(self-regulation), a systemic mechanism (baroreflex) and a central autonomic control.

Local control allows each organ to change its own vascular resistance and self-regulate its
blood flow, independently from change on AP. Local control is exerted by myogenic and

metabolic mechanisms.

The smooth muscles of small arterial vessels contract in response to an increase in the
transmural pressure. The rise in the transmural pressure increases the degree of muscles
. . . . . .

contraction by opening more membrane calcium channels. Thus, this myogenic response

increases resistances and, in turn, increases arterial AP (Koeppen et al., 2010).

Moreover, the blood flow directed to a specific tissue depends on the metabolic activity of that
tissue. Thus, in case of inadequate oxygen supply, the tissue produces vasodilator metabolites
(mainly lactic acid, carbon dioxide, hydrogen ions and nitric oxide) that favours an increase in
blood flow. However, an excessive increase in blood flow removes faster vasodilator

catabolites, determining a vasoconstriction (Koeppen et al., 2010).

The baroreflex (or baroreceptor reflex) is a negative feedback system involved in the short-
term regulation of AP. It is activated quickly by any changes in AP (Dampney, 2017). The
baroreflex acts to reduce the fluctuations of AP and consists of three different components: a
system of stretch-sensitive receptors, a centre that receives and integrates all the afferent
information and an effector’s system. The specialized stretch-sensitive receptors, known as
baroreceptors, are mainly located in the wall of the aortic arch and carotid sinuses, and reveal
change in AP value by means of the stretching of the vessel’s wall. The central pathways that
regulate the baroreflex activity are located within the medulla oblongata (Guyenet, 2006). The

glutamatergic afferents that originate from baroreceptors in the aortic arch and carotid sinus,
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terminate in the NTS and synapse with second-order glutamatergic excitatory neurons that, in
turn, synapse with GABAergic inhibitory neurons within the caudal ventrolateral medulla
(CVLM). There, the baroreceptor inputs activate the CVLM GABAergic neurons, that project
to sympathetic premotor neurons within RVLM. Finally, the RVLM neurons project directly to
sympathetic preganglionic neurons in the intermediolateral cell column (IML) in the spinal
cord, using glutamate as their primary neurotransmitter (Guyenet, 2006; Dampney, 2017). In
RVLM are localized different subtypes of sympathetic premotor neurons and each one of these
regulates the sympathetic outflow to different vascular beds. Not all vascular beds are equally
affected by baroreceptor inputs, e.g. renal or skeletal muscle vessels are strongly affected by
baroreflex, while the sympathetic outflow to vascular skin is poorly affected (Wallin &
Charkoudian, 2007). When changes of AP occur, NTS produces compensatory responses by
modulating sympathetic and parasympathetic nervous system activity on the heart and
sympathetic activity on resistances. For example, a rise in BP produces an increase in the
baroreceptors stretching and, in turn, an increase in their activity. Thus, NTS inhibits
sympathetic activity and promotes parasympathetic activity, with consequent reduction of HR,
of vascular resistances and venous return. Moreover, there is a decrease in the stroke volume,
given by the reduction of the sympathetic activity on the ventricles, thus resulting in a decrease

of AP (Koeppen et al., 2010).

As described above, baroreflex is activated instantly by change of AP. However, if the stimuli
causing AP changes operate for many days, producing the same increase, the baroreceptors
adapt to this new condition. Thus, in subjects with hypertension, baroreflex continues to oppose

the change in AP, but at higher level. This is called “reset of baroreflex” (Vander et al., 1986).

In districts such as heart and brain, that have an extremely limited tolerance to insufficient blood
supply, self-regulation prevails, counteracting higher regulatory systems to maintain the blood

flow adequate to their energy needs.

Central autonomic control represents the highest level of cardiovascular regulation. It is an
anticipatory mechanism and is performed by some structures of the central nervous system,

such as the cerebral cortex and the diencephalon (thalamus and hypothalamus).

This feed-forward mechanism is important to prepare the body to a specific and physiological,
situation, such as exercise or sexual activity, by modifying the cardiovascular variables before

need.
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2.2 Autonomic nervous system and cardiovascular control

Both the sympathetic and parasympathetic branches of the autonomic nervous system (ANS)
are strongly involved in the cardiovascular regulation and provide a rapid and sensitive support
of the blood flow. Although both ANS divisions are involved in hemodynamic control, the
distribution of sympathetic and parasympathetic afferents in the cardiovascular system is not
uniform. Indeed, while the sympathetic innervation is spread to all the cardiovascular areas,
including myocardium and vessels’ endothelium, the parasympathetic branch, by vagi nerves,

send inputs only to the heart (Mason, 1968).

HR is intrinsically generated in the heart, through action potentials generated by the pacemaker
cells. In a complete absence of hormonal or nervous influences, HR is about 100 beats per
minute. However, the sinoatrial node is normally influenced by both ANS’ branches.
Stimulation of the sympathetic nervous system causes an increase in the pacemaker activity
and, in turn, in HR, whereas the parasympathetic activity causes an opposite effect. In resting
condition, the parasympathetic influence is stronger than sympathetic. For this reason, the
normal HR is approximately 70 beats per minute, so well below 100 beats per minute (Vander

et al., 1986).

Norepinephrine released by sympathetic fibres activates f1-receptors, expressed in cardiac
muscle cells and on autorhythmic cells of SA and atrioventricular (AV) nodes. The activation
of these receptors produces an inotropic and chronotropic effect. Atenolol is a selective B1-
adrenergic receptor antagonist. It is a hydrophilic molecule with limited blood-brain barrier

transport. It blocks sympathetic nervous activity to the heart.

Acetylcholine, released by parasympathetic fibres, activates muscarinic receptors, that are G
protein-coupled receptors. In the heart, the most important muscarinic receptors’ subtype is
represented by M2, mostly located in the atria. The activation of M2 produces a decrease in HR
and inhibits the impulse conduction through the AV node. These receptors are also distributed
in the endothelium of the coronary vasculature and their activation leads to vasodilation
(Saternos et al., 2018). Atropine methyl nitrate is a muscarinic receptors antagonist and blocks

parasympathetic nervous activity to the heart, thus producing an increase in HR.

Most vessels receive only a sympathetic innervation, thus the sympathetic division of the ANS
is mainly involved in the regulation of vasoconstriction and blood flow. Norepinephrine,
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released by sympathetic fibres on blood vessels acts primarily on al receptors and causes
vasoconstriction (Campbell & Jialal, 2020). Prazosin hydrochloride is a selective al-receptor
antagonist that blocks sympathetic vasoconstrictor activity in arterioles and veins. This results
in a decrease of peripheral vascular resistance and in a reduction of venous return to the heart.
The administration of prazosin usually does not increase HR. Prazosin may also act in the

central nervous system to suppress sympathetic outflow.

2.3 The wake-sleep cycle: an overview

Sleep is a heterogeneous behaviour, defined as a rapidly reversible state of inactivity with
reduced responsiveness to external stimuli, that follow a circadian rhythm. Despite the great
amount of time spent sleeping by all the animals, the mechanisms and the purposes underlying

sleep are still incompletely understood.

Within sleep, two separate states can be recognized, non-rapid eye movement (NREM) sleep
and rapid eye movement (REM) sleep, each one with specific electroencephalographic (EEG),
electromyographic (EMG) and electrooculographic (EOG) characteristics.

NREM sleep is characterized by a high-voltage slow waves, and a synchronous EEG activity,
with typical waveforms, i.e. K complexes and sleep spindles, associated with a low muscle
EMG tone and minimal physiological activity. According to the updated American Academy
of Sleep Medicine classification, in human NREM sleep can be divided in three stages (stages
I, II, III), that correspond to an increase of sleep depth, based on the EEG characteristics

(Schulz, 2008).

REM sleep, or paradoxical sleep, is associated to bursts of rapid eye movements, low amplitude
and mixed frequency in EEG, and suppression of the muscle tone. The absence of EMG activity
may be interrupted by phasic phenomena of muscle activity, defined as twitches. In REM sleep,

dreaming is common. The abrupted transition from REM sleep to W is typical of narcolepsy.

EEG, EMG and EOG characteristics allow also to distinguish sleep states from W, that is
characterized by a low-voltage mixed-frequency EEG and by a great muscle activity and eye

movements.

In mouse, which is the mammalian model of choice for the study of complex behaviour, the

EOG is not considered for the discrimination of each behavioural states. As in human, the wake-
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sleep cycle in mice is characterized by three different states, which cyclically alternate. In mice,
W is characterized by desynchronized EEG and high EMG tone; NREM sleep is characterized
by synchronized EEG activity, with predominant & waves (1-4 Hz) components, with
occasional sleep spindles and K complexes and low muscle tone; REM sleep is characterized,
even in mice, by muscle atonia and high frequency EEG activity, with predominant 6 waves

(4-12 Hz).

All the wake-sleep states are associated with profound changes in the regulation of many
physiological behaviours, including cardiovascular and respiratory functions. Changes in BP,
heart period (HP, the reciprocal of HR) and respiratory variables occur during NREM and REM
sleep and during transitions between states, reflecting the complex interaction between several
neuronal groups located in the hypothalamus and brainstem. These neurons receive inputs from
monoaminergic, cholinergic and ORX neurons that, in turn, modulate sympathetic and
cardiovagal output, respiratory pattern, and chemosensitivity through the continuous
interactions between cortical state and subcortical circuits. Studies in rodents using combined
techniques have provided new information on the brainstem mechanisms controlling wake-
sleep cycle, arousal, cardiovascular and respiratory control. These findings have also a clinical
importance in the comprehension of the pathophysiology of sleep-related cardiovascular and

respiratory disorders, including narcolepsy (Benarroch, 2019).

The following paragraphs will briefly review the physiological changes of the cardiovascular

and respiratory variables across wake-sleep states.

2.4 Cardiorespiratory changes during NREM sleep

NREM sleep is a state associated to a relative autonomic stability, with a minimal motor activity
and energy expenditure. During NREM sleep, cardiovascular and respiratory variables are
maintained to lower levels, compared to those on W. In the transition between W to NREM
sleep, the contribution of the parasympathetic branch of the ANS becomes predominant,
compared to that of sympathetic branch, accordingly to the low metabolic and somatic activity

of this state (Amici et al., 2014).

The cardiovascular changes during NREM sleep in human and experimental animals has been

extensively reviewed in Silvani & Dampney, 2013 and in Silvani, 2008.
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During the transition between W and NREM sleep, which is the typical entrance into sleep, in
human and rodents the BP decrease by approximately 10%, while HP increase. The decrease
in BP value is not found in other species, such as cats, rabbits or pigs (Silvani, 2008).
Microarousal during NREM sleep are followed by a transient stereotyped sequence of
cardiovascular changes: first there is a decrease in HP, followed by an increase in BP; then HP
returns at or above baseline level and, finally, BP returns to baseline (Silvani & Dampney,

2013).

High values of BP during NREM sleep and/or a blunted decrease (<10%) of that is defined as
“non-dipping pattern”, which is considered a predictive marker of cardiovascular risk.
However, despite the clinical significance of the haemodynamic changes, the autonomic
mechanisms underlying the cardiovascular regulation during sleep are still poorly understood

(Silvani & Dampney, 2013).

Different hypotheses have been raised to explain the changes in BP and HP during NREM
sleep. First, it has been hypothesized that the cardiovascular variations were related to changes
in posture or to the decrease in somatic motor activity. However, in human, the BP decreases
gradually during the different NREM sleep stages, when increase the sleep depth and the
subjects remain in the same position, thus suggesting that the change in posture was not enough

to explain the cardiovascular modifications (Carrington et al., 2005).

Another explanation for the sleep-related cardiovascular changes could be modifications in the
activity of the ANS. Studies in human (Somers et al., 1993) and rats (Miki et al., 2003) found
a decrease in the sympathetic activity directed to skeletal muscle and to renal vessels,
respectively. Moreover, our recent study in mice has suggested that the decrease in BP was due
to a reduction in sympathetic vasoconstriction activity. Indeed, we found that only prazosin,
which is an al-blocker and mediates the sympathetic vasoconstriction, blunted the decrease in
BP in the W-NREM transition, while no effects on BP occurred by blunting the increase in HP
with atenolol (B1-blocker) or atropine methyl nitrate (muscarinic blocker) administration (Lo

Martire et al., 2018).

An early study on cats attributed the increase in HP to the increase in parasympathetic activity
to the heart (Baust & Bohnert, 1969). However, our findings suggested that the increase in HP
depended on balanced parasympathetic activation and sympathetic withdrawal. Indeed, both

administration of atropine methyl nitrate and atenolol, that exert their action on parasympathetic
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and on sympathetic control of the heart, respectively, had significant effects on the increase in

HP during the transition between W and NREM sleep (Lo Martire et al., 2018).

The sleep-related changes in BP depend on two neural mechanisms, such as baroreflex and the
central autonomic commands, which elicit their effects by acting on both sympathetic and
parasympathetic branches of the ANS. The baroreflex operates a negative feedback control to
keep constant the BP value in spite of perturbations, while central autonomic commands operate
to prepare the body to face dangerous situations by means of anticipatory feed-forward control
(for further details please refer to the paragraph “Arterial pressure regulation”). These two
systems interact continuously, but their actions and their relationship change, based on body

needs and behavioural states (Amici et al., 2014).

The hemodynamic changes occurring during NREM sleep could be explained by a change in
sensitivity or by a resetting of the baroreflex, compared to W. However, the latter phenomenon
is more supported by experimental studies on animal models and humans (Silvani, 2008).
During NREM sleep, the increase in HP and the decrease in the vascular resistance that entail
the decrease in BP, do not follow the logic of the baroreflex in W. In this sleep state, the
baroreflex resets to lower values BP, HP and sympathetic nerve activity, and this contributed
to the great stability of the cardiovascular variables observed during this state (Silvani, 2008).
The resetting has been reported in human (Bristow et al., 1969) and in rats (Nagura et al., 2004).
In rats, there was a strong positive correlation between the mean values of renal sympathetic
activity and HR with BP values (Miki et al., 2003), suggesting that the NREM sleep-related
cardiovascular changes may result primarily from central autonomic commands (Silvani,
2008), and be permitted by resetting of the arterial baroreflex (Silvani, 2008). Increases in the
gain of sensitivity of baroreflex have been reported during NREM sleep in human (Smyth et
al., 1969) although the underlying mechanisms remain unclear and the results in other species
are contrasting. Our recent study on mice suggests that increase cardiac baroreflex sensitivity

is due mainly to increased fluctuations in parasympathetic activity (Lo Martire et al., 2018).

The central mechanisms responsible for the baroreflex resetting are not fully understood yet. It
has been hypothesized that the NTS, in which the primary afferent fibres from arterial
baroreceptors end, could exert an important role in this mechanism. Study on rats has confirmed
that the responsiveness of the NTS neurons to a baroreceptor input increases during low-
frequency high- amplitude EEG waves, which are characteristic of NREM sleep, while decrease
with low-amplitude high-frequency EEG waves, typical of arousal (Tang & Dworkin, 2010).
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The NTS receives several inputs from different brain areas, such as cortex, amygdala,
hypothalamus, midbrain, medulla and PBN (Dampney, 1994). The available evidences suggest
that the PBN could be an important baroreflex modulator during NREMS, because of its strong
projections to the NTS and because it contains neuronal populations that fire accordingly to
sleep states (Silvani & Dampney, 2013). Moreover, PBN receives projections from VLPO, an
important area for the induction and maintenance of NREM sleep (Sherin et al., 1998; Lu et al.,
2000). The inhibitory GABAergic neurons of the core of VLPO, which fire during NREM
sleep, project also to the PVN, which contains neuronal populations that regulate the

sympathetic outflow, thus inducing a decrease in SNA (Uschakov et al., 2006).

During sleep states also respiratory variables, such as minute ventilation (Vg) and tidal volume
(Vt), undergo modifications. This could be the result of the loss and/or downregulation of the
voluntary control of the ventilatory muscles and of the change in both the resistance of the
upper airways and chemosensitivity. During the transition between W and NREM sleep,
breathing is characterized by a large instability, with fluctuations of Vg and Vt (Amici et al.,
2014). This is the result of a mismatch in timing combined to downregulation in important
breathing control mechanisms. Indeed, in the early stages (stages 1 and 2) of NREM sleep, brief
breathing interruptions are common also in healthy subjects (Douglas, 2010). Conversely,
breathing becomes regular in deep NREM sleep (stages 3 and 4), airway resistance increases,
ventilation decreases, and Vt slightly increases, with an overall reduction of ventilation. It has
also been observed an increase and a decrease in alveolar and arterial CO2 and O; partial

pressure, according to the reduction of the metabolic rate in NREM sleep.

Moreover, the response to a mechanical respiratory load are the same of W, thus indicating that
in NREM sleep the proprioceptive reflexes of the intercostal muscles pulmonary inflation and

deflation reflexes are normal (Amici et al., 2013).

During the sleep states, many of the inputs that are capable to regulate breathing during W (e.g.
receptors in the limb muscles and joints, receptors for ouch or temperature, inputs from limbic
system) are absent and/or downregulated. Therefore, in NREM sleep the respiratory control is
dominated by chemical inputs. Thus, subject that lacking chemoreceptor control show normal
breathing during W, but seriously hypoventilate during NREM sleep (Amici et al., 2013).
During sleep there is a reduced chemosensitivity (Douglas, White, Weil, Pickett, Martin, et al.,
1982). The hypoxic ventilatory responses are reduced during stage 2 and 3 of NREM sleep

compared with W; therefore, breathing stimulation during sleep require a major decrease in Oz,
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compared to W. However, the reduction of hypoxic response seems to be sex-dependent, as
studies on men and women show different results (Douglas, White, Weil, Pickett, Martin, et
al., 1982). The levels of CO; are the main regulators of breathing during sleep. However,
ventilatory responses to hypercapnia are also reduced during sleep compared with W (Douglas,
White, Weil, Pickett, & Zwillich, 1982), but less than the responses to hypoxia. Therefore,
people can tolerate higher CO> levels and lower levels of minute ventilation during sleep
compared to W. Depending on the metabolic conditions, in NREM sleep VE is reduced by 1 to
2 L/minute, and the partial pressure of CO; in the blood increases by 3 to 8 mm Hg, compared

with W (Skatrud et al., 1988).

2.5 Cardiorespiratory changes during REM sleep

REM sleep is a state characterized by profound instability. During REM sleep, posture control
is lost, thermoregulation is impaired or suppressed, the activity of ANS is instable, breathing
becomes irregular and sudden fluctuations in cardiovascular variables occur. Thus, functional

variability is the key feature of the cardiovascular control in this sleep state (Amici et al., 2014).

During REM sleep, the mean value of BP increases compared to NREM sleep in humans
(Somers et al., 1993), rats (Miki et al., 2003) and rabbits (Cianci et al., 1991). This increase has
not been confirmed in lambs (Fewell, 1993), that show no significant changes in mean BP
value, and in dogs (Schneider et al., 1997) and pigs (Zinkovska et al., 1996), in which the BP
value decrease during the transition between NREM and REM sleep states. Moreover, different
inbred mouse strains show a reduction or no significant changes in BP during the NREM-REM
sleep transition (Campen et al., 2002), whereas in cats changes in BP depend on the duration of
the recovery period (Sei et al., 1989). These discrepancies in both among and within species
are consistent with the heterogeneity not only of NREM sleep but also of the REM sleep itself
(Miki et al., 2003; Silvani, 2008).

The changes in mean BP are not always accompanied with coherent changes in the others
cardiovascular variables, such as HP and vascular conductance. Increase in BP was associated
with increase in HR in some (Somers et al., 1993), but not all (Iellamo et al., 2004), human
studies, and discrepancies are found also in other species, such as cats (Sei et al., 1994), rats
and different inbred mouse strains (Campen et al., 2002), in which was described a decrease,

increase or no change in HR.
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Moreover, discordant results were found in the relationship between the changes in BP and
cardiac output (CO) during the transition between NREM and REM sleep. Indeed, studies on
human have found a non-significant increase in CO, while a decrease was shown in both lambs

(Fewell, 1993) and cats (Mancia et al., 1971).

Due to the lack of a coherent and consistent changes in BP, HR and CO, the modifications in
the vascular conductance appear to be involved in the haemodynamic changes across sleep
states (Silvani, 2008). Vascular conductance appears to decrease or increase depending on
species and on the tissue. In cats, it has been reported an increase in the conductance of
splanchnic and renal vessels and a decreased conductance in skeletal muscles perfused by the
iliac artery (Mancia et al., 1971). Moreover, studies on rats showed an increased vascular
conductance in the mesenteric and renal vessels and a decreased conductance in the iliac artery.
Taken together, these results suggest that in REM sleep there is a rearrangement of the

sympathetic nerve activity directed to de different vascular districts (Silvani, 2008).

The main autonomic features of REM sleep are fluctuations of sympathetic and
parasympathetic activity, which cause cardiovascular instability. These events are loosely
associated with bursts of rapid eye movements, myoclonic twitches, breathing irregularities and
ponto-geniculo-occipital waves (Amici et al.,, 2014). Several findings indicate that the
haemodynamic pattern of REM sleep is not related to changes in baroreflex properties. First,
the changes in baroreflex gain during the transition between NREM and REM sleep states
transition, do not occur in both humans and in animal models (Silvani, 2008). Moreover, also
sinoaortic denervation (SAD) experiments provide contrasting results. Indeed, in cats (Baccelli
et al., 1978), the vasoconstriction of the iliac artery found during REM sleep becomes a
vasodilation after SAD, while in rats, the SAD causes a reduction or an increase in BP according
to a shorter or longer post-operative recovery, respectively (Silveira et al., 2008; Sei et al.,
1999). Finally, in rats, the reductions of renal SNA and of HR, which occur during the transition
between NREM and REM sleep, appear before the increase in BP, so it does not represent a
baroreflex response (Miki et al., 2003). In sum, these results suggest that the cardiovascular
changes during REM sleep are modulated by the baroreflex but are not mainly caused by

changes in its properties (Silvani, 2008).

Some evidence suggested that the cardiovascular parameters during REMS are regulated by
central commands. Cats subjected to decerebration showed a REMS-like condition, that is

characterized by a decrease in BP and HR due to a decreased SNA directed to the heart and to
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cutaneous, splanchnic and renal vessels (Futuro-Neto & Coote, 1982). Moreover, these events
are accompanied by an increase in the SNA directed to skeletal muscle vessels, regardless of
vagotomy or SAD (Silvani, 2008). Accordingly, the phasic increases that occur in BP during
REM are accompanied by tachycardia, as expected by central autonomic control (Amici et al.,
2014). All these results suggest that during REM sleep the central autonomic command exert
its control con cardiovascular variables by modifying the SNA directed to the different

cardiovascular effectors (Silvani, 2008).

Our recent study on mice demonstrated that the increase in BP during the transition between
NREM and REM sleep depended on an increase in both sympathetic vasoconstriction and
sympathetic activity on heart. Indeed, the increase in BP is blunted with the administration of
both prazosin (a1-blocker), that acts on vascular resistances, and atenolol (f1-blocker), that acts
on the heart. Moreover, we also found that the decrease of HP during this transition is blunted
by administration of atropine methyl nitrate (muscarinic blocker) and virtually abolished by
atenolol, which would indicate a role of both parasympathetic withdrawal and sympathetic
activation or an exclusive role of sympathetic activation, respectively. However, further

analysis will have to be done to explain this mismatch (Lo Martire et al., 2018).

The cardiovascular changes that occur during REM sleep onset, may be due to the activity of
REM sleep-on and/or REM sleep-off neurons. The neurons in the sublaterodorsal nucleus
(SLD) project to the lateral paragigantocellular nucleus in the medulla, which, together with
SLD, is strongly excited during REM sleep. The lateral paragigantocellular nucleus overlaps
the sympathoexcitatory areas of RVLM and RVMM (Dampney, 1994). The projections from
SLD and RVLM/RVMM make synapses with sympathetic preganglionic neurons that increase
skeletal muscle sympathetic activity (Silvani & Dampney, 2013). Finally, the regulation of
SNA to different vascular beds, is also exerted by the ventrolateral periaqueductal gray (VIPAG)
and by the lateral periaqueductal gray, which include different groups of sympathoinhibitory

and sympathoexcitatory neurons, respectively (Silvani & Dampney, 2013).

As mentioned above, REM sleep is also characterized by an extreme breathing irregularity, due
to alteration in the automatic control mechanisms of respiration. The respiratory rhythm is
irregular, with the average frequency increasing or decreasing compared to the rate reached
during NREM sleep in eupnea or polypnea, respectively (Amici et al., 2013). The respiratory
activity of the intercostal muscles is diminished. Experiments performed by Millman et al.

(Millman et al., 1988) and Gould et al. (Gould et al., 1988) on human subjects, showed that the
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phasic REM sleep events, that are coupled with bursts of rapid eye movements and abrupt
increase in BP, were also associated with a reduction in total breath time (Tt), no change in
inspiratory time and a reduction in Vt. The respiratory changes during phasic REM sleep events
were more pronounced during hypercapnia, because of the inhibition of abdominal breathing
movements. This may contribute to the decrease in the hypercapnic ventilatory response during
REM sleep, as described in dogs during phasic REM sleep (Sullivan et al., 1979; Schifer &
Schliftke, 1998). The response to hypoxia also decreased to less than one third of the waking
value and this could explain the REM-sleep-related hypoxemia found in normal subjects and

in patients with cardiovascular diseases (Douglas, White, Weil, Pickett, Martin, et al., 1982).

During transition from W to sleep and particularly during REM sleep, there is a reduced tonic
activation of dilator muscles of the upper airway, which could predispose to obstructive sleep

apnea (Mezzanotte et al., 1996), that is a common findings also in narcolepsy.

40



3 EFFECTS OF AMBIENT TEMPERATURE ON SLEEP AND

RESPIRATORY REGULATION

It is well known that the ambient temperature (Ta) exerts complex influences on wake sleep
behaviour and breathing pattern. Several studies performed on human and animals have
clarified the role of different environmental temperatures on the wake-sleep cycle.
Thermoneutrality is defined as a range in Ta within which body temperature (Tb) is maintained
at its set point by minimal values of rates of oxygen consumption (Vo2) or basal metabolic level

( Mortola & Maskrey, 2011).

In humans, deviations of Ta from thermoneutrality increase the time spent in W and modify the
sleep structure. The decrease in sleeping is greater at higher Ta than lower Ta (Parmeggiani,
1986). In humans, the exposure to a hot environment disrupts sleep significantly, increasing

time spent in W and reducing amounts of NREM and REM sleep (Karacan et al., 1978).

In mice, the range of thermoneutrality is approximately 28 —31°C (Ganeshan & Chawla, 2017).
When the animals are housed at a warm Ta (30°C), there is an increasing in time spent in both
NREM and REM sleep, whereas exposure to cold temperatures (10 or 18°C) reduces sleep
(Roussel et al., 1984). In order to evaluate the effects of Ta on sleep pattern, Jhaveri et al.
performed a study on C57BL/6J mice that were exposed to different environmental
temperatures (22, 26, and 30°C) in three different conditions: control condition, after sleep
deprivation (SD), and after infection with influenza virus (Jhaveri et al., 2007). The results
showed that, in control conditions, mice spent more time in NREM sleep at 30°C compared to
26°C and spent more time in REM sleep at 26°C compared to 22°C. The length of NREM sleep
bouts was longer in mice exposed to 30°C compared to 26°C, but the number of bouts did not
differ significantly between the two Ta. Moreover, higher temperature promotes the depth and

consolidation of sleep after SD (Jhaveri et al., 2007).

The maintenance of an adequate tissue oxygenation and a constant Tb is the highest priorities
for animal’s survival. Mammals can maintain Tb into a limited range by using endogenous
mechanisms of heat loss and heat production. Ventilation contributes to the regulation of "Tb,
and, at the same time, is susceptible to changes in Ta and Tb. The complex interweaving
between Tb and respiratory regulation has been studied extensively in adult mammals ( Mortola
& Frappell, 2000). In many species, including humans, the exposure to cold environment causes
an increase in Vo2, with a proportional increase in both Vt and breathing rate. Conversely,
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during heat exposure, the breathing pattern is rapid and shallow (thermal polypnea or panting),
to allow heat loss without affecting alveolar ventilation. However, during a severe heat stress,
the breathing becomes deep and slow and there is a severe respiratory alkalosis (Mortola &

Frappell, 2000).

The relation between Ta and breathing regulation has been studied also in mice. Hodges et al.
found that, in WT mice, the reduction in Ta entailed a decrease in ventilatory period (VP)
values, and an increase in Vt values. However, the relationship between the changes in the
breathing pattern and Ta has been investigated without considering the wake-sleep state

(Hodges & Richerson, 2008).

Recently, Valham and colleagues have been performed a study in human subjects to investigate
the effect of Ta on sleep and sleep apneas in patients with obstructive sleep apnea. They found
that the subjects slept longer and had better sleep efficiency at a room temperature of 16°C
compared to 24°C, but obstructive sleep apnea occurrence rate was more severe at this Ta
(Valham et al., 2012). These findings suggest that the comprehension of the intricate

connections between Ta, sleep and breathing is important also from a clinical point of view.
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4 AIM OF THE RESEARCH

This research aims to explore, for the first time, the integrative role of ORXs in the autonomic
control of the cardiovascular functions and in respiratory regulation, as a function of ambient

temperature (Ta), during different sleep states in mice.

ORX-producing neurons widely project through the entire neuroaxis (Peyron et al., 1998), thus
supporting the pleiotropic role of ORXs in the regulation and coordination of multiple
physiological functions. Indeed, the loss of ORX neurons promotes narcolepsy in both humans
(Peyron et al., 2000) and mouse models (Chemelli et al., 1999; Hara et al., 2001). While their
involvement in the maintenance of W and in the control of feeding behaviour has been
extensively studied, less is known about the role of ORX system in the regulation of the
autonomic mechanisms involved in cardiovascular control and breathing function during the

wake-sleep cycle in mice.

Sleep exerts strong effects on cardiovascular control. During the transition between W and
NREM sleep, BP decreases by approximately 10% while HP increases (Silvani, 2008). A
blunted reduction (<10%) of BP during the W-NREM sleep transition has been reported to be
highly frequent in several morbid conditions, such as narcolepsy. The “non-dipping” profile
has been identified in both narcoleptic patients (Dauvilliers et al., 2007; Grimaldi et al., 2012)
and mouse models of narcolepsy (Bastianini et al., 2011; Lo Martire et al., 2012). The reduction
in the nocturnal BP decline is associated with higher cardiovascular risk and with other
impairments, such as certain secondary forms of hypertension, renal function damage and
disruption of the autonomic nervous system (Birkenhidger & van den Meiracker, 2007). Despite
its clinical relevance, the autonomic mechanisms responsible of non-dipping profile are still
unclear. The aim of the first experiment presented here was to explore the autonomic
mechanisms of cardiovascular control during sleep in an ORX-deficient mouse model of NT1.
To reach out the goal, we recorded BP and HP (Silvani et al., 2009) in mice lacking ORXs
(ORX-KO) and control WT mice under long-term continuous infusions of selective
sympathetic and parasympathetic autonomic blockers; experiments were performed using an

innovative infusion technique developed in our laboratory (Lo Martire et al., 2018).

An interaction between respiratory modulation and Ta was described in WT mice (Hodges &
Richerson, 2008; Hodges et al., 2008), in which reduced Ta (25°C, moderate cold stress)
decreased VP values and increased Vt values. However, these changes were described without

considering the wake-sleep state. The second experiment, described in detail in Berteotti et al.,
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2020, was designed to investigate if ORXs may modulate respiratory variables in the different
states of wake-sleep cycle, as a function of Ta To this aim, we measured Vt, VP, and Vg in
ORX-KO mice exposed to different Ta (mild-cold stress: 20°C; thermoneutrality: 30°C)
(Berteotti et al., 2020). Moreover, studies reported a higher frequency of sleep apneas in ORX-
KO mice, suggesting a key role of ORXs in respiratory regulation during sleep (Nakamura et
al., 2007). Sleep apneas have also been found to be associated with NT1 in adult patients
(Chokroverty, 1986; Hoshino et al., 2019). In light of these findings, a second aim of this
experiment was to verify whether the increase in sleep apnea occurrence rate in ORX-KO mice

depended on the exposure to different Ta (20°C Vs. 30 °C) (Berteotti et al., 2020).

In the following sections, the two main experiments will be treated separately to better highlight

the experimental characteristics and the results of each one.
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FIRST EXPERIMENT

Explore the autonomic mechanisms of cardiovascular control

during sleep in an ORX-deficient mouse model of NT1.
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S MATERIAL AND METHODS

5.1 Ethical approval

The study protocol was performed according to the guidelines of the Animal Welfare
Committee of the University of Bologna, Italy (D. Lgs 26 of 2014) and complied with the
European Directive 2010/63/EU for animal experiments. All efforts were made to minimize

animal suffering.

5.2 Mice and genotyping

Experiments were performed on 13 male mice homozygous for a null mutation of the orexin
gene (ORX-KO) (Chemelli et al., 1999), and congenic (= 10 generations of backcrossing) to
C57Bl/6J strain. Mouse colony was expanded at the Department of Biomedical and
Neuromotor Sciences of the University of Bologna, Italy. Mice were housed at 23°C, with a
12:12 hours light-dark cycle (light on at 9am) and free access to water and food (4RF21 diet,
Mucedola, Settimo Milanese, Italy).

Data obtained in this study were compared to those found on 12 male wild-type (WT) mice
congenic to C57BI/6J and already published by Lo Martire et al., 2018. Mice were matched for
age (33.6 = 0.4 vs. 32.3 + 1.5 weeks of age, mean = SEM, P = 0.413, t-test; ORX-KO vs WT,
respectively). The experimental groups were not matched for body weight, which was

significantly higher in ORX-KO than in WT (34.5+0.7 g vs. 31.7+ 0.7 g, P = 0.012, t-test).

ORX-KO mice were maintained by heterozygote x homozygote or homozygote x homozygote
mating. These breeding strategies did not yield ORX-KO and WT littermates but reduced the
generation of heterozygote mice and, therefore, the number of animals employed for
experimentation. The genotype of ORX-KO mice was assessed in the Centre for Applied
Biomedical Research — CRBA, S. Orsola University Hospital, Bologna, Italy. DNA was
extracted from bioptic tissue, taken through a non-invasive procedure performed under general

anaesthesia, amplified by polymerase chain reaction, and resolved by gel electrophoresis.

Primers sequences used were:

5’-TCACCCCCTTGGGATAGCCCTTCC-3’ (common, 5°)
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5’-GACGACGGCCTCAGACTTCTTGGG-3’ (wild-type HCRT allele, 3°)
5’-CCGCTATCAGGACATAGCGTTGGC-3’ (null mutation of HCRT gene, 3”)

as previously described (Bastianini et al., 2011; Chemelli et al., 1999).

5.3 Surgery

Mice were instrumented with electroencephalographic (EEG) and electromyographic (EMG)
electrodes, a telemetric AP transducer (TA11PA-C10, DSI, Tilburg, Netherlands; weight 1.4

g) and an intraperitoneal (IP) catheter for drugs’ infusion. Please refer to the “Data Supplement

for full details on the materials and methods.

Surgery was performed under general anaesthesia (ISOFLO, Esteve Spa, Milano. Italy,1.8-
2.4% in oxygen, inhalation route) with mouse’s body temperature maintained at 37°C by using
a heating pad (Homeothermic blanket Control Unit, Harvard Apparatus) and intra-operative
analgesia (10 uL of Norocarp dissolved in 1 ml of saline; 0.2 ml subcutaneously, Pfizer, Italy,

Latina).

All procedures were performed in sterile conditions; the surgical tools were sterilized for 15
minutes at 121°C in an autoclave (Beta 35 Easy-lock, PBI, Milano, Italy), the IP catheter and
the telemetric BP transducer were sterilized in a solution of peracetic acid (CidexOpa®,
Johnson & Johnson Medical, Rome, Italy) and the EEG and EMG were placed under an UV

lamp for almost 15 minutes.

The right inguinal area, the skin above the head and the left sub-costal area of the mice were

shaved and sterilized with iodine solution.

The surgery consisted in three different steps. The first step consisted in the implantation of a
telemetric AP transducer connected to a catheter inserted into the abdominal aorta via femoral
artery (Tank et al., 2004; Silvani et al., 2009; Lo Martire et al., 2018). The transducer was
calibrated with a high-precision manometer (PCE-P05, PCE, Lucca, Italy) before implantation.
One cm of the skin in the right inguinal region of the mouse was cut to create a subcutaneous
pocket in the right flank of the animal. Using a Zeiss microscope with 16 magnification, the
femoral artery was carefully dissected from the femoral vein and femoral nerve, by removing

the connective tissue. Once isolated, two silk suture threads (Softsilk 5-0, United States
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Surgical, CT, USA) were proximally and distally placed below the arterial segment of interest.
The distal thread was permanently knotted, to prevent the retrograde blood flow, while the
proximal one was only pulled by another operator to clamp the femoral artery and to

temporarily arrest the blood flow.

The catheter was inserted in the distal portion of the artery, between the suture threads, through
a hole made by a 90° bent needle (25 G). The tip of the catheter was placed between the iliac
bifurcation and the renal arteries for about 2 cm. After the insertion, the threads were both tied
in order to secure the catheter to the artery. Then, the telemetric transducer was switched on by
using a magnet to verify its correct functioning via radio waves. The battery of the transducer
was inserted into the subcutaneous pocket previously created in the right flank of the mouse
and fixed with surgical glue (3M Vetbond, 3M Animal Care Products, USA). Finally, suture
stitches and an antiseptic ointment (Betadine 10%, Viatris, Milan, Italy) were applied to the

skin incision.

The second step of the surgery consisted in the implantation of a silicone IP catheter (Silclear
Degania, Defries Industries, Australia. Length: 82mm; volume 20 pL approx) to allow for

drugs’ infusion, as previously described (Lo Martire et al., 2018).

Two incisions were made to create a subcutaneous tunnel, the former on the skin under the left
sub-costal margin and the second on the skin of the head. One end of the catheter was inserted
into the peritoneal cavity, through a small cut made first in the abdominal muscles and then in
the peritoneal wall muscles. The other end was tunnelled subcutaneously towards the mouse
head. After that, the tip of the catheter was sutured with the peritoneal wall by using 5-0 suture
threads and the patency of the catheter was verified. The end of the catheter on the mouse’s
head was plugged with a cut and blunted 22G needle. Finally, the sub-costal incision was

sutured with 3-0 suture threads and the antiseptic ointment was applied.

In the third step of the surgery the mouse was placed on the stereotaxic apparatus (51600 Lab
Standard™ Stereotaxic Instrument) in order to fix its head. Electrodes for the recording of the
differential EEG and EMG signals were implanted. The periosteum was removed, and the bone
surface was cleaned. A drop of hydrogen peroxide was applied locally to better highlight the
cranial sutures and the anterior and posterior crossing points, called Bregma and Lambda,
respectively. These points were considered as a reference to make 4 holes, at 1 mm of depth, 2
on the left and 2 on the right hemisphere, 1 mm anteriorly and 1 mm laterally with the respect

to bregma and to lambda. Two stainless-steel screws (2.4 mm length, Plastics One, Roanoke,
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VA, USA), welded to a pair of Teflon-coated stainless-steel wires (Cooner Wire, Chatsworth,
CA, USA) were placed in the right holes, while two free stainless-steel anchor screws were
placed in the left holes (Fig. 3). All the screws were fixed to the bone by using dental cement
(Rely X ARC, 3M ESPE, Segrate, Milan - Italy). A second pair of electrodes was inserted
bilaterally in the nuchal muscles to obtain a differential EMG signal. All electrodes on the
mouse’s head were incorporated in a miniature acrylic cap (Respal NF, SPD, Mulazzano, Italy)

light enough (1.5g approx.) to avoid any impairment of the posture of the animal.

At the end of the surgical procedure, an antibiotic solution (30 puL of Veterinary Rubrocillin,
Intervet, Schering-Plow Animal Health, Milan — Italy, dissolved in 0.8 ml of sterile saline) was

administered subcutaneously to prevent infections and to rehydrate the animal.
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Figure 3. Schematic diagram of the positioning of the EEG screws and EMG wires on the mouse’s head.

Screws for the recording of the EEG signals are placed on the right of the sagittal suture while anchor screws
are placed on the left of that. EMG wires are placed inside the nuchal muscles.

49



5.4 Overview of the experimental protocol

The week of the surgery was followed by two weeks of recovery. During this period, each
mouse was left in single cage with Ta set al 25°C, light-dark cycle 12:12 and free access to
water and food. The last seven days of recovery included the habituation to the recording and
to the infusion apparatus, that allowed the recording of sleep and cardiovascular variables and
drugs’ infusion, simultaneously. The infusion apparatus consisted in the intermediate portion
of the infusion catheter (Segment M), which had a length 28 cm, internal diameter of 0.58 mm
and volume of 75 pL. Segment M was connected to the IP catheter by means of a 22G blunt
needle, filled with sterile saline, closed with a piece of polyethylene tube, and stitched to the
recording cable, to prevent twisting. The experimental protocol consisted in a 48 hours
recording of the sleep variables in physiological conditions (with no infusion, 12:12 hours light-
dark cycle, Ta set at 25°C and free access to food and water) to obtain information about basal

wake-sleep cycle.

The weeks of recovery were followed by three weeks of infusions and recording sessions, that
were performed during the first 8 hours of the light cycle (from 9 am to 4 pm). During each
week, were performed one infusion of vehicle (saline; control infusion) and, after one day of

recovery, one infusion with the chosen drug.

After the last recording session, mice were sacrificed by anaesthetic overdose (isoflurane 4%
in O2) and autopsied to check the correct insertion of the IP catheter’s tip in the peritoneal

cavity.

The experimental protocol was described in detail by Lo Martire et al., 2018 and it is shown in

Fig. 4.
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12:12 hours light-dark cycle (Lights on at 9 am)
Ambient Temperature: 25°C
Free access to water and food

(WEEK 0) SURGERY (WEEK 1-2) POST (WEEK 3-5)
’ OPERATIVE v RECORDING/INFUSION
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IP catheter and 8 sleep and
of electrodes *Week 2: cardiovascular
for EEG/EMG habituation to variables during
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Figure 4. Experimental schedule of the first experiment.

Please refer to “Overview of the experimental protocol” for full details.

5.5 Drugs preparation and infusion

The preparation and infusion of the drugs were described in detail by Lo Martire et al., 2018.

Atropine methyl nitrate (SML0732, Sigma-Aldrich, St Louis, MO, USA), a muscarinic
acetylcholine receptor antagonist, was infused at 0.5 mg/mL to block parasympathetic nervous

activity on the heart.

Atenolol (A7655, Sigma-Aldrich, St Louis, MO, USA), a B1-adrenergic receptor antagonist,

was infused at 0.25 mg/mL to block sympathetic nervous system activity on the heart.

Prazosin hydrochloride (P7791, Sigma-Aldrich, St Louis, MO, USA), an al-adrenoceptor
antagonist, was infused at 0.25 mg/mL to block sympathetic vasoconstrictor activity. Each drug

was dissolved in sterile saline before each recording session.

Mice were not weighted before each recording session to avoid stress for the animal, due to
handling and cable/tubing disconnection, with consequences on sleep and cardiovascular
variables during the subsequent recordings. For this reason, drugs’ concentrations and infusion

rate were not scaled to the mouse weight but were selected arbitrarily. Nonetheless, based on
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the average body weight measured at surgery and on an infusion rate of 100 pL/h, the
concentrations of the drugs administered during each infusion were 20% lower than that
considered safe and were also effective on the different branch of ANS as single bolus injections

(Baudrie et al., 2007; Gross et al., 2005; Laude et al., 2008).

The set-up for intraperitoneal infusion is illustrated in Fig.5.

Set-up for second
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Figure 5. Experimental set-up for continuous intraperitoneal (IP) infusion in mice.

The figure shows the experimental set-up for IP infusion in two mice at the same time, with the simultaneous
recording of sleep (via electrical cable) and cardiovascular (via receiver) variables. EC: extracorporeal. Figure
modified from Lo Martire et al., 2018.

The segment M of the catheter was connected to a remote infusion pump (model 22 multiple
syringe pump, Harvard Apparatus, Holliston, MA, USA) by means of a long upper catheter
(Segment P, Smiths Medical, Ashford, UK). Segment P had a length of 160 cm, internal
diameter of 0.86 mm and volume of approximately 1.3 ml. Before the connection, segment P
was sterilized and was pre-filled with either sterile saline or drug solutions, based on the

experimental schedule.

The free end of segment P was passed through a hole of the electrical swivel and connected to
a syringe, which was filled with distilled water and mounted on the pump. The overall weight

of both segments M and P were supported by the same suspensor arm that supported the weight
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of the electrical cable and swivel. An air bubble was introduced at the end of segment P to avoid
mixing of the distilled water in the syringe with the saline/drug solutions in segment P. Before
the start of each recording session, an infusion of saline or drug solution was performed at a
rate of 30 ulL/min for 5 min to fill segment M and the IP catheter with the same solution of the
segment P. After this initial bolus loading, the syringe was filled again with distilled water and
then recordings were started. Infusion of saline or drug solution was performed at 100 uL/h for
7h. The progress of the bubble along segment P was periodically measured with a caliper to
check that the actual and nominal infusion rates coincided. After 7 hours, recordings were
stopped; segment P was replaced with another 60cm long catheter, filled with sterile saline and
having a small air bubble close to the pump, as previously described. A bolus was performed
(30 pL/min for 5 min) to fill segment M and the IP catheter with saline. Finally, segment P was
disconnected, and segment M was plugged. The mouse was then left undisturbed in its cage

with the cable connected to the electrical swivel and segment M stitched to the cable.

The experimental set-up allowed the simultaneous recording of two mice, with the following

weekly schedule:

e Monday: control infusion in the first group of mice
e Tuesday: control infusion in the second group of mice
e Wednesday: drug’s infusion in the first group of mice.

e Thursday: drug’s infusion in the second group of mice.

5.6 Data acquisition

Data acquisition was performed by using a software written in Labview (National Instruments,
Austin, TX, USA). The acquisition of EEG, EMG and BP signals was performed as previously
described (Bastianini et al., 2011), via an electrical cable connected to a rotating electrical
swivel (SL2+2C/SB, Plastics One, Roanoke, VA, USA) mounted on a balanced suspension
arm, that prevented the cable from twisting and allowed free movement of the mouse. The EEG
and EMG signals were amplified and filtered (EEG: 0.3—100 Hz with 50 Hz notch filter; EMG:
100-1000 Hz with 50 Hz notch filter; 7P511J amplifiers, Grass, West Warwick, RI, USA). The
BP transducer transmitted telemetrically the signal to a receiver (RPC-1, DSI) placed under the
mouse’s cage. The receiver also produced an activity signal (ACT) by quantifying the
displacement of the transducer during the movement of the animal. The calibration of the BP

transducer was performed with a high-precision manometer (PCE P05, PCE Italy, Gragnano,
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Lucca, Italy) before the implantation and after the end of the experimental protocol. All signals
were digitized at 16-bit (PCI-6224 board, National Instruments, Austin, TX, USA). EEG and
EMG signals were down sampled at 128 Hz and stored together with the BP signal at 1024 Hz.

5.7 Data analysis

5.7.1 Discrimination of the wake-sleep states

Data analysis was performed with a custom-made software written in Matlab (Mathworks,
Natick, MA, USA). Sleep scoring was performed on 4-s epochs, based on visual analysis of
raw EEG and EMG signals, using a validated semi-automatic algorithm (SCOPRISM)
(Bastianini et al., 2014). The analysis was performed by trained investigators following

published criteria (Silvani et al., 2009):

- W was scored when EMG tone was high and EEG was at low voltage, with § (0.5-4Hz) and
0 (6-9 Hz) frequency waves.

- NREM sleep was scored when EMG tone was lower than in W and EEG was at high voltage,

with a prevalence of 6 frequency waves.

- REM sleep was scored when EMG showed muscular atonia with occasional muscle twitches

and low voltage EEG with a prevalence of 0 frequency waves.

Sleep architecture was assessed by computing the percentage of recording time spent in each
wake-sleep state and the average latency from the end of a W episode to the onset of the
subsequent REM sleep episode. Cataplexy-like episodes were scored according to consensus
criteria. Episode duration, REM sleep latency and cataplexy-like episodes were analysed taking

into account only episodes with duration > 12 s as previously described (Bastianini et al., 2011).

5.7.2  Analysis of the cardiovascular variables

While performing the visual identification of wake-sleep states, the investigator identified the
4-s epochs in which the AP signal had insufficient quality to allow an accurate automatic
determination of the systolic and diastolic AP and of heart period (HP, reciprocal of HR).
Values of HP were computed as the time intervals between the onset of successive systolic
upstrokes of blood pressure (Silvani et al., 2012). A following semiautomated analysis was

performed by using a software developed in Matlab, to identify the 4-s epochs in which there
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were errors in the automatic detection of the minima and maxima of the pulse waves that
produced artefactual values of HP, systolic AP, diastolic AP, or mean AP greater than twice the
respective median values or lower than 10 % of the respective median values. Non-
physiological fluctuations were excluded manually from the analysis.

Subsequently, beat-to-beat values of systolic AP, diastolic AP, mean AP and HP were
computed from the raw BP signal in each artefact-free 4-s epoch (Silvani et al., 2009).

The values of mean AP (MAP, the average AP in each cardiac cycle) and HP were computed
from the raw AP signal for each heartbeat and averaged for each wake-sleep state and each

mouse.

Fig.6 shows an example of raw EEG, EMG, AP, and ACT signals.
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Figure 6. Example of raw tracing obtained during each wake-sleep state.

The automatic scoring procedure classified the behavioural state (top of each window) for each 4-s epoch; this
classification is then confirmed or denied by the investigator.

W: Wakefulness, non-REM: Non-rapid Eye Movement Sleep; REM: Rapid Eye Movement Sleep, AP: Arterial
Pressure; EEG: electroencephalogram; EMG: electromyogram of nuchal muscles; ACT: Activity.
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5.8 Statistical analysis

The statistical analysis was performed with SPSS Statistics (IBM Corp., Armonk, NY, USA)
with the level of significance set at P < 0.05. The normality of the data distribution was tested
by means of Kolmogorov-Smirnov test. To simplify interpretation of the results, we
preliminarily tested for systematic differences in MAP and HP among vehicle infusions of
different control recording sessions. A 3-way mixed-model analysis of variance (ANOVA) with
the mouse group (2 levels), recording session (3 levels), and wake-sleep state (3 levels) as
factors did not detect significant main effects or interactions of the recording session (data not
shown). The results obtained during the different control/saline sessions were, therefore,
averaged for each mouse. Three-way mixed model ANOVAs were then performed on MAP
and HP with mouse group (2 levels), drugs/vehicle (4 levels: average control session, atropine
methyl nitrate, atenolol, and prazosin), and wake-sleep state (3 levels) as factors. In case of
significance of the 3-way interaction, simple effects of the mouse group were assessed with
independent-sample t-tests. The data on sleep structure were analysed with 2-way ANOVA
with the mouse group (2 levels) and drugs/vehicle (4 levels, cf. above) as factors. In case of
significant effects of the drugs/vehicle factor without significant interactions, the effect of each
drug was compared with that of the average of vehicle infusion sessions with ANOVA simple
contrasts. The Huynh-Feldt correction was applied if the ANOVA sphericity assumption was

not met. All data are reported as means + SEM.

Because of battery failure of telemetric AP transducers, we lost data from at least one infusion
in 4 WT mice and in 2 ORX-KO mice. Thus, ANOVAs were performed with a sample size of
8 WT vs 11 ORX-KO mice with the complete infusion set. Simple effects of the mouse group
were analysed with t-tests with sample sizes of 12 WT vs 13 ORX-KO mice for average vehicle
infusions, of 10 WT vs 12 ORX-KO mice for atropine methyl nitrate and atenolol infusions,
and of 10 WT vs 13 ORX-KO mice for prazosin infusions. A statistical power analysis was
performed based on the effect size of the difference in MAP during REM sleep previously
reported between ORX-KO and WT mice (Bastianini et al., 2011). This analysis indicated that
sample sizes of 10 vs 12 mice afforded a 99% power with alpha level at P < 0.05 and two-tailed

independent-sample t-test.
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6 RESULTS

The effects of autonomic receptor blockers on MAP, as a function of the wake-sleep state in
ORX-KO and WT mice are shown in Fig. 7. ANOVA revealed a significant 3-way interaction
of mouse groups, drugs, and wake-sleep states (P = 0.001), significant 2-way interactions
between wake-sleep states and either mouse groups or drugs, and significant main effects of
drugs and wake-sleep states (all P < 0.001). No significant main effect of mouse groups (P =
0.204) and interaction between mouse groups and drugs (P = 0.639) were reported. Analysis of
simple effects with t-tests indicated that MAP was significantly higher in ORX-KO than in WT
mice during REM sleep in the course of saline (P = 0.018, Fig.7A) and atropine methyl nitrate
(P =0.036, Fig.7B) administration, but not during of atenolol (P =0.131, Fig.7C) and prazosin
(P =0.074, Fig.7D) administration.
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Figure 7. Effects of autonomic receptor blockers on mean arterial pressure during wakefulness and sleep
in orexin knock-out mice and wild-type controls

MAP: mean arterial pressure. W: wakefulness. NREM: non-rapid-eye-movement sleep. REM, rapid-eye-
movement sleep. WT: wild-type mice. ORX-KO: orexin knock-out mice. Atropine methyl nitrate is indicated
as atropine for brevity. Data are shown as mean + SEM. For WT mice, n = 12 (saline) or n = 10 (atropine,
atenolol, and prazosin). For ORX-KO mice, n = 13 (saline and prazosin) or n= 12 (atropine and atenolol). *: P
<0.05 vs. WT (t-test).
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To better characterize the significant interactions between mouse groups and wake-sleep states,
a further analysis was performed on the differences in MAP (AMAP) between NREM sleep
and W, between REM sleep and W, and between NREM sleep and REM sleep (Fig.8). During
saline infusion (Fig.8A), AMAP between either NREM sleep or REM sleep and W was
significantly blunted in ORX-KO compared with WT mice, whereas AMAP between NREM
sleep and REM sleep was significantly enhanced in ORX-KO compared with WT mice (P =
0.008, P < 0.001, and P = 0.047, respectively; t-test). The significance of these differences
between ORX-KO and WT mice were preserved during atropine administration (P < 0.001, P
<0.001, and P = 0.004, respectively; t-test) (Fig.8B). During atenolol administration (Fig.8C),
only AMAP between REM sleep and W was still significantly blunted in ORX-KO compared
with WT mice (P = 0.039, t-test), whereas AMAP between NREM sleep and W and AMAP
between NREM sleep and REM sleep did not differ significantly between groups (P = 0.784
and P = 0.130, respectively; t-test). During prazosin administration (Fig.8D), no significant
differences between ORX-KO and WT mice were observed in AMAP between NREM sleep
and W, in AMAP between REM sleep and W or in AMAP between NREM sleep and REM
sleep (P =10.189, P =0.258, and P = 0.909, respectively; t-test).

The effects of autonomic receptor blockers on HP are shown in Fig.9. ANOVA showed a
significant 2-way interaction between drugs and wake-sleep states and significant main effects
of the drugs and of the wake-sleep states (all P < 0.001). The 3-way interaction of the mouse
groups, drugs, and wake-sleep states (P =0.311), the 2-way interactions between mouse groups
and either drugs (P = 0.664) or wake-sleep states (P = 0.591), and the main effects of mouse
groups (P = 0.925) were not statistically significant. In the absence of significant interactions
involving the mouse groups and the wake-sleep states, no further analysis was performed on
simple effects of the mouse group on HP values in each wake-sleep state and on the differences

in HP between wake-sleep states.
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Figure 8. Effects of autonomic receptor blockers on differences in mean arterial pressure between wake-

sleep states in orexin knock-out mice and wild-type controls

AMAP: difference in mean arterial pressure between wake-sleep states. W: wakefulness. NREM: non-rapid-
eye-movement sleep. REM, rapid-eye-movement sleep. WT: wild-type mice. ORX-KO: orexin knock-out
mice. Atropine methyl nitrate is indicated as atropine for brevity. Data are shown as mean + SEM. For WT
mice, n = 12 (saline) or n = 10 (atropine, atenolol, and prazosin). For ORX-KO mice, n = 13 (saline and
prazosin) or n = 12 (atropine and atenolol). *: P < 0.05 vs. WT (t-test).
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Figure 9. Effects of autonomic receptor blockers on heart period during wakefulness and sleep in orexin
knock-out mice and wild-type controls

HP: heart period. W: wakefulness. NREM: non-rapid-eye-movement sleep. REM, rapid-eye-movement sleep.
WT: wild-type mice. ORX-KO: orexin knock-out mice. Atropine methyl nitrate is indicated as atropine for
brevity. Data are shown as mean + SEM. For WT mice, n = 12 (saline) or n = 10 (atropine, atenolol, and
prazosin). For ORX-KO mice, n = 13 (saline and prazosin) or n = 12 (atropine and atenolol). *: P < (0.05 vs.
WT (t-test).

The effects of the drugs on the wake-sleep architecture in ORX-KO and WT mice are shown
in the Tablel. ANOVA did not reveal any significant interaction between drugs and mouse
groups for any variable under study (P > 0.148). ORX-KO significantly differed from WT mice
in terms of lower mean duration of W and REM sleep episodes and of shorter REM sleep
latency (P = 0.001, P = 0.025, and P = 0.005, respectively; ANOVA main effects). Drugs
significantly affected the percentage of recording time spent in REM sleep (P =0.002, ANOVA
main effect), which was significantly lower during atropine methyl nitrate than during saline
administration (P < 0.001, ANOVA simple contrast). Drugs also significantly affected the
average duration of W, NREM sleep and REM sleep episodes and REM sleep latency (P <
0.006, ANOVA main effects). Each of these variables was significantly lower during the

administration of all drugs than during saline administration (P < 0.040, ANOVA simple
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contrasts). Cataplexy-like episodes did not occur during the recordings, except for 1 episode in

1 ORX-KO mouse, during prazosin infusion.

Saline Atropine Atenolol Prazosin
WT ORX-KO WT ORX-KO WT ORX-KO WT ORX-KO
w % 3242 31+2 3143 3414 33+1 3141 3342 2842
D (s) 116111 8317* 7118t 541+4*1 83151 7016*1 7917t 4416*t
NREM % 5612 57+2 60+3 59+3 56+1 59+1 5642 6242
D (s) 7614 7112 6814t 57151 5914+ 67141 5615t 5415+
REM % 9+1 9+0 7+1t 61t 8+0 8+0 7+1 8+1
D (s) 5412 45+1* 5515 42+3* 5114 48+2* 44151 39+2*t
L(s) 456150 242+19* 315437 t 212+30 *t | 280443 T 207+14 *t | 278444 t 154421 *+

Table 1. Effects of autonomic receptor blockers on sleep and wakefulness in orexin knock-out mice and
wild-type controls.

Atropine methyl nitrate is indicated as atropine for brevity. W: wakefulness. NREM: non-rapid-eye-movement
sleep. REM, rapid-eye-movement sleep. WT: wild-type mice. ORX-KO: orexin knock-out mice. %:
percentage of recording time spent in each wake-sleep state. D: episode duration. L: latency. Data are shown
as mean = SEM. For WT mice, n = 12 (saline) or n = 10 (atropine, atenolol, and prazosin). For ORX-KO mice,
n = 13 (saline and prazosin) or n = 12 (atropine and atenolol). *: P < 0.05 vs. WT (ANOVA main effect). 7: P
< 0.05 vs. saline (ANOVA main effect and simple contrast).
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7 DISCUSSION

The main findings of our study were that the sleep-related differences in AP between ORX-KO

and WT mice were entirely abolished by prazosin and mostly abolished by atenolol.

During saline administration, the differences that we found in AP (Fig.7A and Fig.8A) and

sleep architecture (Table 1) between ORX-KO and WT mice confirmed our previous findings
obtained on younger (14-15 vs. 32-33 weeks of age) ORX-KO male mice during the light and
dark periods (Bastianini et al., 2011). In our previous study, however, ORX-KO mice also
showed increased AP during NREM sleep, increased HR during each wake-sleep state, and
increased rate of cataplexy-like episodes compared to WT mice (Bastianini et al., 2011). These
discrepancies are not unexpected. The association between alterations in cardiac control and
NT1 in both human patients and animal models is still a matter of controversy and
inconsistency. Furthermore, NT1 may be associated with AP values that are lower than normal
in W and normal during sleep, or normal in W and higher than normal during sleep, particularly
during REM sleep (Berteotti & Silvani, 2018). On the other hand, the lack of cataplexy-like
episodes in ORX-KO mice in this study may have been, at least in part, because recordings

were restricted to the light period.

The lack of significant differences in MAP (Fig.7D) and in AMAP (Fig.8D) between ORX-KO
and WT mice during prazosin infusion indicates that alterations in the sympathetic control of
resistance vessels may be sufficient to mediate sleep-related AP alterations due to ORX
deficiency in NT1. This suggestion is strengthened by the significance of the three-way
ANOVA interaction of drugs, wake-sleep states, and mouse groups, and supported by the high
estimated statistical power of the tests (cf. 5.8 Statistical analysis). Moreover, this conclusion
is in line with our previous results on WT mice, which showed that modulation of sympathetic
vasoconstriction was critical for the effects of sleep on AP (Lo Martire et al., 2018). However,
blunted, non-significant differences in AP between W and NREM sleep have been reported in
patients with NT1 in the face of significant sleep-related decreases in sympathetic nerve activity
to skeletal muscle and skin blood vessels, measured with microneurography (Donadio et al.,
2014). This discrepancy may be only apparent, as data on rats indicate that sympathetic nerve
activity to the kidneys also decreases from W to NREM sleep, reaches its minimum values
during REM sleep (Yoshimoto et al., 2011) and causes an effective renal vasodilatation

compared with wakefulness (Yoshimoto et al., 2004). These data raise the hypothesis that sleep-
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related alterations in AP due to ORX deficiency in NT1 depend on an insufficient sleep-related

reduction of renal sympathetic nerve activity.

In our study, the lack of significant differences in MAP (Fig.7C) and in AMAP (with the
exception of the one in AMAP between W and REM sleep, Fig.8C) between ORX-KO and WT
mice during atenolol administration indicates that alterations in the sympathetic control of the
heart may also be sufficient for sleep-related AP alterations due to ORX deficiency in NT1.
However, we did not find alterations in HP control in ORX-KO compared to WT mice (Fig. 9).
Atenolol blocks the Pl-adrenergic receptors that not only decrease HP, but also increase
contractility in response to sympathetic nerve activity to the heart (Silvani et al., 2016). Our
data thus raise the hypothesis that the sleep-related AP alterations in ORX-KO mice mainly

depended on sympathetic increases in cardiac contractility.

The significantly blunted AMAP between W and REM sleep in ORX-KO mice during atenolol
infusion, taken together with its lack in the course of prazosin infusion, may indicate that the
effects of cardiac sympathetic response alterations were somewhat less robust than that of
alterations in sympathetic activity to resistance vessels. Little is known about the physiological
changes in cardiac sympathetic activity during sleep (Silvani, 2008). In our previous analysis
of results on WT mice, we concluded that changes in sympathetic activity to the heart
contributed to sleep-related changes in HP and to the increase in AP from NREM sleep to REM
sleep (Lo Martire et al., 2018). However, our prior analysis, we focused on transitions from
wakefulness to relatively long episodes of NREM sleep and vice versa (Lo Martire et al., 2018).
Conversely, here we focused on AMAP between episodes of W and NREM sleep of any
duration for direct comparison with our original work on cardiovascular differences between

ORX-KO and WT mice (Bastianini et al., 2011).

We found that the sleep-related AP differences between ORX-KO and WT mice were fully
preserved during administration of atropine methyl nitrate (Fig.7B and 8B). These results
demonstrate that alterations in cardiac parasympathetic control are not necessary to explain the
sleep-related AP alterations associated with ORX deficiency. This conclusion is in line with
our previous analysis of data in WT mice, which indicated that changes in cardiac
parasympathetic activity play a role in the sleep-related changes in HP, but not in those of AP
(Lo Martire et al., 2018).

The infusion of atropine methyl nitrate, atenolol, and prazosin partially disrupted sleep

architecture (Table 1). Sleep architecture changes may have resulted, at least in part, from the
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substantial AP and HP changes caused by drugs ‘infusion. Nevertheless, it appears unlikely that
sleep structure alterations could explain our results on AP. Indeed, the sleep-related differences
in AP between ORX-KO and WT mice were fully preserved during infusion of atropine methyl
nitrate, which fragmented W and NREM sleep episodes, and which decreased REM sleep
latency and REM sleep time. Moreover, the reduction in REM sleep episode duration, that was
associated selectively with prazosin administration, was relatively small, in the order of 10-

20%.

Our study has few limitations. We did not study ORX-KO mice at the same time as WT
littermates, but we compared ORX-KO mice with WT control mice that had been previously
studied (Lo Martire et al., 2018). However, the ORX-KO and WT mice had the same genetic
background and were studied in the same facilities with an identical research protocol. This
approach helped to reduce the number of animals employed for research, and was sensitive
enough to confirm, during saline administration, those previously reported differences between

ORX-KO and WT mice (Bastianini et al., 2011).

We estimated the alterations in sympathetic and parasympathetic activities of ORX-KO mice
effects only by subtraction, evaluating differences between ORX-KO and WT mice during
administration of autonomic receptor blockers. Direct measurements of autonomic nerve
activity in freely behaving mice during spontaneous sleep have never been performed to our
knowledge and would be challenging in these small animals. Nevertheless, our approach does
not allow us to exclude central nervous system effects of prazosin and atenolol (Neil-Dwyer et

al., 1981).

We did not adjust drug doses to mouse body weight. ORX-KO mice, which were significantly
heavier than WT mice at surgery, may therefore have received lower doses per unit body weight
than WT mice. Nevertheless, they would be expected to have enhanced the cardiovascular

differences between ORX-KO and WT mice.

Our analysis of simple effects relied on a relatively large number of independent-sample t-tests.
Recognizing that this may inflate type I error rate, we analysed simple effects only for MAP,
for which ANOVA revealed a highly significant three-way interaction including the mouse

group, and not for HP, for which such interaction was not significant.

We performed this study on ORX-KO mice, which have congenital deficiency of ORXs
peptides (Chemelli et al., 1999). However, patients with NT1 lose ORX neurons after birth,
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including their released co-transmitters. We cannot exclude that the study of mouse models
lacking the whole orexin neurons (Hara et al., 2001; Tabuchi et al., 2014) would have yielded
different results. Nevertheless, ORX-KO mice still represent the best mouse model to single
out the contribution of orexin peptide deficiency to the key behavioural (Chemelli et al., 1999)

and cardiovascular (Bastianini et al., 2011) features of NT1.
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SECOND EXPERIMENT

Investigate whether ORXs may modulate respiratory variables during

the different states of wake-sleep cycle, as a function of Ta and verify

whether the increase in sleep apnea occurrence rate in ORX-KO mice
depends on the exposure to different Ta (20°C Vs. 30 °C).

All the sections referred to the “Second Experiment” are published in
our recent study, in which I am co-author

(Berteotti et al., 2020)
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8 MATERIAL AND METHODS

8.1 Ethical approval

The study protocol was performed according to the guidelines of the Animal Welfare
Committee of the University of Bologna, Italy (D. Lgs 26 of 2014) and complied with the
European Directive 2010/63/EU for animal experiments. All the experiments included in this

study were executed non-invasively.

8.2 Mice and genotyping

Experiments were performed on 9 male ORX-KO and 8 congenic (> 10 generations of
backcrossing) male C57B1/6J WT mice matched for age (44.9 + 0.6 weeks and 45.3 + 0.4
weeks, respectively). Mice were maintained at 23°C with a 12:12 hour light-dark cycle and free

access to food (4RF21 diet, Mucedola, Settimo Milanese, Italy) and water.

Mice ORX-KO were maintained by heterozygote X heterozygote and heterozygote x
homozygote mating. The genotype was assessed in the Centre for Applied Biomedical
Research — CRBA, S. Orsola University Hospital, Bologna, Italy. DNA was extracted from
bioptic tissue, collected through a non-invasive procedure performed under general anaesthesia,

amplified by polymerase chain reaction, and resolved by gel electrophoresis.
Primers sequences used were:

5’-TCACCCCCTTGGGATAGCCCTTCC-3’ (common, 5°)
5’-GACGACGGCCTCAGACTTCTTGGG-3’ (wild-type HCRT allele, 3°)
5’-CCGCTATCAGGACATAGCGTTGGC-3’ (null mutation of HCRT gene, 3°)

as previously described (Bastianini et al., 2011; Chemelli et al., 1999)

8.3 Experimental protocol

The experimental protocol consisted of two recording sessions for each animal, performed with

the mouse placed inside a modified whole-body plethysmography (WBP) chamber (PLY4223,
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Buxco, Wilmington, NC, USA) (Fig.10) exposed either to mild cold stress (T. = 20°C) or to
thermoneutrality (Ta = 30 °C). The order of the recording sessions was randomly chosen and
balanced between groups, with from 2 to 28 days’ interval between the sessions. Each recording

session started at lights on (9 am) for 8h, during the light period.

The mouse chamber was modified by inserting a solid 10 cm diameter Plexiglas block, which
reduced the internal volume of the chamber to 0.971. The chamber accommodated a rotating
electrical swivel (SL6C/SB, Plastics One, Roanoke, VA, USA) and temperature and humidity
probes (PC52—4-SX-T3 sensor, Rense Instruments, Rowley, MA, USA), (Bastianini et al.,
2017). Free access to water was allowed. The differential pressure between the mouse chamber
and a 2nd reference chamber was measured with a high-precision differential pressure
transducer (DP103—06+ CD223 digital transducer indicator; Validyne Engineering, Northridge,
CA, USA). WBP chamber was continuously purged at 1.5 I/h with air fed from a cylinder.
Respiratory signals, chamber humidity and temperature were continuously recorded, digitized,
and stored at 128 Hz, 4 Hz, and 4 Hz, respectively. The system was calibrated with a 100 puL
micro-syringe (Hamilton, Reno, NV, USA) at the end of each recording.

Figure 10.
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Figure 10. Schematic representation of the whole-body plethysmography (WBP) chamber.

The mouse chamber was modified to reduce the volume of the chamber to 0.971. The chamber accommodated
temperature and humidity probes. Free access to water was allowed. WBP chamber was continuously purged
at 1.5 I/h with air fed from a cylinder.
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At the end of both recording sessions, mice were perfused with saline followed by 4%
paraformaldehyde. Brains were cryoprotected in PBS with 20% sucrose and coronally
sectioned at 30 um using a cryostat-microtome at - 22.0 °C. Free-floating hypothalamic sections
were washed in 0.3% Triton X-100 in PBS for 30 min. After blocking for 90 min with 3%
bovine serum albumin (Sigma Aldrich, Milan, Italy) in 0.3% Triton X-100 in PBS, sections
were incubated overnight at 4°C with rabbit anti—orexin A antiserum (Phoenix Pharmaceuticals,
Burlingame, CA, USA) diluted 1:5000 in 0.3% Triton X-100 in PBS and BSA 1%. Sections
were then washed in 0.3% Triton X-100 in PBS for 30 min and incubated for 2 h with a Cy3-
conjugated AffiniPure Donkey Anti-rabbit IgG (Jackson ImmunoResearch, West Grove, PA,
USA) secondary fluorescent antibody diluted 1:200 in 0.3% Triton X-100 in PBS and BSA 1%.
Sections were counterstained with Hoechst 33342 (Sigma-Aldrich, Milan, Italy) to label cell
nuclei. Immunofluorescence images were captured with a Nikon Eclipse TE 2000-S inverted
microscope (Nikon Corp., Kawasaki, Japan) equipped with a Nikon digital camera DS-Qi2.
Control and experimental animals were processed simultaneously for staining to avoid any
batch-to-batch variation. The same lot of primary antiserum was used for staining the brains of

WT and ORX-KO mice (Berteotti et al., 2020).

8.4 Data analysis

8.4.1 Discrimination of wake-sleep cycle

Sleep scoring was carried out based on visual inspection of the raw respiratory tracing, with a
procedure validated against gold-standard conventional EEG and EMG recording (Bastianini
et al., 2017). According to previous studies, breathing analysis was restricted to stable sleep
episodes > 12 s (Bastianini et al., 2015; Silvani et al., 2014) because of the frequent occurrence
of movement artefacts during W. The WBP sleep scoring was based on three components of
the breathing trace, as frequency, amplitude, and baseline, evaluated from the visual inspection
of the raw signal. Sleep analysis was performed by trained investigators following published

criteria (Bastianini et al., 2017):

- W was scored when the baseline was highly irregular and individual breaths were not

identifiable.

- NREMS was scored when breathing frequency and amplitude were stable and regular, and

baseline was steady.
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- REMS was scored when breathing frequency and amplitude were irregular, and baseline was

steady.
Large pressure perturbations e.g. due to opening/closing of a door were considered as artefacts.

Fig.11 shows an example of WBP trace compared to gold-standard EEG and EMG signals.

NREM sleep was scored REM sleep was scored when breathing Wakefulness was
when breathing frequency and amplitude were scored when the
frequency and amplitude irregular, and the baseline was steady. baseline was highly
were stable and regular. The beginning of REM sleep state was irregular and individual
and scored at the first detectable sign of breaths were not
baseline was steady irregularity of the WBP signal identifiable
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Figure 11. Representative raw tracings of the whole-body plethysmography (WBP) signals during non-
rapid-eye-movement (NREM) sleep, rapid-eye-movement (REM) sleep and wakefulness (W).

For comparison, in the figure is also included the relative electroencephalographic (EEG) and
electromyographic (EMQG) signals, which represent the gold standard for the wake-sleep scoring (Bastianini
etal., 2017).

8.4.2  Analysis of breathing pattern

Breath-to-breath values of ventilatory period (VP), tidal volume (Vt), and minute ventilation
(VE) were obtained as previously described in Bastianini et al., 2017. The variability of VP and
Vt was analysed with a technique already applied to respiratory physiology (Bastianini et al.,
2015; Silvani et al., 2014). The short-term (breath-to-breath) and long-term variability of VP
and Vt were calculated based on Poincaré plots, in which the abscissa and ordinate of each
point indicate the duration (or amplitude) of the N and (N+1)" successive breaths,
respectively. In this analysis, the short-term variability (s.d.1) of VP and Vt was estimated by

standard deviation of VP and Vt values around the axis oriented with the line of identity of the
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Poincaré plot, while the standard deviation of VP and Vt values around the orthogonal axis
estimated long-term variability (s.d.2). The mean values of VP, Vt, Vg, and the s.d.1 and s.d.2
of VP and Vt were computed for each mouse after exclusion of the breaths with VP and/or Vt
that deviated more than 3 standard deviations from the respective mean value in the whole
recording (Bastianini et al., 2015). Finally, apneas and augmented breaths (sighs) were
automatically detected as breaths with values of VP (apneas) or Vt (sighs) > 3 times the average
values of VP or Vt, respectively, for each mouse and sleep state. The accuracy of the detection
was checked on raw recordings (Bastianini et al., 2015; Silvani et al., 2014). Because sighs
often precede apneas during NREM sleep, the latter have been categorized as post-sigh apneas,
if they followed a sigh by < 8 s, or as spontaneous apneas if they followed a sigh by > 8 s
(Bastianini et al., 2019).

8.5 Statistical analysis

Statistical analysis was performed with SPSS software (SPSS, Chicago, IL, USA) with repeated
measure ANOVAs (two-way, with orexin deficiency (ORX-KO vs WT) and Ta (20°C vs 30°C)
as factors, or three-way, with orexin deficiency (ORX-KO vs WT), Ta (20°C vs 30°C), sleep
state (NREM vs REM) or s.d.1 vs s.d.2 as factors. Independent t-test was then applied to
compare the differences between the two experimental groups, whereas dependent t-test was
used to compare the effect of different conditions (i.e. sleep states or Ta) on a variable which
was not affected by mouse genotype (thus both experimental groups were considered as a
whole). The normality of the data distribution was tested by means of Shapiro-Wilk test. Results

are shown as mean = SEM with significance at P < 0.05 (Berteotti et al., 2020).
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9 RESULTS

To verify the validity of the ORX-KO mice used in this experiment as a model of orexin
deficiency, immunoreactivity for orexin A has been performed on hypothalamic sections. As
expected, the ORX-A antiserum produced no staining in the brains of ORX-KO mice, whereas

it clearly labelled ORX-A in the orexinergic neurons in WT mice brains (Fig.12).

Figure 12. Representative sections of ORX-A immunostaining (red) with Hoechst nuclear
counterstaining (blue) in orexin knockout (ORX-KO, top) and control wild-type (WT; bottom, with
higher magnification in inset) mice.

Cells with red nucleus are ORX-A+ cells, which lack in ORX-KO mice, and cells with blue nucleus are

Hoechst-stained cells. Scale bars, 500 pum (lower magnification) and 50 um (higher magnification) (Berteotti
et al., 2020).
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Mice body weight was measured before each recording. The body weight of ORX-KO mice
was significantly higher than that of WT mice (34.2+1.2 vs. 30.0= 0.7 g, P=0.012). As expected,
sleep architecture was also affected by ORXs deficiency. Indeed, two-way ANOVA revealed
that ORX-KO mice showed significant fragmentation of W (i.e. reduced episode duration)
(P=0.016) and NREM sleep (P=0.028) episodes, and shorter REM sleep latency (P=0.001)
compared with WT mice, irrespective of Ta (for fragmentation of W episodes P=0.991; for
fragmentation of NREM sleep episodes P=0.728; for REM sleep latency P=0.0502). The two
experimental groups constituted distinct clusters on a scatterplot of reduced REM sleep latency

and reduced W episodes mean duration, particularly at Ta=20°C (Fig.13).
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Figure 13. Scatterplot of rapid eye movement (REM) sleep latency and wakefulness (W) episode mean
duration at ambient temperature (Ta) of 20°C for each ORX-KO (n=9, white symbols) and WT (n=8,
black symbols) mouse under study.

In line with previous results, ORX-KO mice exhibit a significantly shorter REM sleep latency and W
episodes’ duration and constitute a distinct cluster from that of WT mice (Berteotti et al., 2020).

The percentage of recording time spent in W, NREM or REM sleep did not differ significantly
between ORX-KO and WT mice (two-way ANOVA: P=0.746; P=0.641; P=0.561, for W,
NREM and REM sleep, respectively), nor it was affected by Ta (P=0.497; P=0.452; P=0.977,
for W, NREM and REM sleep, respectively) (Table 2). These results agree with those reported
by previous studies on ORX-KO mice (Chemelli et al., 1999; Bastianini et al., 2011),
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confirming the validity of the mice used in this experiment as an ORXs deficiency and NT1

model.

State

Wakefulness

NREM sleep

REM sleep

Measure

% of Recording time
Mean episode duration (s)*
% of Recording time
Mean episode duration (s)*
% of Recording time
Mean episode duration (s)*

Latency (s)*

Ta 20°C

48.4+1.8

410 £ 22

47.3+1.5

206 +11
41+03
126 +8
414 £ 45

Ta 30°C

545 +3.1
446 £ 6.2
40.8+2.7

220+ 17
46+0.6
133 +22
390+ 23

ORX-KO

Ta 20°C Ta 30°C
48.9+2.9 51.4+46
301 +28 338+33
47.1+2.7 442 +4.1
166 + 10 188 + 17
3.8+0.3 43+0.6

100+ 3 117 + 11
188 £ 22 275+ 38

Table 2. Wake-sleep architecture of WT and ORX-KO mice, as a function of Ta.

Percentage (%) of recording time and mean episode duration of wakefulness, non-rapid eye movement
(NREM) sleep and rapid eye movement (REM) sleep of ORX-KO and WT wild-type (WT) mice exposed to
different ambient temperature (Ta). REM sleep latency, time from sleep onset to the first epoch of REM sleep.

*Main effect of genotype, P<0.05, ANOVA (Berteotti et al., 2020).

The analysis of breathing pattern demonstrated that in both experimental groups, VP and Vg

values were strongly and significantly affected by Ta (three-way ANOVA, main effect: for VP,

P<0.001; for Vg, P=0.001) (Fig.14); on the contrary, Ta did not exert a significant effect on Vt

(ANOVA, main effect: P=0.304). In particular, the values of VP were significantly lower and

those of Vg were significantly higher at Ta=20°C than at Ta=30°C, regardless of sleep state and

ORX deficiency (Ta x sleep state interaction on VP: P=0.151; Ta x ORX deficiency interaction

on VP, P=0.520; Ta xsleep state interaction on Vg: P=0.075; Ta x ORX deficiency interaction

on Vg: P=0.980).
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Figure 14. Respiratory variables in mice exposed to different ambient temperatures (Ta).

From top to bottom: ventilatory period (VP), tidal volume (Vt), minute ventilation (Vg of orexin knockout
(ORX-KO, n=9, grey symbols) and wild-type mice (WT, n=8, black symbols) during non-rapid eye

movement (NREM) sleep and rapid eye movement (REM) sleep at different ambient temperature (Ta).
*Significant main effect of Ta (P<0.05, ANOVA) (Berteotti et al., 2020).

The sleep apnea occurrence rate was not significantly affected by ORX deficiency, as revealed

by three-way ANOVA (P=0.185), but there was a significant interaction between Ta and sleep
75



state (P=0.040) on this variable. Considering both experimental groups together, dependent t-
test confirmed that sleep apnea occurrence rate increased with Ta during NREM sleep but not

during REM sleep (P<0.001 and P=0.730, respectively) (Fig.15).
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Figure 15. Graphic representation of temperature-dependent regulation of sleep apneas and
augmented breaths (Sighs).

(A,B) Occurrence rate of sleep apnea during non-rapid eye movement (NREM) sleep and rapid eye movement
(REM) sleep in orexin knockout (ORX-KO, n=9, white symbols) and wild-type (WT, n=8, black symbols)
mice exposed to different ambient temperatures (Ta); *significant main effect of Ta (P<0.05, ANOVA). (C)
Difference of sigh occurrence rate between Ta=20°C and Ta=30°C (Asigh) during NREM sleep in ORX-KO
and WT mice; ¥*P<0.05 versus WT, independent t-test. (D) Raw tracing of the whole-body plethysmography
(WBP) signal during NREM sleep. The black arrow indicates a sleep apnea; the white arrow indicates a sigh
(Berteotti et al., 2020).

Further categorization of NREM sleep apneas as post-sigh or spontaneous, based on the
temporal distance between the apnea and the preceding sigh (Table 3) indicated that the
occurrence rate of both post-sigh and spontaneous sleep apneas significantly increased with Ta

(dependent t-test: P<0.001 and P=0.032, respectively).
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WT ORX-KO

State Measure Ta 20°C Ta 30°C Ta 20°C Ta 30°C
Post-sigh apneas 0.8+0.3 3.8+0.8 0.5+0.3 53+1.0
(episodes/h) *
NREM sleep
Spontaneous 1.1+04 3.3+£0.8 0.8%+0.2 51%£25
apneas
(episodes/h) *

Table 3. Occurrence rate of post-sigh and spontaneous apneas during non-rapid eye movement
(NREM) sleep in WT and ORX-KO mice exposed to different ambient temperature (Ta).

Sleep apneas were categorized as post-sigh if they followed a sigh by <8 s, or as spontaneous if they followed
a sigh by >8 s. *Main effect of Ta, P<0.001 for post-sigh apneas; P=0.039 for spontancous apneas, ANOVA
(Berteotti et al., 2020).

In mice, sighs occur almost exclusively during NREM sleep (Bastianini et al., 2019), thus the
analysis of their occurrence rate was restricted to this sleep state. Two-way ANOVA revealed
a significant interaction between ORX deficiency and Ta on this variable (two-way ANOVA,
P=0.024). Sighs were significantly increased at Ta=20°C compared with Ta=30°C in WT mice
(12.742.3 versus 8.2+ 1.8 episodes/h, respectively; paired t-test, P=0.005), whereas no
significant difference were showed in ORX-KO mice (7.9+1.2 versus 7.2+0.8 episodes/h,
respectively; paired t-test, P=0.539). To better clarify the interaction between ORX deficiency
and Ta, the difference between sigh occurrence rate at Ta=20°C and that at Ta=30°C (Asigh)
was calculated for each mouse. Asigh was positive and was significantly lower in ORX-KO
compared with WT mice (independent t-test, P=0.024) (Fig. 15C). Sleep apneas and sighs are

extreme events of VP and Vt variability, respectively.

As discussed in Materials and Methods section (c.f. 8.4.2 Analysis of breathing pattern), the
overall variability of VP and Vt was analysed with a technique already used in previous studies
(Bastianini et al., 2015; Silvani et al., 2014) that protects the results from the effects of extreme
values of breathing variables. Three-way ANOVA showed a significant main effect of Ta on
VP variability (P<0.001), but it did not reveal any significant effect of ORX deficiency

(P=0.968). In particular, considering both the experimental group together, the short-term
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(breath-to-breath, s.d.1) and the long-term (s.d.2) variability of VP were significantly lower at
Ta=20°C than at Ta=30°C both in NREM sleep (dependent t-test, P<0.001 for s.d.1 and
P<0.001 for s.d.2) and in REM sleep (dependent t-test, P<0.001 for s.d.1 and P<0.001 for s.d.2)

(Fig. 16).
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Figure 16. Variability of ventilatory period (VP) during sleep.

(A,B) Values (means £ SEM.) of indexes of the short-term (s.d.1) and long-term (s.d.2) variability of VP,
which quantify variability along the axes highlighted graphically in panel C, for non-rapid eye movements
(NREM) sleep and rapid eye movement (REM) sleep, respectively. WT, n=8; ORX-KO, n=9. *Significant
main effect of Ta (P<0.05, ANOVA). (C) Representative Poincaré plots of VP of each breath (N) versus the
following breath (N+1) during NREM sleep in a representative orexin knockout (ORX-KO) mouse recorded

at ambient temperature (Ta) of 20°C (Berteotti et al., 2020).

Three-way ANOVA of Vt variability did not show significant main effects of Ta (P=0.085) and
ORX deficiency (P=0.738), whereas it reveals a significant Ta x Vt variability interaction

(P=0.005). In particular, the s.d.2 of VT was significantly lower at Ta=20°C than at Ta=30°C

in NREM sleep (dependent t-test, P=0.003) (Fig. 17).
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Figure 17. Variability of tidal volume (Vt) during sleep.

(A, B) Values (means + SEM) of indexes of the short-term (s.d.1) and long-term (s.d.2) variability of Vt, which
quantify variability along the axes highlighted in panel C, for non-rapid eye movement (NREM) sleep and
rapid eye movement (REM) sleep, respectively. WT, n=8; ORX-KO, n=9. *Significant main effect of Ta
(P<0.05, ANOVA). (C) Representative Poincaré plots of Vt of each breath (N) versus the following breath
(N+1) during REM sleep in a representative orexin knockout (ORX-KO) mouse recorded at ambient

temperature (Ta) of 20°C (Berteotti et al., 2020),
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10 DISCUSSION

The first aim of this experiment was to investigate the role of ORXs in the respiratory regulation
during sleep, as a function of Ta. The results do not support a significant role of these
neuropeptides in the temperature-dependent breathing modulation during sleep, with one
significant exception, represented by sighs occurrence during NREM sleep. Indeed, the
difference between the sigh occurrence rate at Ta=20°C and that at Ta=30°C was significantly

lower in ORX-KO mice than in WT mice during NREM sleep (Fig. 15).

Although the mechanisms responsible for the extreme respiratory events (i.e. apneas and sighs)
are not completely understood yet, it has been hypothesized that sighs may be the result of an
increased inspiratory reflex that can be caused either by stimulation of peripheral
chemoreceptors in response to hypoxia or hypercapnia or by the activation of chest wall and

pulmonary receptors in response to reduced lung compliance (Qureshi et al., 2009).

Studies performed on ORX-KO mice by Nakamura and colleagues showed that ORXs
contribute to central chemoreflex sensitivity only during wakefulness, particularly in the active
period, which corresponds to dark period in rodents (Nakamura et al., 2007). However, this is
unlikely to explain the findings concerning sigh occurrence rate during sleep in the light (rest)
period, thus suggesting that ORXs could be also involved in the integration of afferent signals

from chest wall receptors.

The second aim of the experiment was to verify whether the increase in sleep apnea occurrence
rate that is reported in ORX-KO mice (Nakamura et al., 2007) depended on the exposure to
different Ta. This experiment showed for the first time that the occurrence rate of sleep apneas
critically depends on Ta, irrespective of ORX deficiency. In particular, sleep apneas were more
frequent at thermoneutrality (Ta=30°C) and reduced by mild cold exposure (Ta=20°C). The
conclusion that effects of Ta on breathing do not significantly depend on ORXs is in line with
our previous results showing that the effects of Ta on sleep-dependent cardiovascular changes
are the same in ORX-AB mice, lacking ORX neurons, and in WT controls (Lo Martire et al.,
2012). It is well known that ORX neurons produce and co-release other neurotransmitters,
together with ORXs. More experiments are needed to understand whether these co-transmitters
play a role in the adaptive breathing responses to different values of Ta. ORX-AB mice
exhibited an intolerance to cold exposure (5°C), suggesting that ORX neurons are important in
driving the cold defence responses (Takahashi et al., 2013). In particular, in ORX-AB mice but

not in ORX-KO mice, abdominal temperature fell rapidly and reached the endpoint of 30°C
80



within 50-150 min of cold exposure (Takahashi et al., 2013). These data suggest that ORX
neurons, rather than ORXs themselves, participate in the homeostatic response to cold
exposure. As shown in Table 2, in the present experiment Ta did not modulate the percentage
of recording time spent in the different states of the wake—sleep cycle, neither in ORX-KO mice
and in WT mice. However, this result is at variance with those of our previous results on ORX-
AB and WT mice (Lo Martire et al., 2012), probably due to some differences between these

experiments.

First, in this study, the recordings were performed with a non-invasive procedure, on non-
instrumented mice with a pure C57BL/6J background, whereas previous data (Lo Martire et
al., 2012) were obtained on chronically instrumented mice with a hybrid genetic background
(75% C57BL/6J and 25% DBA/2J). Moreover, during this study the plethysmographic
recordings were execute inside a WBP chamber only for 8 h during the light (rest) period, while
in the previous study mice were recording for 48 h at each of two values of Ta, in freely moving
conditions (Lo Martire et al., 2012). Thirdly, in this study mice were not habituated to the new
Ta value because Ta changed acutely at the beginning of each recording session in WBP
chamber, whereas in the previous study the values of Ta were changed 24 h before each
recording session in the home cage (Lo Martire et al., 2012). We found that when ORX-KO
and WT mice were exposed to mild cold stress (Ta=20°C), they increased breathing rate and
Vg with the respect to the exposure at Ta=30°C (Fig.14). This strategy has already been
described in WT mice (Hodges & Richerson, 2008), but only during wakefulness, without
taking into account sleep states. Furthermore, no data are currently available regarding the

adaptive response to cold exposure in narcoleptic ORX-KO mice lacking ORX peptides.

In this experiment, ORX-KO mice did not show a higher sleep apnea occurrence rate compared

with WT controls (Fig. 15; Table 3). Thus, our data are in contrast with those published by
Nakamura and colleagues, showing that the occurrence rate of sleep apnea is increased by the
loss of ORXs (Nakamura et al., 2007). These contrasting results might be partly explained by
the different experimental approach used in our study compared to previous study. Indeed,
stress related to chronic instrumentation in previous report (Nakamura et al., 2007), compared
with our own experiments using non-instrumented mice, might help to explain differences in

sleep apnea occurrence, because this increases with corticosterone levels (Ren et al., 2012).

One interesting result of the present study is that the occurrence rate of sleep apnea during

NREM sleep increased in a Ta-dependent manner. Indeed, both post-sigh and spontaneous
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sleep apneas (Table 3) were less frequent in conditions of mild cold exposure (Ta=20°C) than
at thermoneutrality (Ta=30°C) (Fig.15) and this finding was observed in both the experimental
groups (ORX-KO and WT mice), thus suggesting that this phenomenon could be related to a

specific interaction between thermoregulatory response and NREM sleep state.
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11 CONCLUSION

The studies reported in this thesis explored, for the first time, the integrative role of ORXs in
the autonomic control of the cardiovascular functions and in respiratory regulation as a function

of ambient temperature (Ta), during different sleep states in mice.

The results obtained in the first experiment suggest that arterial pressure (AP) alterations during
sleep in ORX-deficient (ORX-KO) mice result from alterations in sympathetic activity and that
these alterations are sufficient to explain the sleep-related AP modification in narcolepsy type
1 (NT1). Despite some limitations (c.f. 8. Discussion), our results shed light on possible
autonomic mechanisms which relate the lack of ORXs with the sleep-dependent AP alterations
that potentially contribute to cardiovascular risk in patients with NT1. This finding may be
important to identify new druggable targets to rescue the physiological cardiovascular

phenotype of narcoleptic patients during sleep.

The second experiment explored the role of ORXs in breathing regulation during sleep states,
as a function of Ta, and investigated if the increase in sleep apnea occurrence rate, previously
described in NT1 patients and mouse models, was modulated by Ta. The involvement of ORXs
in breathing regulation has been little explored and the interaction between respiratory
modulation and Ta was described only in WT mice, without considering the wake-sleep state
(Hodges et al., 2008; Hodges & Richerson, 2008). Our results show that ORXs are not
significantly involved in the Ta-dependent modulation of respiratory regulation during sleep,
except for sigh occurrence rate during NREM sleep, that is increased in WT mice. However,
we found that the occurrence of sleep apneas during NREM sleep critically depends on Ta,
being exacerbated at thermoneutrality (Ta=30°C) and reduced by mild cold exposure
(Ta=20°C), but does not depend on ORX transmission. As previously discussed , the selective
involvement of ORXs in breathing regulation is compatible with contrasting effects of
activation of the two different OXRs on breathing as a function of Ta and does not imply that
ORXs have no effect at all on respiratory regulation. To confirm this hypothesis, it would be
necessary to perform pharmacological studies targeting separately ORX action on each of the
two OXRs (Berteotti et al., 2020) or to perform studies on genetic mouse models that selectively
lack one or both receptors (Willie et al., 2003). Moreover, despite the lack of involvement of
ORXs in the apneas occurrence rate, the significant interaction between apneas during NREM

sleep and Ta is of practical interest, as it highlights the critical importance of controlling for Ta
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when phenotyping mice for sleep apneas (Berteotti et al., 2020), as for others biological
variables (Lo Martire et al., 2012).

In narcoleptic patients, the prevalence of obstructive sleep apneas (OSAs) ranges from 2% to
68% (Sansa et al., 2010). Moreover, REM-related OSAs are associated with adverse
cardiovascular and metabolic events and with a non-dipping pattern (Alzoubaidi & Mokhlesi,
2016). Thus, an important development of our study of respiratory regulation and respiratory
disorders during sleep in mouse models of narcolepsy would be represented by the possibility
of characterizing sleep apneas by distinguishing them into OSAs or central sleep apneas
(CSAs). To this aim, in our laboratory, we recently developed an innovative technique to detect
and discriminate CSAs from OSAs, based on the simultaneous recording of EEG, EMG,
diaphragmatic activity and ventilation. This new technique will allow us to study the
pathophysiological mechanisms underlying OSAs in mouse model of different human diseases
characterized by high prevalence of them, such as narcolepsy, and to contribute to the

development of new and specific pharmacological therapies.

84



85



12 DATA SUPPLEMENT

CRAFTING OF ELECTRODES FOR ELECTROENCEPHALOGRAPHIC (EEG) (Fig. A)
AND NUCHAL ELECTROMYOGRAPHIC (EMG) (Fig. B) SIGNALS RECORDING

EEG electrodes were made up of a pair of 1.2 cm stainless-steel wires covered with an
insulating sheath (Cooner Wire, Chatsworth, CA, USA) welded to one end to a stainless-steel
screw (length 2.4 mm and diameter 1.19 mm, Plastics One 00-96X3/32, Roanoke, VA, USA)
and at the other end to a connector equipped with two terminal pins (0.5 cm wide and 0.3 cm

high; 701-9925 RS Components, Cinisello Balsamo, Milano).

EMG electrodes consisted in a pair of 4 cm stainless-steel wires coated by an insulating sheath.
2-3 mm of coating was removed from one end and at 1.5cm from this end to allow electrical
contact with nuchal muscles during the implantation. Then, this extremity was welded to a

connector equipped with two terminal pins.

Connector - Connector

1,2cm A 1,5cm B
4cm

Screw
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CATHETER FOR INTRAPERITONEAL INFUSIONS

The intraperitoneal catheter allowed continuous infusions of drugs or saline in freely behaving
animals. The catheter was crafted using not-sterile medical-grade silicone (Silclear Degania,
Defries Industries PTY LTD) and polyethylene (Fine-Bore Polyethylene-Polythene-Tubing;
Smiths Medical) tubes. It consisted of three different segments, one inserted in the peritoneal

cavity of the animal and two extracorporeal. Each part had specific characteristics.

- IP catheter (Fig C) was the smallest part of all the circuit. It consisted of 7 cm long
silicone tube (code L-155, 0.64 x 1.19 mm) inserted in a 1.2 cm long silicone tube,
serving as a connector (code L-205, 1.02 x 2.16 mm); all the structure was stabilized
using silicone (Transparent Universal Silicone, Saratoga International). After all the
segments were connected, one silicone enlargement (A) was made 1 cm above the end
of L-155 silicone tube to suture, with stiches, the catheter’s tip into the peritoneal wall;
a second silicone enlargement (B) was made Smm below the junction between L-205
and L-155 in order to clamp this space to keep under pressure a solution inside the
catheter, i.e.to weight the IP catheter and to know its internal volume before

implantation.

- Intermediate catheter (segment M, Fig D) was a 28 cm long polyethylene tube (code
PES50; internal diameter 0.58 mm and external diameter 0.96 mm). One of its ends was
connected to the IP catheter by a 22 G blunt needle with length of 1.5 cm; the other end
was connected to a 2.5 cm long silicone tube (code L-205) through a silicone junction
(0.5 cm). During the infusion, the segment M was connected to the upper catheter
(segment P) by this junction, while, during the habituation, this end was closed by means
of a piece of polyethylene tube (code PE90; internal diameter 0.86 mm and external
diameter 1.52 mm) with a blind bottom. The volume of the intermediate catheter was

approximatively 75 pL.

- Upper catheter (segment P, Fig E) was made by a 160 cm long polyethylene tube (PE90)
and had a volume of approx. 1,3 ml. One end of the tube was connected to the flexible
portion of an intravenous catheter (Delta ven; Delta Med, Medical devices, Viadana —
Italy) to allow the connection of the upper catheter with a Iml syringe, that was placed
on an infusion pump. The other end was connected to a L-205 silicone piece to allow

the connection with segment M.
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ACT
AgRP
ANS
AP
ARC

AV

BAT
BF
BMI
BMR
BP

BST

CART

CSF

CVLM

LIST OF ABBREVIATIONS

A
Activity signal
Agouti-related protein
Autonomic nervous system
Arterial pressure
Arcuate nucleus
Atrioventricular

B
Brown adipose tissue
Basal forebrain
Body mass index
Basal metabolic rate
Blood pressure

Bed nucleus of the stria

terminalis
C

Cocaine- and amphetamine-

related transcript

Cerebrospinal fluid
Caudal ventrolateral
medulla

D

DMH

DR

AMAP

EEG

EMG

EOG

GABA

GPCRs

HLA

HP

HR

ICV

IP

LC

Dorsomedial hypothalamus
Dorsal raphe

Differences in mean arterial

pressure

E
Electroencephalographic
Electromyographic
Electrooculographic

F
Gamma Amino-butyric acid

G-protein-coupled cell

surface receptors

H
Human leukocyte antigen
Heart period

Heart rate

Intracerebroventricular
Intraperitoneal

L

Locus coeruleus
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LHA

LTF

MAP

MSLT

NO

NPY

NREM

NT1

NT2

NTS

ORX-A

ORX-AB

ORX-B

ORX-KO

ORXSs

OSA

OX1R

OX2R

Lateral area of

hypothalamus

Long-term facilitation
M

Mean arterial pressure

Multiple sleep latency test
N

Nitric oxide

Neuropeptide Y

Non-rapid eye movement

Narcolepsy type 1

Narcolepsy type 2

Nucleus tractus solitarii
0]

Orexin A

ORX neurons-ablated

Orexin B

Prepro-ORX knockout

Orexins

Obstructive Sleep Apnea

ORX-1 receptor

ORX-2 receptor

OX2R-KO OX2R knockout

OXRs Orexin receptors
P
PCR Polymerase chain reaction
PFA Perifornical area
POMC Pro-opiomelanocortin

prepro-ORX Prepro-orexin

PVN Paraventricular nucleus
R
REM Rapid-eye-movement
rRPa Rostral raphe pallidus
RSNA Renal sympathetic nerve
activity
RVLM Rostral ventrolateral
medulla
S
s.d.1 Short-term variability
s.d.2 Long-term variability
SA Sinoatrial
SAD Sinoaortic denervation
SD Sleep deprivation
SLD Sublateral dorsal

SOREMP  Sleep-onset REM period
T

Ta Ambient temperature
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Tb

TMN

VE

vIPAG

VMH

vVO2

Body temperature

Tuberomammillary nucleus
v

Minute ventilation

Ventrolateral

periaqueductal gray

Ventromedial hypothalamic

nucleus

Rates of oxygen consumption

VP

Vit

VTA

WBP

WT

Ventilatory period

Tidal volume

Ventral tegmental area
W

Wakefulness

Whole-body
plethysmography

Wild type
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