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Abstract Recent studies have implicated the orexin system as a critical regulator of
sleep/wake states, feeding behavior, and reward processes. Orexin deficiency results in
narcolepsy-cataplexy in humans, dogs, and rodents, suggesting that the orexin system
is particularly important for maintenance of wakefulness. Orexin agonists and antago-
nists are thought to be promising avenues toward the treatment of sleep disorders, eating
disorders, and drug addiction. In this chapter, we discuss the current understanding
of the physiological roles of orexins in regulation of arousal, sleep/wake states, energy
homeostasis, and reward systems.

1
Introduction

Identification of a transmitter that naturally activates an orphan GPCR is cru-
cial for understanding the physiological roles of a particular ligand-receptor
system. Identification of ligands has the potential to define unknown func-
tions and therapeutic targets in novel fields. One of the most compelling cases
is the orexin system, in which classical and modern molecular pharmacolog-
ical approaches have crossed paths, producing spectacular results. Starting
from the discovery of molecules (orexins and orexin receptors), identification
of the distribution of ligands and receptors predicted the role of this neu-
ropeptide system. Investigations of gene-modified animals led to the finding
of previously unknown functions of the orexins (sleep/arousal regulation), as
well as the understanding of the pathophysiology of narcolepsy-cataplexy in
humans. Anatomical, physiological, and pharmacological approaches to in-
vestigating the orexin system resulted in the appreciated knowledge of brain
functions and regional networks. Referring to the orexin system is indispens-
able for research in the field of sleep, feeding, and reward control. Moreover,
the possibility of clinical treatment for sleep disorders using antagonists or
agonists of orexin receptors has been examined.
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Since there are many comprehensive reviews on the orexin system (for
a recent review, see Sakurai 2007), in this chapter, we will discuss an overview
of its physiological significance, in relation to the possibility of clinical utility
of orexin antagonists and agonists in the treatment of eating disorders, sleep
disorders, and drug addiction.

2
Orexin and Orexin Receptors

2.1
Identification of Orexin (Hypocretin) by Deorphaning of Two GPCRs

Both orexin A and B were identified by the orphan GPCR strategy using stably
expressing HFGAN72 orexin-1 receptor (OX1R)-transfected HEK293 cells from
rat brain extracts by detecting intracellular Ca2+ mobilization (Sakurai et al.
1998). Orexins constitute a novel peptide family with no significant homology
with any previously described peptides. Orexin A is a 33-amino-acid peptide
of 3562 Da. It has an N-terminal pyroglutamyl residue and C-terminal amida-

Fig. 1 Overview of orexin system. Orexin A and orexin B are derived from a com-
mon precursor peptide, prepro-orexin. The actions of orexins are mediated via two
G protein-coupled receptors named orexin-1 (OX1R) and orexin-2 (OX2R) receptors.
OX1R is selective for orexin A, whereas OX2R is a nonselective receptor for both orexin A
and orexin B. OX1R is coupled exclusively to the Gq subclass of heterotrimeric G proteins,
whereas OX2R couples to Gi/o and/or Gq.
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tion (Sakurai et al. 1998). The four Cys residues of orexin A form two sets of
intrachain disulfide bonds. The primary structure predicted from the cDNA
sequences of the genes is conserved among several mammalian species (hu-
man, rat, mouse, cow, sheep, dog, and pig). On the other hand, rat orexin B
is a 28-amino-acid, C-terminally amidated linear peptide of 2937 Da, which is
46% (13/28) identical in sequence to orexin A. The C-terminal half of orexin B
is very similar to that of orexin A (73%; 11/15), while the N-terminal half is
more variable. Mouse orexin B is identical to rat orexin B. Compared to the
rodent sequence, human orexin B has two amino acid substitutions within the
28-residue stretch. Other than mammalian species, the structures of fish, xeno-
pus, and chicken orexin A and orexin B have been elucidated, and they have
also conserved structures as compared to mammalian sequences. (Alvarez and
Sutcliffe 2002; Sakurai 2005; Shibahara et al. 1999).

The prepro-orexin cDNA sequences reveal that both orexins are produced
from a common precursor polypeptide, prepro-orexin, by usual proteolytic
processing (Fig. 1). An mRNA encoding the same precursor peptide was inde-
pendently isolated by de Lecea et al. as a hypothalamus-specific transcript (de
Lecea et al. 1998). De Lecea et al. predicted that this transcript potentially en-
codes two neuropeptides, named hypocretin-1 and hypocretin-2. The names
“hypocretin” and “orexin” are currently used as synonyms in many papers.

2.2
Orexin Receptors

OX1R was initially identified as an expressed sequence tag (EST) from human
brain (US Patent WO96/34877 (Sakurai et al. 1998)). The Orexin-2 receptor
(OX2R) was identified by searching an EST database by tBLASTn with the
OX1R sequence as a query (Sakurai et al. 1998). OX1R has one order of magni-
tude greater affinity for orexin A than for orexin B. In contrast, orexin A and
orexin B bind OX2R with similar affinity (Sakurai et al. 1998) (Fig. 1). OX1R is
thought to transmit signals through activation of the Gq/11 class of G proteins,
which results in activation of phospholipase C (PLC) with subsequent trigger-
ing of the phosphatidylinositol cascade. OX2R is shown to be coupled to both
Gq/11 and inhibitory Gi proteins (Zhu et al. 2003) (Fig. 1).

2.3
Distribution of Orexin Neurons

Orexin-producing neurons (orexin neurons) are located exclusively in the lat-
eral posterior hypothalamic regions, including the perifornical area (PFA),
lateral hypothalamus, and posterior hypothalamus. The lateral hypothalamic
area (LHA) has classically been implicated in a wide variety of behavioral
and homeostatic regulatory systems, and thus the localization of orexin-
expressing neurons has generated hypotheses as to their physiological rele-
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vance (Bernardis and Bellinger 1996; Elmquist et al. 2005). Specific localization
of orexin neurons is regulated by the orexin gene promoter (Moriguchi et al.
2002). The human prepro-orexin gene fragment, which contains the 3149-bp
5′-flanking region and 122-bp 5′-non-coding region of exon 1, has the abil-
ity to express lacZ in orexin neurons without ectopic expression in transgenic
mice, suggesting that this genomic fragment contains most of the cis-elements
necessary for appropriate expression of the gene (Sakurai et al. 1999).

From these orexin-expressing regions, these cells widely project to the en-
tire brain, except for the cerebellum (Date et al. 1999; Nambu et al. 1999; Pey-
ron et al. 1998). Dense staining of orexin-immunoreactive nerve endings in
the brain was present in the central medial nucleus (CM) and paraventricular
nucleus of the thalamus (PVT); arcuate nucleus (Arc), ventomedial nucleus
(VMH), dorsomedial nucleus (DMH), and tuberomammillary nucleus (TMN)
of the hypothalamus; locus coeruleus (LC); and ventral tegmental area (VTA).

2.4
Distributions of Orexin Receptors

Orexin receptors are expressed in regions which contain dense orexin projec-
tions, as described above. OX1R and OX2R mRNAs show partially overlapping
and partially distinct distribution patterns, suggesting that they play different
physiological roles.

OX1R is expressed in many brain regions, such as the prefrontal and in-
fralimbic cortex (IL), hippocampus (CA2), amygdala and bed nucleus stria
terminalis (BST), PVT, anterior hypothalamus, dorsal raphe (DR), VTA, LC,
and laterodorsal tegmental nucleus (LDT)/ pedunculopontine nucleus (PPT)
(Lu et al. 2002; Marcus et al. 2001). OX2R is expressed in the amygdala and
BST, PVT, DR, VTA, and LDT/PPT (Lu et al. 2002; Marcus et al. 2001). On the
other hand, OX2R is prominent in the Arc, TMN, DMH, paraventricular nu-
cleus (PVN), LHA in the hypothalamus, CA3 in the hippocampus, and medial
septal nucleus (Lu et al. 2002; Marcus et al. 2001). These histological findings
suggest that orexins and their receptors are involved in feeding, sleep, mem-
ory, and reward systems. These regions are major effector sites of orexins, as
later described in detail.

3
Neural Circuits of Orexin Neurons

3.1
Neuronal Afferents

Recently, upstream neuronal populations that make innervations to orexin
neurons in rodents were revealed in several studies (Sakurai et al. 2005;
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Yoshida et al. 2006). These studies showed that orexin neurons are inner-
vated by the lateral parabrachial nucleus (LPB), ventrolateral preoptic nu-
cleus (VLPO), medial and lateral preoptic areas, basal forebrain (BF), poste-
rior/dorsomedial hypothalamus, VTA, and median raphe nuclei (MnR). Many
neurons were identified in regions associated with emotion, including the IL,
amygdala, shell region of the nucleus accumbens, lateral septum (LS), and
BST.

From these regions, neurons send input to orexin neurons and regulate
orexin neuronal activity by secretion of particular neuromodulators. Many
electrophysiological and histological studies have identified several neuro-
transmitters and neuromodulators that activate or inhibit orexin neurons
(summarized in Table 1).

Hypothalamic regions preferentially innervate orexin neurons in the me-
dial and perifornical parts of the field, but most projections from the brain-
stem target the lateral part of the field, suggesting functional dichotomy of
orexin neurons. Another work also suggested that the lateral part of orexin
neurons is strongly linked to preferences for cues associated with drug and
food reward (Harris et al. 2005).

Table 1 Factors that influence the activity of orexin neurons

Excitation Receptor involved
Glutamate AMPA-R, NMDA-R mGluRs
Ghrelin GHS-R
CCK CCK-A
Neurotensin N.D.
Vasopressin V1a
Oxytocin OTR
CRH CRHR1
TRH TRHR
Ach (muscarinic) (20%) M3
GLP1 GLP1-R
GALP N.D.
Dopamine (D1)
ATP P2X

Inhibition Receptor involved
Glucose unknown
GABA GABA-A, GABA-B
Serotonin 5HT1A
Noradrenaline α2
Dopamine D2
Leptin ObR
Ach (muscarinic) (6%) N.D.
NPY Y1 (postsynaptic), Y2/Y5 (presynaptic)
Adenosine A1
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3.2
Local Interneurons

GABAergic input from local interneurons to orexin neurons is also im-
portant for organization of neuronal activity, because genetic disruption of
this input resulted in marked sleep/wake abnormality (Matsuki and Saku-
rai 2008, unpublished). Both postsynaptic and presynaptic GABAergic input
to orexin neurons strongly inhibits activity of orexin neurons. At the same
time, glutamatergic input might be important for regulation of orexin neu-
ronal activity. Overnight fasting promotes the formation of more excitatory
synapses and synaptic currents to orexin neurons (Horvath and Gao 2005).
Additionally, the fasting-induced increase of miniature excitatory presynap-
tic currents (mEPSCs) is blocked by leptin signals (Horvath and Gao 2005).
Orexin increases local glutamate signaling by facilitation of glutamate re-
lease from presynaptic terminals (Li et al. 2002). On the other hand, orexins
activate local GABA input to orexin neurons (Matsuki and Sakurai 2008, un-
published). These local GABAergic and glutamatergic interneuron networks
might play critical roles in the regulation of orexin neurons.

3.3
Efferents of Orexin Neurons

As discussed earlier, the densest staining of orexin-immunoreactive nerve
endings from orexin neurons in the LHA/PFA were found in the PVT, Arc,
VMH, VTA, LC, and TMN. There are many reports on the effects of orexins
on these neurons (summarized in Table 2). These regions are important for
maintenance of arousal, feeding, and reward systems.

4
Roles of Orexins in Regulation of Sleep/Wake States

4.1
Interaction with Sleep and Arousal Centers

The POA, especially the VLPO, appears to play a critical role in initiation
of non-rapid eye movement (NREM) sleep and maintenance of both NREM
and rapid eye movement (REM) sleep (Sherin et al. 1998). The VLPO sends
inhibitory projections to wake-active neurons producing wake-promoting
neurotransmitters, including histamine, norepinephrine, 5-HT, and acetyl-
choline (Lu et al. 2002; Sherin et al. 1998). Neurons in the VLPO fire at a rapid
rate during sleep, with attenuation of firing during the waking period. These
sleep-promoting neurons in the VLPO mostly contain GABA and/or galanin,
and are inhibited by wake-active transmitters, such as noradrenaline and
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Table 2 Summary of orexin output effects

Region Cell type Effect Function Refs.

Prefrontal Layer V pyramidal Glutamate Attention (Lambe and
cortex neurons (Glu) release Aghajanian 2003)
Prefrontal Layer 6b (Glu) Activation Arousal system (Bayer et al. 2004)
cortex
Hippocampus/ Acetylcholine Activation Arousal system (Selbach et al. 2004;
Septum (LS) GABA Schaffer LTP & theta Wu et al. 2004,

collateral rhythm REM sleep 2002)
CA3-CA1 plasticity

Amygdala Central medial Activation Fear/emotion (Bisetti et al. 2006)
nucleus

BST Activation Fear/emotion, (Mullett et al. 2000)
Autonomic
nervous system

Thalamus Rhomboid nucleus, Activation Arousal system (Bayer et al. 2002;
centromedial Huang et al. 2006)
nucleus

Basal Acetylcholine Activation Arousal system (Eggermann et al.
forebrain 2001)
Arc POMC Inhibition Feeding/energy (Ma et al. 2007)

regulation
Arc NPY Activation Feeding/energy (Li et al. 2002; van

regulation den Top et al. 2004)
Arc GABA Activation Feeding/energy (Burdakov et al.

regulation 2003)
VMH (Glucose-respon- Activation Autonomic (Monda et al. 2005;

sive neurons) responses Muroya et al. 2004)
PVN CRF Activation Stress/ (Kuru et al. 2000;

autonomic Sakamoto et al.
response 2004)

TMN Histamine Activation NREM sleep, (Bayer et al. 2001;
(direct and Arousal Yamanaka et al.
indirect) system 2002)

LHA Orexin Activation Feeding, (Li et al. 2002;
(indirect) Arousal, Li and van den Pol

Reward systems 2006)
LHA MCH Activation Feeding/energy (Li and van den Pol

(direct and regulation 2006; van den Pol
indirect) et al. 2004)

LHA Glu Activation Feeding, (Li et al. 2002;
Arousal, van den Pol et al.
Reward 1998)

LHA GABA Activation Feeding, (van den Pol et al.
Arousal, 1998; Matsuki 2008,
Reward unpublished)
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Table 2 (continued)

Region Cell type Effect Function Refs.

SNr GABA Inhibition Locomotion (Thorpe and Kotz
2005)

VTA/NAc Dopamine Activation Locomotion, (Borgland et al.
GABA Reward system 2006; Boutrel et al.

2005; Harris et al.
2005; Korotkova
et al. 2003;
Nakamura et al.
2000; Narita
et al. 2006)

LC Noradrenaline Activation Arousal system (Hagan et al. 1999;
Horvath et al. 1999;
van den Pol et al.
2002)

DR Serotonin Activation Arousal system (Brown et al. 2001,
2002)

LDT/PPT Acetylcholine Activation Locomotors, (Burlet et al. 2002;
(direct and REM sleep Takakusaki et al.
indirect) 2005; Xi et al. 2001)

Spinal cord Lamina 1 & X Activation Pain and (van den Pol et al.
thermal 2002; Yamamoto
sensation et al. 2002)

Spinal cord Sympathtic Activation Heart rate, (Antunes et al. 2001;
preganglionic blood pressure van den Top et al.
neurons 2003)

Abbreviations:
BF; basal forebrain, BST; bed nucleus stria terminalis, CM; central medial nucleus,
PVT; paraventricular nucleus of the thalamus, Arc; arcuate nucleus, VMH; vento-
medial nucleus, DMH; dorsomedial nucleus, LHA; lateral hypothalamic area, PFA; peri-
fornical area, PVN; paraventricular nucleus, TMN; tuberomammillary nucleus of the
hypothalamus, LC; locus coeruleus, VTA; vetral tegmental area, NAc; nucleus ac-
cumbens, LS; lateral septum, DR; dorsal raphe, LDT; laterodorsal tegmental nucleus,
PPT; pedunculopontine nucleus, DRG; dorsal root ganglion, GABA; γ -aminobutyric acid,
POMC; proopiomelanocortin, NPY; neuropeptide Y, MCH; melanin concentrating hor-
mone, CRF; corticotropin-releasing factor, Glu; glutamate

acetylcholine (Gallopin et al. 2000). GABAergic neurons in the POA densely
innervate orexin neurons (Sakurai et al. 2005; Yoshida et al. 2006). Orexin
neurons are strongly inhibited by both a GABAA receptor agonist, musci-
mol, and a GABAB receptor agonist, baclofen (Xie et al. 2006; Yamanaka
et al. 2003a). These observations suggest that VLPO neurons send GABAer-
gic inhibitory projections to orexin neurons (Fig. 2). This pathway might
be important in turning off orexin neurons during sleep. Also, orexin neu-
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Fig. 2 Input and output of orexin neurons in sleep/wake regulation. Orexin neurons regu-
late cortical arousal and promote wakefulness through the aminergic nuclei and other
arousal-related nuclei. On the other hand, in the sleep center, VLPO-GABAergic neurons
innervate orexin neurons. BF-cholinergic neurons also project to orexin neurons.

rons are innervated by BF-cholinergic neurons (Sakurai et al. 2005) (Fig. 2).
A cholinergic agonist, carbachol, activates some populations of orexin neu-
rons (Sakurai et al. 2005). This cholinergic input to orexin neurons probably
plays a role in stabilization of wakefulness (Sakurai et al. 2005). Furthermore,
serotonergic neurons send inhibitory projection to orexin neurons (Muraki
et al. 2004; Sakurai et al. 2005). Noradrenergic neurons might also have in-
hibitory effects on orexin neurons (Yamanaka et al. 2006). These inhibitory
feedback mechanisms might also be important for the stability of orexin neu-
ronal activity (Fig. 2).

4.2
Interaction with Waking Centers

How do the orexins regulate sleep/wake states, and why does lack of orexin
signaling result in narcolepsy-cataplexy?

The activity of monoaminergic neurons in the hypothalamus and brain
stem, including neurons in the TMN, LC, and DR, is known to be syn-
chronized and strongly associated with sleep/wake states. These groups play
a significant role in arousal maintenance (Saper et al. 2005). They fire toni-
cally during the awake state, less during NREM sleep, and not at all during
REM sleep (Vanni-Mercier et al. 1984). Since orexin neurons innervate and
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their receptors are expressed in these regions, it is suggested that orexin neu-
rons might be activated during the wakeful period, and that they exert an
excitatory influence on these wake-active neurons to sustain their activity
(Fig. 2). Consistent with this hypothesis, orexin neurons discharge during ac-
tive waking, and virtually cease firing during sleep, including the NREM and
REM periods, in vivo (Lee et al. 2005). In vitro, noradrenergic cells of the LC
(Hagan et al. 1999), dopaminergic cells of the VTA (Nakamura et al. 2000),
serotonergic cells of the DR (Brown et al. 2002; Liu et al. 2002), and histamin-
ergic cells of the TMN (Yamanaka et al. 2002) are all activated by orexins
(Fig. 2). Orexins also have a strong direct excitatory effect on cholinergic neu-
rons of the BF (Eggermann et al. 2001), which also play an important role
in regulating arousal (Alam et al. 1999). In addition, orexin neurons project
to LDT/PPT cholinergic neurons. Injection of orexin A into the LDT of cats
results in an increase in waking time and a decrease in REM sleep time (Xi
et al. 2001). In addition, orexin A induces long-lasting excitation of cholin-
ergic neurons in the LDT (Takahashi et al. 2002). On the contrary, orexin
A indirectly inhibits cholinergic neurons in the PPT via activation of GABAer-
gic local interneurons and GABAergic neurons in the substantia nigra pars
reticulata (Takakusaki et al. 2005). These results suggest that hypothalamic
orexin neurons affect the activity of LDT/PPT cholinergic neurons directly
and/or indirectly to appropriately regulate the ability of these cells to control
wakefulness and REM sleep (Fig. 2).

Some reports have shown that the effect of orexins on awake time is largely
mediated by activation of the TMN histaminergic system through OX2R. In
rats, intracerebroventricular (icv) injection of orexin during the light period
potently increases the awake period, and this effect is markedly attenuated
by the H1 antagonist, pyrilamine (Yamanaka et al. 2002). Furthermore, the
pharmacological effect of orexin A on waking time in mice is almost com-
pletely absent in histamine H1-receptor-deficient mice (Huang et al. 2001).
OX2R is abundantly expressed in the TMN, while OX1R is strongly expressed
in the LC. Therefore, the TMN-histaminergic pathway seems to be an import-
ant effector site of orexin for sleep/wake regulation.

Several findings indicate that signaling through OX1R is also important for
the proper regulation of vigilance states. However, OX2R knockout mice ex-
hibit characteristics of narcolepsy (Willie et al. 2003), and OX1R knockout
mice do not have any overt behavioral abnormalities and exhibit only very
mild fragmentation of the sleep/wake cycle (Willie et al. 2001). Interestingly,
the phenotype of OX2R knockout mice is less severe than that found in prepro-
orexin knockout mice and double receptor knockout (OX1R- and OX2R-null)
mice, which appear to have the same phenotype as prepro-orexin knockout
mice. Importantly, both OX2R knockout and prepro-orexin knockout mice are
similarly affected by behaviorally abnormal attacks of NREM sleep (“sleep
attacks”) and show a similar degree of disrupted wakefulness (Willie et al.
2003). In contrast, OX2R knockout mice are only mildly affected by cataplexy
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and direct transitions to REM sleep from an awake state, whereas prepro-
orexin knockout mice and OX1R/OX2R-double knockout mice are severely
affected. These observations suggest that OX1R also has additional effects on
sleep/wake regulation, especially inhibition and gating of REM sleep. These
findings suggest that despite the lack of an overt OX1R phenotype, loss of sig-
naling through both receptor pathways is necessary for emergence of a com-
plete narcoleptic phenotype. It is reasonable to think that the lack of obvious
phenotype in OX1R knockout mice might result from compensatory effects of
OX2R, while lack of OX2R cannot be compensated by OX1R.

These observations suggest that the profound dysregulation of wakeful-
ness in the narcolepsy syndrome emerges from loss of signaling through both
OX1R-dependent and OX2R-dependent pathways.

5
Roles of Orexins in Feeding Behavior

The finding of decreased caloric intake combined with an increased body
mass index in narcolepsy patients suggests that they have a feeding abnormal-
ity with reduced energy expenditure, or a low metabolic rate (Lammers et al.
1996; Schuld et al. 2000). Consistently, orexin neuron-ablated mice also show
hypophagia and late-onset obesity, although the degree of the obese pheno-
type critically depends on their genetic background (Hara et al. 2001, 2005).
The altered energy homeostasis in narcolepsy patients and mouse narcolepsy
models suggests a role of orexin in the regulation of energy homeostasis
(Honda et al. 1986; Schuld et al. 2000).

5.1
Interaction with Hypothalamic Neurons

The LHA has long been recognized as a “feeding center”, because electrical
stimulation of this area causes hyperphagia and obesity, whereas lesions yield
the opposite results (Anand and Brobeck 1951). Other hypothalamic regions,
including the Arc, VMH, DMH, and PVN, are also involved in energy home-
ostasis (Elmquist et al. 1999). Leptin-responsive or leptin-sensitive neurons
exist in the Arc, VMH, DMH, and LHA regions, in which the functional leptin
receptor (ObRb) and STAT3 are expressed (Elmquist et al. 2005; Hakansson
et al. 1999; Hakansson and Meiste 1998).These regions reciprocally project to
LHA neurons.

Intracerebroventricular injection of orexin increases feeding, and orexin
mRNA is increased upon fasting (Sakurai et al. 1998). POMC neurons and
NPY neurons in the Arc have been shown to innervate to orexin neurons
(Elias et al. 1999). Injection of agouti related protein (Agrp), which is an
endogenous antagonist for MC3/4Rs, resulted in the activation of orexin neu-
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rons, but not MCH and NPY neurons (Zheng et al. 2002). These findings
suggest that the orexin system is involved in the hypothalamic neuronal net-
work that regulates feeding behavior and energy homeostasis.

5.2
Regulation of Orexin Neurons by Humoral Factors

Orexin neurons respond to humoral and neuroendocrine factors as indicators
of energy balance. Changes in extracellular glucose concentration produce
electrophysiological changes in orexin neurons (Yamanaka et al. 2003a). In-
creasing extracellular glucose concentration, as well as leptin, induces marked
hyperpolarization and cessation of action potentials in orexin neurons. Con-
versely, decreasing the glucose concentration induces depolarization and in-
creases the frequency of action potentials in these same neurons (Burdakov
et al. 2005; Yamanaka et al. 2003a). Orexin neuron-ablated ataxin-3 Tg mice
cannot respond to fasting by increased locomotor activity and waking time.
Prepro-orexin mRNA level is also increased in hypoglycemic conditions, sug-
gesting that expression of the gene is also regulated by plasma glucose level
(Griffond et al. 1999; Moriguchi et al. 1999). Importantly, this mechanism is
sufficiently sensitive to encode variations in glucose levels, reflecting those
occurring physiologically between normal meals (Burdakov et al. 2005). A re-
cent study demonstrated that inhibition of orexin neurons by glucose is me-
diated by tandem-pore K+ (K2P) channels (Burdakov et al. 2006).

When applied in superfused solution, the orexigenic peptide, ghrelin, ac-
tivated 60% of dispersed orexin neurons, with depolarization and an increase
in action potential frequency (Yamanaka et al. 2003a). These findings are con-
sistent with the idea that orexin neurons act as sensors for the nutritional
status of the body (Sakurai et al. 1998). Consistently, prepro-orexin expres-
sion of normal and ob/ob mice is negatively correlated with changes in blood
glucose, leptin, and food intake (Yamanaka et al. 2003a).

5.3
Mechanism of Orexin-mediated Feeding

Supporting the physiological relevance of orexin in the control of feeding,
icv administration of anti-orexin antibody or an OX1R-selective antagonist
reduced food intake (Haynes et al. 2000; Yamada et al. 2000). Prepro-orexin
knockout mice and transgenic mice lacking orexin neurons ate less than con-
trol wild-type mice (Hara et al. 2001; Willie et al. 2001). Moreover, an OX1R
selective antagonist reduced food intake and ameliorated obesity of leptin-
deficient ob/ob mice (Haynes et al. 2002), suggesting that leptin deficiency
at least partly activates the orexin pathway to increase food intake. This is
consistent with electrophysiological findings showing that activity of orexin
neurons is inhibited by leptin. Orexin neurons densely project to the Arc
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(Date et al. 1999; Peyron et al. 1998; Yamanaka et al. 2000), and Fos expression
was induced in NPY neurons of the arcuate nucleus by icv injection of orexin,
suggesting that orexin-stimulated feeding may occur at least partly through
NPY pathways (Yamanaka et al. 2000). Electrophysiological data showed that
orexin directly and indirectly activated NPY neurons (Li and van den Pol
2006; van den Top et al. 2004), but inhibited proopiomelanocortin (POMC)
neurons (Ma et al. 2007; Muroya et al. 2004). Furthermore, the orexin A-
induced increase in food intake was partly inhibited by prior administration
of BIBO3340, an NPY-Y1 receptor antagonist, in a dose-dependent manner
(Yamanaka et al. 2000). These experiments suggest that orexin-stimulated
food intake is at least partially mediated by activation of NPY neurons.

Recent reports also showed that infusion of orexin A into the shell of
the nucleus accumbens (NAc) increased feeding behavior (Thorpe and Kotz
2005). In addition, infusion of the GABAA receptor agonist, muscimol, into
the NAc shell strongly induced food intake, and it simultaneously increased
Fos expression specifically in orexin neurons (Baldo et al. 2004). These find-
ings indicate that interactions between the orexin and limbic systems have
a role in the regulation of feeding.

Orexin-mediated maintenance of consolidated wake states might also be
important in supporting feeding behavior, because proper maintenance of
arousal during food searching and intake is essential for an animal’s survival.
For example, when faced with reduced food availability, animals adapt with
a longer awake period, which disrupts the normal circadian pattern of activ-
ity (Challet et al. 1997; Itoh et al. 1990). Consistently, transgenic mice with
ablated orexin neurons fail to respond to fasting with increased wakefulness
and activity (Yamanaka et al. 2003a). This suggests that orexin neurons have
a critical role in maintenance of arousal during the period in which the energy
balance is negative. These mechanisms may modulate the activity of orexin
neurons according to energy stores in order to maintain wakefulness.

5.4
Orexin as Effector of Food Entrainable Oscillator (FEO)

The activity of orexin neurons also contributes to the promotion and mainte-
nance of food anticipatory activity (FAA) (Akiyama et al. 2004; Mieda et al.
2004). Daily restricted feeding produces an anticipatory locomotor activity
rhythm and entrains the peripheral molecular oscillator, which is indepen-
dent of the central clock located in the suprachiasmatic nucleus (SCN). Re-
stricted feeding was shown to shift the peak of Fos expression of orexin
neurons from night to the period of restricted feeding (Akiyama et al. 2004;
Mieda et al. 2004). Formation of the FAA is severely impaired in orexin
neuron-ablated, orexin/ataxin-3, transgenic mice (Akiyama et al. 2004; Mieda
et al. 2004). Expression of mNpas2 mRNA, a transcription factor thought to
be involved in regulation of the FEO, as well as mPer1 and mBmal1 mRNA, is
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reduced in orexin/ataxin-3 mice. These observations suggest that orexin neu-
rons convey an efferent signal from the putative FEO or oscillators to increase
wakefulness and locomotor activity. The DMH was shown to have marked os-
cillation of mPer expression only under restricted feeding (Mieda et al. 2006).
Consistently, Gooley et al. also demonstrated that lesions in the DMH in rats
blocked food entrainment of wakefulness, locomotor activity, and core body
temperature (Gooley et al. 2006). However, Landry et al. reported that com-
plete ablation of the dorsomedial hypothalamic nucleus does not affect food
anticipatory activity rhythms in rats (Landry et al. 2006). The nature of the
discrepancy between these reports is unclear. However, taken in conjunction
with our recent finding that DMH neurons directly project to orexin neurons
(Sakurai et al. 2005), these findings indicate a possibility that a link between
DMH neurons and orexin neurons might play a key role as a central FEO in
the feeding-mediated regulation of circadian behavior.

The circuit for neurons in the hypothalamus and other regions in energy
homeostasis is summarized in Fig. 3.

Fig. 3 Input and output of orexin neurons in energy homeostasis. Orexin neurons regu-
late the hypothalamic nuclei involved in feeding behavior. Peripheral metabolic signals,
leptin, ghrelin, and glucose, and circadian rhythms influence orexin neuronal activity
to coordinate arousal and energy homeostasis. Input from the limbic system may also
influence feeding behavior.
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6
Roles of Orexins in Reward Systems

6.1
Input from Reward Systems

Orexin neurons receive projections from the VTA, NAc, and LS, regions in-
volved in reward systems (Yoshida et al. 2006). Dopamine inhibits orexin neu-
rons (Yamanaka et al. 2003b). In the LHA/PFA, dopamine has an inhibitory
influence on food intake and the reward pathways (Yang et al. 1997). On the
contrary, VTA neurons receive a projection from a part of the LHA/PFA in-
cluding orexin neurons (Fadel and Deutch 2002; Marcus et al. 2001). These
reciprocal interactions might constitute regulatory mechanisms of reward
systems (Fig. 4).

Fig. 4 Input and output of orexin neurons in reward systems. Stimulation of dopamin-
ergic, limbic, and cholinergic centers by orexins can modulate reward systems, motor
activity, and emotional arousal.

6.2
Output to Reward Systems

Orexin directly activates VTA dopaminergic neurons (Korotkova et al. 2003;
Nakamura et al. 2000), and orexin neurons abundantly innervate the VTA
(Fadel and Deutch 2002; Peyron et al. 1998). The dopamine receptor antag-
onist, haloperidol, blocks hyperlocomotion and stereotypy induced by icv
orexin (Nakamura et al. 2000). Intracerebroventricular or local VTA infu-
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sion of orexin is shown to reinstate drug-seeking or food-seeking behavior
in rodents (Boutrel et al. 2005; Harris et al. 2005). On the other hand, in-
jection of an orexin antagonist into the VTA blocks the development of
heroin-conditioned place preferences (Narita et al. 2006). Recent work has
also shown that orexin A input to the VTA potentiates N-methyl-d-aspartate
receptor (NMDAR)-mediated neurotransmission via PLC/PKC-dependent re-
cruitment of NMDARs in VTA dopamine neuron synapses in slice prepar-
ations (Borgland et al. 2006). Furthermore, in vivo administration of an OX1R
antagonist blocks locomotor sensitization to cocaine and occludes cocaine-
induced potentiation of excitatory currents in VTA dopamine neurons (Bor-
gland et al. 2006). These results suggest a critical role of orexin signaling in
the VTA in neural plasticity, and they imply that orexins play a critical role in
cocaine-induced psychomotor sensitization and reward-seeking. These find-
ings suggest roles of orexin in the mechanisms of reward systems and drug
addiction (Fig. 4).

These mechanisms are similar to CRF-induced sensitization of the acti-
vation of dopaminergic neurons by glutamate. Changes in synaptic efficacy,
such as those induced by orexin and CRF, are likely to underlie arousal re-
sponses to the environment. CRF activates orexin neurons directly (Winsky-
Sommerer et al. 2004). Increased activity of orexin neurons could also lead to
a state of hyperarousal and excitement propitious to drug craving, or could
contribute to the susceptibility to relapse of drug seeking during protracted
abstinence (de Lecea et al. 2006) (Fig. 4).

7
Orexins in Emotion, Stress Responses and Autonomic Nervous System

7.1
Input from Mesolimbic System

Input from the limbic system to orexin neurons might be involved in the regu-
lation of feeding and/or motivating behavior, because some of the affective
content of the perception of food is thought to be processed in the amyg-
dala and limbic system (Morton et al. 2006). In narcoleptic dogs, cataplexy
is triggered by recognition of highly palatable food and excited play, but nei-
ther noxious stimuli nor unfamiliar environments (John et al. 2004; Siegel
and Boehmer 2006). In rodents, cataplexy is most frequently linked to explo-
ration, burrowing, and investigation of the environment (Chemelli et al. 1999;
Hara et al. 2001). In humans, cataplexy is most frequently elicited by laugh-
ter, but not sadness or pain (Guilleminault and Gelb 1995; Guilleminault et al.
1998; Siegel and Boehmer 2006). A recent report showed that orexin neurons
have maximal activity during exploratory behavior, compared to grooming
and eating behavior in unanesthetized and freely moving rats (Mileykovskiy
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et al. 2005). They also reported that firing of orexin neurons decreased dur-
ing food aversion, a state characterized by high levels of attention and motor
activity.

On the other hand, the PFA, a region in which orexin neurons exist, has
been known as the center for defense responses, or “fight or flight” response
(Geerling et al. 2003; Jansen et al. 1995). The defense response is characterized
by a coordinated rise in arterial blood pressure, heart rate, and respira-
tory frequency. Pioneering work showed that electrical stimulation of the
posterior hypothalamus in cats elicited behavioral rage, along with specific
autonomic responses. These defense responses are induced by activation of
the BST and amygdala, or other regions involved in emotional responses. Fur-
thermore, the BST and amygdala nearly project to orexin neurons (Sakurai
et al. 2005). These pathways might be important for regulation of the activ-
ity of orexin neurons upon emotional stimuli to evoke emotional arousal or
fear-related responses. The importance of these inputs is readily apparent in
the defense response. In an awake and freely moving condition, prepro-orexin
knockout mice showed diminished cardiovascular and behavioral responses
to emotional stress in the resident-intruder paradigm (Kayaba et al. 2003).
These findings suggest that emotional states modulate the activity of orexin
neurons (Fig. 5).

Fig. 5 Input and output of orexin neurons in stress response and autonomic regulation.
Orexin neurons regulate the PVN and BST nucleus, which are involved in stress responses
and the autonomic nervous system. Orexin A administered into the LH significantly in-
crease cFos-immunoreactivity in the lateral septal area, CeA, shell of NAc, and BST. The
CeA, BST, and NAc also strongly project to orexin neurons. Input from the limbic system
may be important to regulate the activity of orexin neurons upon emotional stimuli to
evoke emotional responses.
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7.2
Stress Response

Orexin neurons are activated by cold exposure or immobilized stress
(Sakamoto et al. 2004). Orexin also enhances the pituitary release of adreno-
corticotropic hormone (ACTH). This response is mediated by CRF and AVP
in the PVN (Engelmann et al. 2004). The CRF peptidergic system in the PVN
provides an anatomical input to orexin neurons expressing CRF receptors
CRFR1 and CRFR2 (Winsky-Sommerer et al. 2004). CRF directly activates
a population of orexin neurons by acting on CRFR1. The number of orexin
neurons expressing c-Fos was markedly reduced in CRFR1 knockout mice
in both foot-shock challenge and restraint stress (Winsky-Sommerer et al.
2004). These results suggest that CRFR1 signaling is important for the acti-
vation of orexin neurons by physical stress.

Orexin neurons innervate the PVN, in which OX2R is abundantly expressed
(Lu et al. 2002; Marcus et al. 2001). Orexin enhances c-Fos expression, CRF,
and AVP mRNA expression in the PVN (Al-Barazanji et al. 2001; Brunton and
Russell 2003; Kuru et al. 2000). Orexin A strongly activates CRF-expressing
neurons in the PVN and the central nucleus of the amygdala (CeA) (Sakamoto
et al. 2004). These interactions between the orexin system and CRF neurons
might regulate arousal in stressful environments.

7.3
Orexin in Autonomic Nervous System

Intracerebroventricular orexin injection increases blood pressure and heart
rate, and these effects are abolished by prior administrations of an α or
β blocker (Shirasaka et al. 1999). Moreover, orexin-deficient mice show
10–15 mmHg lower blood pressure than wild-type littermates (Kayaba et al.
2003; Zhang et al. 2006). These results suggest that orexins physiologically
stimulate sympathetic outflow. Therefore, orexin deficiency might decrease
sympathetic tone, which might result in decreased energy expenditure. As
suggested from the effects on sympathetic tone, although orexins stimulate
feeding behavior, they do not slow the metabolic rate, as might be expected
in a system geared for weight gain. Instead, orexins both increase food in-
take and increase the metabolic rate (Lubkin and Stricker-Krongrad 1998).
Because animals must be aware and active when they seek and eat food,
this function might be important for feeding behavior. This suggests that the
function of orexins might support reward-seeking behavior with an increase
in vigilance, awareness, and sympathetic outflow.

Barrington’s nucleus in the midbrain also has dense innervations of orexin
neurons, and these neurons express OX2R (Marcus et al. 2001; Nambu et al.
1999; Peyron et al. 1998). These neurons are the center for the autonomic
nervous system involved in urinary function (Mitsuyoshi 2005). It remains
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unknown how these physiological functions are influenced by the orexin
system.

These networks for emotion and autonomic responses are summarized in
Fig. 5.

8
Clinical Implications

8.1
Orexin Deficiency and Narcolepsy-Cataplexy

Narcolepsy-cataplexy is a disabling sleep disorder affecting 0.02% of adults
worldwide (Dauvilliers et al. 2007). It is characterized by severe, irresistible
daytime sleepiness and sudden loss of muscle tone (cataplexy), and can be as-
sociated with sleep-onset paralysis and hypnagogic hallucinations, frequent
movement and awakening during sleep, and weight gain. Sleep monitor-
ing during night and day shows rapid sleep onset and abnormal, shortened
REM sleep latency. The onset of narcolepsy-cataplexy usually occurs during
teenage and young adulthood and persists throughout life. Since narcolepsy-
cataplexy has no cure, its management relies on symptomatic treatment.
This includes psycho-stimulants, including modafinil, methylphenidate, am-
phetamine, and caffeine for excessive daytime sleepiness and sleep attacks,
and tricyclic antidepressants and selective serotonin reuptake inhibitors
(SSRI) for cataplexy and other REM-associated symptoms. Hypnotics are
also used for disturbed night-time sleep. Pathophysiological studies have
shown that the disease is caused by early loss of orexin-producing neu-
rons in the hypothalamus. The cause of neuronal loss could be autoim-
mune, since most patients have the HLA DQB1*0602 allele, which predisposes
to the disorder. Because narcolepsy-cataplexy is a disorder of organization
of the sleep/wake cycle, resulting from an absence of orexin, replacement
therapy using orexin receptor agonists may provide an effective treatment
for narcolepsy.

8.2
Orexin Agonists

Chronic overproduction of orexin peptides from an ectopically expressed
transgene prevented the development of narcolepsy syndrome in orexin
neuron-ablated orexin/ataxin-3 mice (Mieda et al. 2004) (schematic model in
Fig. 6A). Acute administration of orexin A also maintained wakefulness, sup-
pressed sleep, and inhibited cataplectic attacks in narcoleptic mice (Mieda
et al. 2004). However, chronic overexpression of orexin in an unregulated
fashion results in fragmentation of non-REM sleep. Therefore, if orexin agon-
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Fig. 6 Mechanism by which orexin system stabilizes sleep and wakefulness. Schematic
summary of interactions between orexin neurons and monoaminergic waking center and
VLPO sleep center under normal, agonist, and antagonist treatment states. Arrows show
excitation and bars show inhibition. A Agonist treatment. In narcolepsy, monoaminer-
gic neurons and VLPO neurons set up a mutually inhibitory circuit, which can cause
unwanted abrupt transitions between each state. Administration of orexin agonists acti-
vates and has an increased excitatory influence on monaminergic cells to maintain their
activity. These monoaminergic cells send excitatory projections to the forebrain cortex,
and inhibitory projections to the VLPO sleep center. These mechanisms maintain awake
states and a balanced sleep/awake state. B Antagonist treatment. Orexin neurons send
excitatory influences to monaminergic neurons, and monoaminergic neurons send in-
hibitory feedback projections to orexin neurons. This system might maintain the activity
of monoaminergic neurons. Then, administration of an orexin antagonist results in inhi-
bition of monoaminergic neurons. This effect maintains sleep states.

ists were available, a short half-life (<12 hr) might be desirable. Attempts
at using orexin-based treatment after peripheral administration have been
disappointing, since the peptides do not cross the blood—brain barrier
(Mignot and Nishino 2005). Unfortunately, currently there are no reported
non-peptide orexin receptor agonists. Orexin-based therapy, such as direct
use of orexin receptor agonists (Mieda et al. 2004) and orexin neuron trans-
plantation, is currently under investigation in animal models.

Orexin-immunoreactive fibers innervate the spinal cord, especially dorsal
root ganglion (DRG) neurons and lamina I and X surrounding the central
canal (van den Pol 1999). OX1R is localized on C-fibers in the spinal cord



Orexins and Orexin Receptors: From Molecules to Integrative Physiology 47

(Hervieu et al. 2001). These data suggest that the spinal orexin system is
involved in transmission of nociceptive information. Several studies have
shown that an orexin receptor agonist produces an analgesic effect in a rat
model (Bingham et al. 2001; Yamamoto et al. 2002). Thus, orexin receptor
agonists could possibly also be useful for pain control (Kajiyama et al. 2005;
Mobarakeh et al. 2005).

8.3
Orexin Antagonists

There is much evidence suggesting that the orexin system is involved in the
regulation of feeding, wakefulness, and reward. Several pharmaceutical com-
panies have shown interest in the potential therapeutic application of non-
peptide, low molecular weight orexin receptor antagonists (review; (Bingham
et al. 2006). Orexin receptor antagonists might be effective for inducing sleep
and treating insomnia patients (schematic model in Fig. 6B). Recently, it was
reported that a new dual orexin receptor antagonist (ACT-078573) selectively
blocks both OX1R and OX2R at nanomolar concentrations (Brisbare-Roch
et al. 2007). The drug is orally active and rapidly enters the brain. Although
the drug thoroughly blocks orexin signaling and produces sleepiness, it does
not appear to produce cataplexy. This drug was effective for promoting sleep
when given to rodents and dogs during the active period, but it had no ef-
fect when given during the rest period. Accordingly, this drug may be very
effective in shift workers or people with jet lag trying to sleep when their
biological clock is signaling wakefulness. The company indicated that the
compound was suitable for use as a sleep quality improver, and the drug has
progressed to phase II clinical trials for insomnia (Actelion Ltd. Press Release
2006).

Another possible use of orexin receptor antagonists includes withdrawal
from drug addiction. A selective OX1R antagonist, SB334867A, significantly
suppressed morphine-induced place preference and hyperlocomotion (Harris
et al. 2005; Narita et al. 2006), and it blocked the reinstatement of previ-
ously extinguished cocaine-seeking behavior and locomotor sensitization to
cocaine (Borgland et al. 2006; Boutrel et al. 2005). These studies indicate that
the orexin system is directly implicated in reward systems.

Several research groups have demonstrated that an effect of the orexin-
induced increase of food consumption is blocked by an OX1R antagonist
(SB-334867) (Bingham et al. 2006). Studies using strains of mice and rats
that differ in susceptibility to diet-induced obesity have also demonstrated
the anorexic effect of SB334867A. Furthermore, SB334867A blocks 2-DG- and
orexin A-induced gastric acid secretion in rats. Although to date there is no
report of an OX1R antagonist in clinical development, OX1R antagonists may
have therapeutic utility in the treatment of obesity.
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9
Conclusion

Symptoms of narcolepsy unequivocally show that orexins and orexin re-
ceptors play highly important roles in regulating sleep/wake states and the
maintenance of arousal by regulating monoaminergic/cholinergic nuclei in
the brain. At the same time, this system is also related to the limbic system,
reward systems, and hypothalamic mechanisms that regulate energy homeo-
stasis.

The link between the limbic system and orexin neurons might be im-
portant for emotional arousal and sympathetic responses during emotional
events. On the other hand, the responsiveness of orexin neurons to peripheral
metabolic cues, leptin, and glucose suggests that these cells might act as a sen-
sor for the metabolic status of animals. These findings indicate that orexin
neurons provide a crucial link between energy balance, emotion, reward sys-
tems, and arousal.
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