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Abstract

Lateral hypothalamic neuropeptides, orexins, have been recognized as one of the most
important regulators of sleep/wakefulness states. Besides, these peptides are also
regarded as an important factor that regulates feeding behavior, owing to their
localization within the lateral hypothalamic area, the classic “feeding center”,
pharmacological activities, and the fact that prepro-orexin mRNA is upregulated when
animals are fasted. This review summarizes the role of orexins in the regulation of
feeding behavior and body weight homeostasis in relation to other systems that involve

orexinergic neurotransmission.

Introduction

Orexins are hypothalamic neuropeptides identified in 1998'. Several studies showed
that orexin deficiency causes narcolepsy in humans and animals, implicating these
hypothalamic neuropeptides in play a critical role in the regulation of sleep/wakefulness
states?®. However, orexins were initially recognized as regulators of feeding behavior,
firstly because of their exclusive production in the lateral hypothalamic area (LHA), a
region known as the “feeding center”, and secondly because of their pharmacological
activity; intracerebroventricular (ICV) injection of orexins induced feeding behavior in
rats and mice®’®. Recent studies suggested that further orexins play further roles in
the coordination of emotion, energy homeostasis, reward system, drug addiction, and

arousal’®"’. This review focuses especially on the role of orexins in the regulation of

2



feeding, body weight and energy homeostasis in relation to other systems in which

orexins are shown to be involved (Fig. 1).

1.0verview of the orexin system
1-1.0rexins and their structures
In 1998, we identified novel neuropeptides, orexin A and orexin B, from rat brain
extracts as two endogenous ligands for two orphan G-protein-coupled receptors by a
method so-called "reverse pharmacology”, which utilized receptor-expressing cell lines
as the assay system’. Molecular cloning studies showed that both orexin A and orexin B
are derived from a common precursor peptide, prepro-orexin. An mRNA encoding the
same precursor peptide was independently identified by de Lecea et al. as a
hypothalamus-specific transcript’®. de Lecea et al. predicted that the transcript
encoded a polypeptide precursor that is proteolytically cleaved to produce two
isopeptides, and named them as hypocretin-1 and hypocretin-2 (corresponding to orexin
A and orexin B, respectively).

Orexin A and orexin B constitute a novel distinct peptide family, showing no
significant homology with any other peptides®®. ~ Structural analysis of purified peptide

showed that orexin A is a 33-amino-acid peptide with an N-terminal pyroglutamyl



residue, two intra-chain disulfide bonds, and C-terminal amidation. This structure is
completely conserved among mammalian species (human, rat, mouse, cow, sheep, dog
and pig). Orexin B is a 28-amino-acid, C-terminally amidated linear peptide. Amino
acid sequences of various species of orexin B show that there are several inter-species
differences, although highly conserved. The C-terminal half of orexin B is very similar

to that of orexin A, whereas the N-terminal half is more variable.

1-2 Transcriptional regulation of orexin
Prepro-orexin mRNA is highly specifically expressed by a population of neurons which
are located in and around the LHA?. The expression of orexin has been shown to be
upregulated by fasting®, suggesting that the transcriptional regulatory sytem of orexin
gene should include the mechanisms that restrict the expression of orexin mRNA in a
selective population of neurons in the LHA, and that increase its expression during
fasting. However, very limited information has been available to elucidate these
mechanisms so far.

The 3.2-kb 5'-flanking region of the human prepro-orexin gene is sufficient for
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the specific expression in orexin neurons™ <", and thus has been used as a promoter to

drive specific expression in orexin neurons. We found two phylogenetically conserved



regions located 287-bp (orexin regulatory element (OE) 1) and 2.5-kb (OE2) upstream
of the transcription initiation site in the human prepro-orexin gene. In transgenic mice,
both OE1 and OE2 are necessary for expressing the human prepro-orexin gene in the
LHA and for repressing its expression in the medial regions of the hypothalamus. The
57-bp core region of OEL is critical for the spatial gene regulatory function of
prepro-orexin gene in vivo, which contains crucial cis-acting elements regulating
prepro-orexin gene expression specifically in the LHA®.

Recently, the forkhead box transcription factor Foxa2, a downstream target of
insulin signaling, was shown to regulate the expression of orexin?. During fasting,
Foxa2 binds to orexin promoter to stimulate the expression. In fed and in
hyperinsulinemic obese mice, insulin signaling leads to nuclear exclusion of Foxa2 and
reduces expression of orexin. Constitutive activation of Foxa2 in the brain results in
increased neuronal orexin as well as MCH expressions and increased food consumption,
energy expenditure and insulin sensitivity. Conditional activation of Foxa2 through the
T156A mutation also resulted in improved glucose homeostasis, decreased body fat and
increased lean body mass. These results suggest that Foxa2 acts as a metabolic sensor in
orexin and MCH neurons to integrate metabolic signals, adaptive behavior and

physiological responses.



1-3.0rexin Receptors
The actions of orexins are mediated by two G-protein coupled receptors (GPCRS),
orexin 1 and orexin 2 receptors (OX1R and OX2R, also known as Hcrtrl and Hcrtr2).
OX1R has one-order-of-magnitude greater affinity for orexin A over orexin B. In
contrast, OX2R binds both ligands with similar affinities'. OX1R couples to Gy
class of G-protein. Activation of this pathway results in activation of phospholipase C to
trigger the phosphatidylinositol cascade and influx of extracellular Na* and Ca*
concentrations, presumably through activation of transient receptor potential (TRP)
channels leading to depolarization of neurons. OX2R is shown to couples to both
Gqu1 or Gi-classes of G-proteins in a neuronal cell line?, although the physiological
relevance of Gi-mediated pathway downstream of OX2R has not been identified.

OX1R and OX2R exhibit a partially similar but partially distinct and basically
complementary distribution, suggesting that these receptors have different physiological

roles through different neuronal pathways .

1-4.0rexin-producing Neurons



Orexin neurons, which have been assumed to number around 3,000 in rat brains, or

70,000 in human brains*®?®

, are localized exclusively in the hypothalamus, including
the lateral hypothalamic area (LHA), perifornical area, and posterior hypothalamus (PH)
182526 several factors were shown to be colocalized in orexin neurons, including
dynorphine, neuronal activity regulated rentraxin (NARP), delta-like 1 homolog
(DLK-1), and neurotensin®’. Orexin neurons also express vesicular glutamate
transporter 2 (vGIuT2), suggesting these neurons are also glutamatergic. Glutamatergic
neurotransmission by orexin neurons was electrophysiologically demonstrated in
tuberomammillary nucleus (TMN) histaminergic neurons using optogenetic

stimulation?®, although the physiological relevance of the capability of orexin neurons

to elicit fast glutamatergic neurotransmission on target neurons has remained unknown.

A number of factors that influence firing rates or membrane potential of orexin
neurons have been identified (Table 1). Several humoral factors that are implicated in
energy homeostasis were found to affect the activity of orexin neurons. Cholecystokinin
(CCK-8S) and a mixture of amino acids were shown to activate orexin neurons®>2,

whereas glucose, a BRS3 agonist and leptin inhibit them. These observations suggest

that orexin neurons might be sensing peripheral metabolic states.



1-5.Physiological roles of orexins

Orexins have been recognized as multi-tasking peptides implicated in a variety of
physiological functions, including the regulations of sleep/wakefulness states, feeding
behavior, energy homeostasis, reward system, stress response, cognitive functions,
emotional memory, endocrine function, thermogenesis and the autonomic nervous
system. Among these, the most significant physiological role of orexins is thought to be
that in the regulation of sleep/wakefulness states. This role was highlighted by the
findings that orexin deficiency causes sleep disorder narcolepsy in humans and

33-35

animals®>*2, Please refer to other reviews on these functions®*?°, since this review

would focus on the role of orexins in the energy homeostasis.

2. Roles of orexin in the regulation of feeding behavior

This section discusses the role of orexins in the regulation of feeding behavior, which is
a main focus of this review.

2-1 Orexin and Feeding Behavior

The role in the regulation of feeding behavior was the first described physiological
function of orexins®. We first reported the orexigneic effect of intracerebroventricular

administration of orexin A and orexin B in rats. This effect was validated by several



subsequent studies in several species®*. Furthermore, antibody for orexin or an

antagonist of OX1R was shown to decrease food intake when administered centrally*®=’.

Consistently, orexin deficient mice show significantly decreased food intake*%.

One of the proposed functions of the orexin system in the regulation of energy
homeostasis is to integrate metabolic state in the wakefulness to support feeding
behavior******. Our group showed that mice lacking orexin neurons do not show an
increase in wakefulness or locomotor activity in response to starvation''. This suggests
that orexin plays an important role in evoking appropriate behavior in response to
negative energy balance.

The first paper describing the identification of orexin had already reported that
prepro-orexin MRNA was upregulated when animals were fasted, suggesting that orexin
neurons sense animal’s fasting status'. Subsequently, several reports suggested that
orexin neurons are inhibited by glucose, triglycerides, and amino acids™**%*,
Furthermore, orexin neurons are inhibited by leptin, while excited by ghrelin'*. These
observations suggest that orexin neurons are sensing these factors to monitor animals’
nutritional states, and integrating this information, and evoking necessary level of

arousal.

Orexin neurons might also directly affect neuronal circuits within the



hypothalamus that are implicated in the regulation of feeding behavior. Orexins were
shown to inhibit the VMH glucoreceptor neurons, while excite the arcuate nucleus
(ARC) NPY neurons and the LHA MCH neurons****. Furthermore, local application of
orexin in the PVH, DMH, and LHA was shown to increase food intake*>*®. A recent
study showed that the area postrema and NTS are involved in the orexin mediated
feeding®’. Application of orexin A into the nucleus of accumbens shell was reported to
increase feeding®. These studies suggest that orexin evokes feeding behavior through
multiple pathways.

Orexin might also play an important role in the hedonic aspect of feeding.
Orexin was shown to evoke motivation to feeding, especially for palatable food**™".
Consistently, OX1R is shown to be involved in the reward regulation by orexin®?>*.
Furthermore, the mu-opioid receptor agonist, DAMGO
(D-Ala(2)-N-MePhe(4)-Gly-ol(5)-enkephalin) -induced feeding in the NAc shell was

shown to be dependent on an activation of OX1R>. These observations suggest that

orexins are involved in the regulation of feeding through multiple pathways.

2-2. Roles of orexin in the regulation of body weight homeostasis

While orexins play a role in regulating feeding behavior, they are also involved in the
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regulation of energy expenditure, which affects body weight homeostasis.

Narcolepsy patients were shown to have increased incidence of obesity despite
being hypophagic, which is consistent with animal studies that showed orexin
deficiency results in obesity in mice®®. Obesity with BMI value over 30 is twice more
common in narcolepsy patients than in general population®®. Furthermore, narcoleptic
patients were shown to be more obese than patients with idiopathic hypersomnia,
suggesting that sleepiness and reduced activity in narcoleptic patients are not sole cause
for the obesity®.

Orexins have unique characteristics in feeding and energy expenditure: They
increase feeding and energy expense simultaneously in response to various inner and
outer environmental cues. Acute administration of orexin promotes feeding, although
orexin deficiency in humans and mice is rather associated with obesity®%3*,
Conversely, transgenic mice with orexin overexpression show resistance to high-fat
diet-induced obesity and insulin insensitivity’®. Genetic study indicated that
OX2R-mediated signaling predominantly mediates this effect®™. Likewise, chronic
central administration of an OX2R-agonist peptide inhibits diet-induced obesity®.

Furthermore, orexin overexpression enhances the anorectic-catabolic effects of central

leptin administration, while obese leptin-deficient mice are completely resistant to the
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metabolic effects of orexin overexpression or OX2R agonist administration®®. These
observations suggest that enhanced orexin-OX2R signaling confers resistance to
diet-induced features of the obesity and metabolic syndrome.

Orexins also increase insulin sensitivity through OX1R in VMH neurons, and
enhance feeding-associated glucose utilization in skeletal muscle by increasing the
activity of the sympathetic nervous system®. These observations suggest that orexins
are monitoring animals’ nutritional states and appropriately control arousal and
peripheral metabolism through the regulation of the autonomic nervous system. Orexins
were also shown to be involved in the diet-induced thermogenic function, which is
important to resist weight gain when animals are exposed to increased caloric load®.

Together, these observations suggest that in a broad sense, orexin neurons are
involved in sensing the body’s external and internal environments, and regulate feeding
behavior, vigilance states, and metabolic functions accordingly, which is beneficial for

survival.

Conclusion

Orexins were initially shown to be involved in the regulations of feeding behavior.
Subsequently, their roles in the regulation of sleep/wakefulness states was highlighted
by the discovery that orexin-deficiency causes narcoleptic phenotypes in animals and

humans. Sleep and wakefulness are regulated to occur at appropriate times that are in
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accordance with animals’ internal and external environments. Avoiding danger and
finding food, which are life-essential activities that are regulated by emotion, reward
and energy balance, require vigilance and wakefulness. Orexin neurons receive
abundant input from the limbic system1415, which might be important for increasing
arousal in the emotionally-relevant situations (Fig. 1). Orexin neurons are also
regulated by peripheral metabolic cues, including ghrelin, leptin and glucose, indicating
that orexin neurons might provide a link between energy homeostasis and vigilance
states. Together, these observations suggest that orexin neurons are involved in sensing
the body’s external and internal environments and regulate states of sleep and

wakefulness accordingly, which is beneficial for survival.

References

1 Sakurai, T. et al Orexins and orexin receptors: a family of hypothalamic
neuropeptides and G protein-coupled receptors that regulate feeding behavior. Cel/
92, 573-585 (1998).

2 Peyron, C. et al. A mutation in a case of early onset narcolepsy and a generalized
absence of hypocretin peptides in human narcoleptic brains. Nat. Med. 9, 991-997
(2000).

3 Thannickal, T. C. et al Reduced number of hypocretin neurons in human narcolepsy.
Neuron 27, 469-474 (2000).

4 Chemelli, R. M. et al. Narcolepsy in orexin knockout mice: molecular genetics of
sleep regulation. Cel/98, 437-451 (1999).

5 Lin, L. et al. The sleep disorder canine narcolepsy is caused by a mutation in the
hypocretin (orexin) receptor 2 gene. Cell 98, 365-376 (1999).

6 Hara, J. et al. Genetic ablation of orexin neurons in mice results in narcolepsy,
hypophagia, and obesity. Neuron 30, 345-354 (2001).

7 Haynes, A. C. et al. Anorectic, thermogenic and anti-obesity activity of a selective
orexin-1 receptor antagonist in ob/ob mice. Regul Pept. 104, 153-159 (2002).

8 Haynes, A. C. et al A selective orexin-1 receptor antagonist reduces food

13



10

11

12

13

14

15

16

17

18

19

20

21

22

23

consumption in male and female rats. Regul Pept. 96, 45-51 (2000).

Edwards, C. M. et al The effect of the orexins on food intake: comparison with
neuropeptide Y, melanin-concentrating hormone and galanin. /. Endocrinol. 160,
R7-12 (1999).

Boutrel, B. et al Role for hypocretin in mediating stress-induced reinstatement of
cocaine-seeking behavior. Proc Natl Acad Sci U S A. 102, 19168-19173 (2005).
Yamanaka, A. et al Hypothalamic orexin neurons regulate arousal according to
energy balance in mice. Neuron 38, 701-713 (2003).

Akiyama, M. et al Reduced food anticipatory activity in genetically orexin
(hypocretin) neuron-ablated mice. EurJ Neurosci. 20, 3054-3062. (2004).

Mieda, M. et al Orexin neurons function in an efferent pathway of a
food-entrainable circadian oscillator in eliciting food-anticipatory activity and
wakefulness. J Neurosci. 24, 10493-10501 (2004 ).

Sakurai, T. et al. Input of Orexin/Hypocretin Neurons Revealed by a Genetically
Encoded Tracer in Mice. Neuron 46, 297-308 (2005).

Yoshida, K., McCormack, S., Espana, R. A., Crocker, A. & Scammell, T. E. Afferents
to the orexin neurons of the rat brain. J Comp Neurol. 494, 845-861 (2006).

Harris, G. C., Wimmer, M. & Aston-Jones, G. A role for lateral hypothalamic orexin
neurons in reward seeking. Nature 437, 556-559 (2005).

Narita, M. et al Direct involvement of orexinergic systems in the activation of the
mesolimbic dopamine pathway and related behaviors induced by morphine. </
Neurosci. 26, 398-405 (2006).

de Lecea, L. et al The hypocretins: hypothalamus-specific peptides with
neuroexcitatory activity. Proc Natl Acad Sci U S A. 95, 322-327 (1998).

Willie, J. T., Chemelli, R. M., Sinton, C. M. & Yanagisawa, M. To eat or to sleep?
Orexin in the regulation of feeding and wakefulness. Annu Rev Neurosci. 24,
429-458 (2001).

Moriguchi, T., Sakurai, T., Takahashi, S., Goto, K. & Yamamoto, M. The human
prepro-orexin gene regulatory region that activates gene expression in the lateral
region and represses it in the medial regions of the hypothalamus. 7The Journal of
biological chemistry 277, 16985-16992, doi:10.1074/jbc.M 107962200 (2002).

Sakurai, T. et al. Structure and function of human prepro-orexin gene. The Journal
of biological chemistry 274, 17771-17776 (1999).

Silva, J. P. et al. Regulation of adaptive behaviour during fasting by hypothalamic
Foxa2. Nature 462, 646-650, doi:10.1038/nature08589 (2009).

Zhu, Y. et al Orexin receptor type-1 couples exclusively to pertussis

14



24

25

26

27

28

29

30

31

32

33

34

35

36

toxin-insensitive G-proteins, while orexin receptor type-2 couples to both pertussis
toxin-sensitive and -insensitive G-proteins. o/ Pharmacol Sci. 92, 259-266. (2003).
Marcus, J. N. et al Differential expression of orexin receptors 1 and 2 in the rat
brain. J Comp Neurol. 435, 6-25 (2001).

Nambu, T. et al. Distribution of orexin neurons in the adult rat brain. Brain Res. 827,
243-260 (1999).

Date, Y. et al. Orexins, orexigenic hypothalamic peptides, interact with autonomic,
neuroendocrine and neuroregulatory systems. Proc Natl Acad Sci U S A. 96, 748-753
(1999).

Furutani, N. et al Neurotensin co-expressed in orexin-producing neurons in the
lateral hypothalamus plays an important role in regulation of sleep/wakefulness
States. PLoS One 8, 62391, doi:10.1371/journal.pone.0062391 (2013).

Schone, C. et al Optogenetic probing of fast glutamatergic transmission from
hypocretin/orexin to histamine neurons in situ. 7he Journal of neuroscience - the
official journal of the Society for Neuroscience 32, 12437-12443,
doi:10.1523/JNEUROSCI.0706-12.2012 (2012).

Tsujino, N. et al. Cholecystokinin activates orexin/hypocretin neurons through the
cholecystokinin A receptor. The Journal of neuroscience - the official journal of the
Society for Neuroscience 25, 7459-7469 (2005).

Tsunematsu, T. et al. Vasopressin increases locomotion through a Vla receptor in
orexin/hypocretin neurons: implications for water homeostasis. The Journal of
neuroscience - the official journal of the Society for Neuroscience 28, 228-238 (2008).
Yamanaka, A., Tabuchi, S., Tsunematsu, T., Fukazawa, Y. & Tominaga, M. Orexin
directly excites orexin neurons through orexin 2 receptor. The Journal of
neuroscience - the official journal of the Society for Neuroscience 30, 12642-12652,
doi:10.1523/JNEUROSCI.2120-10.2010 (2010).

Karnani, M. M. et al. Activation of central orexin/hypocretin neurons by dietary
amino acids. Neuron 72, 616-629, doi:10.1016/j.neuron.2011.08.027 (2011).

Sakurai, T. The neural circuit of orexin (hypocretin): maintaining sleep and
wakefulness. Nature reviews. Neuroscience 8, 171-181, doi:10.1038/nrn2092 (2007).
Mieda, M. & Sakurai, T. Overview of orexin/hypocretin system. Progress in brain
research 198, 5-14, doi:10.1016/B978-0-444-59489-1.00002-1 (2012).

Sakurai, T. & Mieda, M. Connectomics of orexin-producing neurons: interface of
systems of emotion, energy homeostasis and arousal. Trends in pharmacological
sciences 32, 451-462, doi:10.1016/j.tips.2011.03.007 (2011).

Yamada, H., Okumura, T., Motomura, W., Kobayashi, Y. & Kohgo, Y. Inhibition of

15



37

38

39

40

41

42

43

44

45

46

47

food intake by central injection of anti-orexin antibody in fasted rats. Biochemical
and biophysical research communications 267, 527-531, doi:10.1006/bbrc.1999.1998
(2000).

Haynes, A. C. et al A selective orexin-1 receptor antagonist reduces food
consumption in male and female rats. Regulatory peptides 96, 45-51 (2000).

Hara, J., Yanagisawa, M. & Sakurai, T. Difference in obesity phenotype between
orexin-knockout mice and orexin neuron-deficient mice with same genetic
background and environmental conditions. Neuroscience letters 380, 239-242,
doi:10.1016/j.neulet.2005.01.046 (2005).

Burdakov, D., Gerasimenko, O. & Verkhratsky, A. Physiological changes in glucose
differentially modulate the excitability of hypothalamic melanin-concentrating
hormone and orexin neurons in situ. 7he Journal of neuroscience - the official
Journal of the Society for Neuroscience 25, 2429-2433,
doi:10.1523/JNEUROSCI.4925-04.2005 (2005).

Venner, A. et al. Orexin neurons as conditional glucosensors: paradoxical regulation
of sugar sensing by intracellular fuels. The Journal of physiology 589, 5701-5708,
doi:10.1113/jphysiol.2011.217000 (2011).

Chang, G. Q., Karatayev, O., Davydova, Z. & Leibowitz, S. F. Circulating
triglycerides impact on orexigenic peptides and neuronal activity in hypothalamus.
Endocrinology 145, 3904-3912, doi:10.1210/en.2003-1582 (2004).

van den Pol, A. N., Acuna-Goycolea, C., Clark, K. R. & Ghosh, P. K. Physiological
properties of hypothalamic MCH neurons identified with selective expression of
reporter gene after recombinant virus infection. Neuron 42, 635-652 (2004).
Shiraishi, T., Oomura, Y., Sasaki, K. & Wayner, M. J. Effects of leptin and orexin-A
on food intake and feeding related hypothalamic neurons. Physiology & behavior 71,
251-261 (2000).

Yamanaka, A. et al. Orexin-induced food intake involves neuropeptide Y pathway.
Brain research 859, 404-409 (2000).

Dube, M. G., Kalra, S. P. & Kalra, P. S. Food intake elicited by central
administration of orexins/hypocretins: identification of hypothalamic sites of action.
Brain research 842, 473-477 (1999).

Thorpe, A. J., Mullett, M. A., Wang, C. & Kotz, C. M. Peptides that regulate food
intake: regional, metabolic, and circadian specificity of lateral hypothalamic orexin
A feeding stimulation. American journal of physiology. Regulatory, integrative and
comparative physiology 284, R1409-1417, doi*10.1152/ajpregu.00344.2002 (2003).

Baird, J. P. et al. Orexin-A hyperphagia: hindbrain participation in consummatory

16



48

49

50

51

52

53

54

55

56

57

58

59

feeding responses. Endocrinology 150, 1202-1216, doi:10.1210/en.2008-0293 (2009).
Thorpe, A. J. & Kotz, C. M. Orexin A in the nucleus accumbens stimulates feeding
and locomotor activity. Brain research 1050, 156-162,
doi:10.1016/j.brainres.2005.05.045 (2005).

Borgland, S. L. et al Orexin A/hypocretin-1 selectively promotes motivation for
positive reinforcers. The Journal of neuroscience - the official journal of the Society
for Neuroscience 29, 11215-11225, doi:10.1523/JNEUROSCI.6096-08.2009 (2009).
Borgland, S. L., Ungless, M. A. & Bonci, A. Convergent actions of orexin/hypocretin
and CRF on dopamine neurons: Emerging players in addiction. Brain research 1314,
139-144, doi:10.1016/j.brainres.2009.10.068 (2010).

Thorpe, A. J., Teske, J. A. & Kotz, C. M. Orexin A-induced feeding is augmented by
caloric challenge. American journal of physiology. Regulatory, integrative and
comparative physiology 289, R367-R372, doi:10.1152/ajpregu.00737.2004 (2005).
Harris, G. C., Wimmer, M. & Aston-Jones, G. A role for lateral hypothalamic orexin
neurons in reward seeking. Nature 437, 556-559, doi:10.1038/nature04071 (2005).
Choi, D. L., Davis, J. F., Fitzgerald, M. E. & Benoit, S. C. The role of orexin-A in food
motivation, reward-based feeding behavior and food-induced neuronal activation in
rats. Neuroscience 167, 11-20, doi:10.1016/j.neuroscience.2010.02.002 (2010).

Sharf, R. et al Orexin signaling via the orexin 1 receptor mediates operant
responding for food reinforcement. Biological psychiatry 67, 753-760,
doi:10.1016/j.biopsych.2009.12.035 (2010).

Zheng, H., Patterson, L. M. & Berthoud, H. R. Orexin signaling in the ventral
tegmental area is required for high-fat appetite induced by opioid stimulation of the
nucleus accumbens. The Journal of neuroscience - the official journal of the Society
for Neuroscience 27, 11075-11082, doi:10.1523/JNEUROSCI.3542-07.2007 (2007).
Schuld, A., Hebebrand, J., Geller, F. & Pollmacher, T. Increased body-mass index in
patients with narcolepsy. Lancet 355, 1274-1275,
doi:10.1016/50140-6736(05)74704-8 (2000).

Krahn, L. E., Moore, W. R. & Altchuler, S. I. Narcolepsy and obesity: remission of
severe cataplexy with sibutramine. Sleep medicine 2, 63-65 (2001).

Funato, H. et al. Enhanced orexin receptor-2 signaling prevents diet-induced obesity
and improves leptin sensitivity. Cell metabolism 9, 64-76,
doi:10.1016/j.cmet.2008.10.010 (2009).

Shiuchi, T. et al Hypothalamic orexin stimulates feeding-associated glucose
utilization in skeletal muscle via sympathetic nervous system. Cell metabolism 10,

466-480, doi:10.1016/j.cmet.2009.09.013 (2009).

17



60 Madden, C. J., Tupone, D. & Morrison, S. F. Orexin modulates brown adipose tissue
thermogenesis. Biomol Concepts 3, 381-386, doi:10.1515/bmc-2011-0066 (2012).

18



Fig. 1

Input and output of orexin neurons. Orexin neurons receive input from the limbic
system, including the amygdala and bed nucleus of stria terminalis. These neurons also
receive inhibitory projections from the preoptic area, a region which is thought to play
an important role in sleep regulation. Orexin neurons are also sensing peripheral
metabolic signals to monitor animal’s energy balance. Orexin neurons send excitatory

projections to the arousal center in the brain stem.

BEF, basal forebrain; Acb, Nucleus accumbens; BST, bed nucleus of the stria terminalis;
Amyg, amygdala; POA, preoptic area; Arc, arcuate nucleus; VTA, ventral tegmental
area; DR, dorsal raphe; LDT, laterodorsal tegmental nucleus; LC, locus coeruleus;

Raphe, raphe nuclei; TMN, tuberomammaillary nucleus
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