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Summary Initial research on the functional significance of two novel hypothalamic neuropeptides, orexin-A and
orexin-B, suggested an important role in appetite regulation. Since then, however, these peptides have also
been shown to influence a wide range of other physiological and behavioural processes. In this paper, we
review the now quite extensive literature on orexins and appetite control, and consider their additional effects
within this context. Although the evidence for orexin (particularly orexin-A and the orexin-1 receptor) involvement in many aspects of ingestive physiology and behaviour is incontrovertible, central administration of orexins
is also associated with increased EEG arousal and wakefulness, locomotor activity and grooming, sympathetic
and HPA activity, and pain thresholds. Since the orexin system is selectively activated by signals indicating
severe nutritional depletion, it would be highly adaptive for a hungry animal not only to seek sustenance but also
to remain fully alert to dangers in the environment. Crucial evidence indicates that orexin-A increases food
intake by delaying the onset of a behaviourally normal satiety sequence. In contrast, a selective orexin-1
receptor antagonist (SB-334867) suppresses food intake and advances the onset of a normal satiety sequence.
These data suggest that orexin-1 receptors mediate the episodic signalling of satiety and appear to bridge the
transition from eating to resting in the rats’ feeding-sleep cycle. The argument is developed that the diverse
physiological and behavioural effects of orexins can best be understood in terms of an integrated set of
reactions which function to rectify nutritional status without compromising personal survival. Indeed, many of the
non-ingestive effects of orexin administration are identical to the cluster of active defences mediated via the
lateral and dorsolateral columns of the midbrain periaqueductal gray matter, i.e., somatomotor activation,
vigilance, tachycardia, hypertension and non-opioid analgesia. In our view, therefore, the LH orexin system is
very well placed to orchestrate the diverse subsystems involved in foraging under potentially dangerous
circumstances, i.e., finding and ingesting food without oneself becoming a meal for someone else. ª 2002
Elsevier Science Ltd. All rights reserved.
INTRODUCTION
Obesity, defined as a body mass index (BMI) of P30 kg/
m2 , arises from a chronic net excess of energy intake over
energy expenditure and is currently recognised as the
largest and fastest growing public health problem in the
developed world (WHO, 1998). More than 100 million
people worldwide are considered obese, with recent UK
statistics indicating that prevalence in both men and women has almost tripled (from c7% to c20%) in the past 20
years (Prescott-Clarke and Primatesta, 1998). The medical
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significance of this alarming trend is that obesity not only
impairs general quality of life but also increases morbidity
(e.g., Type II diabetes, ischaemic heart disease, hypertension, stroke, osteoarthritis and cancer) and leads to a 2-fold
increase in the risk of premature mortality (Kopelman,
2000; Macdonald, 2000; McIntyre, 1998). Furthermore,
economic surveys estimate that the direct costs of obesity
account for up to 6% of annual health budgets in developed countries (Wolf and Colditz, 1998) which, in the UK,
amounts to around £350 million p.a. As a 10 kg weight loss
markedly reduces the adverse effects of obesity (WHO,
1998), there is an urgent need for the development of effective treatments for those who are already obese or who
will become obese in the future (Finer, 1999).
The current prevalence of obesity reflects a dynamic
interaction between societal change (i.e., low energy
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expenditure associated with an increasingly sedentary
existence) and the ready availability of palatable foods (i.e.,
high energy intake associated with energy-dense foods). It
is therefore unsurprising that the majority of treatment
programmes have emphasised the primacy of behaviour
modification through exercise and dieting. However,
while such lifestyle changes can lead to successful weight
loss, this is often only modest in degree and temporary in
duration (Chiesi et al., 2001; Clapham et al., 2001; Macdonald, 2000). For these reasons, it has been argued that
drug treatment should be an active option for those
patients unable to benefit from behaviour modification
programmes alone (Carpino, 2000). Nevertheless, it is
pertinent to note that, largely as a result of the unsympathetic public view that sufferers are responsible for their
own misfortune, scientific interest in the precise mechanisms of obesity has traditionally been relatively low on the
list of research priorities. Indeed, following the withdrawal
of fenfluramine/phenteramine in 1997, only three drugs
are currently marketed in Europe for the treatment of
obesity, mazindol (an adrenergic agonist), sibutramine
(a serotonin/noradrenaline reuptake inhibitor) and orlistat
(a lipase inhibitor). Unfortunately, none of these agents
achieves a weight loss greater than 10–15% and serious
doubts have been expressed about the sustainability of
even this very modest response (Clapham et al., 2001).
However, at least three factors have contributed to a
significant change in attitude towards obesity among scientists, the public, regulatory authorities and the pharmaceutical industry: (i) the realisation that this disorder is
in the same league as the world’s most serious diseases, (ii)
the rapidly growing prevalence of obesity in the developed/developing world, and (iii) the discovery of novel
brain mechanisms that regulate appetite and which present exciting opportunities for the development of novel
treatment strategies (Dourish, 1999).
HYPOTHALAMIC NEUROPEPTIDES
Contemporary biological approaches to the problem of
obesity involve multiple therapeutic targets (for recent

reviews: Ahima and Osei, 2001; Carpino, 2000; Chiesi
et al., 2001; Clapham et al., 2001; Collins and Williams,
2001; Proietto et al., 2000). Among these diverse avenues
of research, the potential therapeutic significance of hypothalamic neuropeptides is currently attracting much
research attention (for recent reviews: Arch et al., 1999;
Beck, 2001; Dhillo and Bloom, 2001; Inui, 1999; Inui,
2000; Kalra et al., 1999; Lawrence et al., 1999; Mercer and
Speakman, 2001; Salton et al., 2000; Schwartz et al.,
2000). The crucial role of the basal hypothalamus in appetite regulation and energy balance has been established
since early demonstrations that damage to the lateral
hypothalamus (LH) produces profound aphagia and
weight loss whereas damage to the neighbouring ventromedial nucleus (VMH) results in marked hyperphagia and
obesity (reviews: Bernardis and Bellinger, 1996; Oomura,
1980). On the basis of these findings, Stellar’s (1954)
classical ‘dual centre theory’ proposed that activity in the
LH ‘hunger centre’ is controlled by inhibitory pathways
from the VMH ‘satiety centre’: damage to the VMH itself,
or to pathways from the VMH to the LH, prevented implementation of the VMH satiety signal, leading to overeating and obesity. Although this elegantly simple theory
has undergone many changes over the past half-century,
including incorporation of several vitally important nuclei
(e.g., paraventricular (PVN), arcuate (ARC), dorsomedial
(DMN) and suprachiasmatic (SCN) nuclei), as well as the
crucial role of peripheral feedback regulation, it is only
within the last 10 years that significant advances have
been made in elucidating the key biological signals and
pathways involved (Beck, 2000; Kalra et al., 1999; Mercer
and Speakman, 2001). This work has resulted not only in
the identification of a multitude of orexigenic (appetitestimulating) and anorexigenic (appetite-inhibiting) neurochemicals, but has also strengthened the concept that a
distinct neuronal circuitry operates locally within the
hypothalamus to regulate food intake and energy homeostasis (Kalra et al., 1999). Foremost among these
appetite-related neurochemicals is a large group of neuropeptides which, when centrally administered, either
enhance or reduce food intake (Table 1).

Table 1 Orexigenic and anorexigenic neuropeptides (adapted from Ahima and Osei, 2001; Inui, 1999; Kalra et al., 1999)
Orexigenic peptides
* food intake

Anorexigenic peptides
+ food intake

Agouti-related protein (AgRP)
Endogenous opioids
Galanin
Ghrelin
Growth-hormone releasing factor
Melanin-concentrating hormone (MCH)
Neuropeptide Y (NPY)
Orexin-A

a-Melanocyte stimulating hormone (a-MSH)
Cholecystokinin (CCK)
Cocaine and amphetamine-regulated transcript (CART)
Corticotropin releasing hormone (CRH)
Glucagon-like peptide-1 (GLP-1)
Melanocortin
Neurotensin
Thyrotropin releasing hormone (TRH)
Urocortin
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Hypothalamic neuropeptides are believed to be the
principal biological mechanism through which the adiposity (negative) feedback signal, leptin, influences brain
circuitry involved in appetite and bodyweight regulation
(Blundell et al., 2001; Kalra et al., 1999; Schwartz et al.,
2000). A product of the ob gene, leptin is a major peripheral signal to the brain linked to the size of (predominantly white) adipose tissue stores (Friedman and
Halaas, 1998). Consistent with this physiological role,
malfunction of either the leptin gene (as in the ob/ob
mouse) or the leptin receptor gene (as in the db/db mouse
and fa/fa rat) results in an obese phenotype (Beck, 2001;
Inui, 2000; Salton et al., 2000), as can genetic mutations
in the coding region for leptin or leptin receptor genes in
humans (Mantzoros, 1999; Trayhurn, 1999). Although
initially conceptualised as a ‘satiety’ or ‘starvation’ signal
which may yield therapeutic innovation, leptin is now
known to have additional physiological roles (e.g., in the
reproductive and immune systems) which may undermine its direct use as a treatment for obesity (Chiesi et al.,
2001). However, as leptin-induced inhibition of food intake is thought to be mediated through a combined
upregulation of hypothalamic anorexigenic peptides and
a down-regulation of hypothalamic orexigenic peptides
(Kalra et al., 1999), current research endeavours are
strongly focussed on the neuropeptide signalling pathways downstream of leptin.
In addition to the traditional focus on the LH and VMH
in hypothalamic regulation of energy balance, more recent research has emphasised the integrative role played
by the ARC nucleus. This region of the mediobasal hypothalamus contains a high density of neurons that not
only produce a large number of orexigenic (e.g., neuropeptide Y, NPY) and anorexigenic (e.g., a-melanocyte
stimulating hormone, a-MSH) peptides but which also
express leptin receptors. Furthermore, these ARC neurons send projections to adjacent hypothalamic sites
(e.g., VMN, DMN, PVN) where local peptide infusions
have been shown to significantly alter food intake and/or
energy homeostasis (Inui, 1999; Kalra et al., 1999; Schwartz et al., 2000). At present, the NPY system is thought
to be a (if not the) final common pathway for this signalling cascade (Gehlert, 1999; Kalra et al., 1999). Unsurprisingly, the recognition that expression of appetite is
chemically encoded in the hypothalamus has generated
the corollary position that dysfunction of this system
may have a causal role in eating disorders such as obesity
and anorexia (Kalra, 1997). As such, novel anti-obesity
drugs are being designed to promote weight loss/prevent
weight gain by modifying the function of key neuropeptides (Ahima and Osei, 2001; Carpino, 2000; Chiesi
et al., 2001; Clapham et al., 2001; Collins and Williams,
2001; Proietto et al., 2000), including several NPY receptor antagonists (Chamorro et al., 2002; Gehlert, 1999)
ª 2002 Elsevier Science Ltd. All rights reserved.
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and melanocortin-4 receptor agonists (Vergoni et al.,
2000). Against this background, the recent discovery of
yet two more hypothalamic neuropeptides (the orexins)
should not only lead to further refinement in our understanding of the central mechanisms of appetite regulation but may also provide novel molecular targets for
therapeutic drug development.
THE OREXINS: DISCOVERY
In early 1998, two research groups independently (and
virtually simultaneously) reported the discovery of two
novel hypothalamic neuropeptides. Employing subtractive cDNA cloning techniques, de Lecea et al. (1998)
described a hypothalamic-specific mRNA encoding preprohypocretin, the putative precursor of two peptides
(hypocretin-1 and hypocretin-2) sharing substantial
amino acid identities both with each other and with the
gut hormone, secretin. Hypocretin protein products were
found to be restricted to neuronal perikarya of the dorsal
and lateral hypothalamus, with extensive fibre projections throughout the neuraxis. Very shortly after this
report appeared, Sakurai et al. (1998) published the discovery of two closely related peptide ligands (orexin-A
and orexin-B) for a previously identified G protein-coupled orphan receptor. In this very detailed study, the
authors not only delineated the structures of the two
novel peptides but also those of their prohormone (prepro-orexin) and receptors (orexin-1 and orexin-2; OX1 R
and OX2 R). Furthermore, they outlined the tissue distribution of the peptides and their receptors in rat brain
and, crucially, provided the first insights into their likely
functional (i.e., behavioural) significance.
In view of the hypothalamic expression of preproorexin mRNA, Sakurai et al. (1998) proposed that the
orexins may be involved in the regulation of ingestive
behaviour. Consistent with this hypothesis, they found
that central administration of either peptide resulted in a
dose-dependent stimulation of food intake in rats. They
also demonstrated that orexin production and release is
affected by the nutritional state of the animal, with 48 h
fasting resulting in a 2.4-fold up-regulation of prepro-orexin mRNA. It was on the basis of these initial behavioural and physiological observations that the authors
specifically chose the name ‘orexins’ for the novel peptides (after the Greek ‘orexis’, meaning appetite). Furthermore, in the conclusion to their seminal paper, they
suggested that ‘pharmacological intervention directed at
the orexin receptors may prove to be an attractive avenue
toward the discovery of novel therapeutics for diseases
involving dysregulation of energy homeostasis such as
obesity and diabetes mellitus’. The principal aim of the
present paper is to review relevant evidence that has
accumulated over the past four years.
Neuropeptides (2002) 36(5), 303–325
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Note on terminology
We have deliberately adopted the term ‘orexins’ rather
than ‘hypocretins’ for the current review because of the
specific focus on mechanisms appetite and the more
common use of orexin-A and orexin-B in feeding experiments. The latter point is not insignificant in view of the
fact that, despite the frequent interchangeable use of the
terms orexin and hypocretin in the literature, the aminoacid sequences of hypocretin-1 and orexin-A do not totally correspond (de Lecea et al., 1998; Sakurai et al.,
1998), while at least some commerically available
(deamidated) forms of hypocretin-1 and hypocretin-2 are
largely inactive at orexin receptors (Smart et al., 2000).
OREXINS AND THEIR RECEPTORS
In humans, the prepro-orexin gene is located on chromosome 17q21, spans 1432 bp and consists of 2 exons
and 1 intron (Sakurai et al., 1999). The cDNA sequence of
prepro-orexin indicates that orexin-A and orexin-B are
produced by proteolytic processing from the same 130residue (rodent) or 131-residue (human) polypeptide. Orexin-A comprises a 33-amino acid peptide of 3562 Da (the
structure of which is completely conserved in several
mammalian and amphibian species) while orexin-B is a
28-amino acid peptide of 2937 Da that is 46% identical in
sequence to orexin-A (Dyer et al., 1999; Sakurai et al.,
1998; Shibahara et al., 1999). In rat brain, prepro-orexin
mRNA and immunoreactive orexin are confined to a distinct population of neurons in the perifornical, lateral and
dorsal hypothalami, with projections to several neigbouring hypothalamic nuclei as well as diverse forebrain,
midbrain and brainstem loci (Briski and Sylvester, 2001;
Cutler et al., 1999; Date et al., 1999; de Lecea et al., 1998;
Fadel and Deutch, 2002; Peyron et al., 1998; Sakurai et al.,
1998; Nambu et al., 1999; Taheri et al., 1999). The extensive extra-hypothalamic orexin projections in rat brain
include the cerebral cortex, hippocampus, amygdala,
septum, medial thalamic nuclei, periaqueductal gray, raphe nuclei, ventral tegmental area, locus coeruleus, area
postrema, nucleus of the solitary tract, and spinal cord.
Very similar CNS orexin distribution patterns have also
been reported for non-human primates and humans
(Horvath et al., 1999; Moore et al., 1998). Although not
detectable in most peripheral tissues (e.g., heart, liver,
kidney, lung), orexin-immunoreactive neurons have been
identified in the testes (Sakurai et al., 1998), pituitary
gland (Date et al., 2000) and, significantly, the enteric
nervous system as well as endocrine cells of the gut and
pancreas (Kirchgessner, 2002; Kirchgessner and Liu,
1999; Nowak et al., 2000; Takahashi et al., 1999).
The orexins activate two closely related G-proteincoupled receptors, termed the orexin-1 and orexin-2
receptor (OX1 R and OX2 R), which are also highly conNeuropeptides (2002) 36(5), 303–325

served across mammalian species (94% and 95% homology rat v human, respectively). While orexin-A has
equal affinity at OX1 R and OX2 R, orexin-B has an appreciably greater (approximately 10-fold) affinity at OX2 R
(Sakurai et al., 1998; Smart et al., 1999; Smart et al.,
2000). Early mapping of orexin receptor mRNA (Lu et al.,
2000; Trivedi et al., 1998) and more recent immunohistochemical/in situ hybridization studies (Greco and Shiromani, 2001; Hervieu et al., 2001; Marcus et al., 2001)
have revealed that both receptors have a widespread,
though differential, distribution in rat brain. For example,
the expression of OX1 R is high throughout the hypothalamus (including ARC, VMH and SCN), whereas hypothalamic expression of OX2 R is highest in the PVN.
Outside the hypothalamus, the highest density of OX1 R
is found in the locus coeruleus with appreciable levels in
the olfactory nuclei, pyriform cortex, thalamus, hippocampus, dorsal tegmental nucleus, ventral tegmental
area, dorsal raphe nucleus and spinal cord. In contrast,
OX2 R is most strongly expressed in layer VI of the cortex,
the amygdala, mesencephalic trigeminal nucleus, pontine reticular nuclei and ventral cochlear nucleus. Consistent with studies on peptide distribution, mRNA for
both orexin receptors has also been detected in the gut
(Kirchgessner and Liu, 1999) and pituitary gland (Date et
al., 2000), with additional evidence for the presence of
OX1 R in brown adipose tissue (Haynes et al., 2002) and
OX2 R in the adrenal medulla (Lopez et al., 1999).
In the most detailed examination of hypothalamic
OX1 R distribution thus far reported, Backberg et al.
(2002) have employed indirect immunofluorescence
histochemistry, combined with direct/indirect doublelabelling and confocal laser microscopy, to characterise
OX1 R immunoreactivity in chemically defined neurons
within the hypothalamus. Confirming previous reports,
neurons displaying OX1 R immunoreactivity were found
to be very widely distributed within the hypothalamus,
including cell bodies in the SCN, PVN, ARC, VMN, DMN
and the LH. Of particular relevance in the present context
are the observations of OX1 R immunoreactivity in over
90% of NPY- and POMC-expressing neurons of the ARC
nucleus, and in both MCH- and orexin-expressing neurons of the LH. From a functional perspective, the latter
finding indicates that the OX1 R: may serve both as a selfregulatory inhibitory somatodentritic autoreceptor as
well as a postsynaptic receptor. Clearly, these data indicate that, via the OX1 R, orexins are capable of influencing
a constellation of hypothalamic neuropeptide signalling
pathways implicated in appetite regulation.
The extensive anatomical distribution of orexin
fibres and orexin receptors suggests a diversity of (perhaps
unrelated) autonomic, neuroendocrine and behavioural
functions (Sakurai, 1999). However, it must be appreciated
at the outset that feeding does not occur in a vacuum but,
ª 2002 Elsevier Science Ltd. All rights reserved.
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rather, is part of a complex, integrated and adaptive system
designed to maintain energy balance and homeostasis
(Blundell, 1986). It may therefore be the case that the orexin system plays a vitally important role in orchestrating
the multiple physiological and behavioural subsystems
involved in appetite regulation.
OREXIN RECEPTOR ANTAGONISTS
To date, most research on the behavioural significance of
the orexins has involved the central (i.e., intracerebroventricular (ICV) or intracerebral (IC)) administration of
the peptides themselves. While an invaluable research
strategy, this approach alone suffers some drawbacks including concerns about the physiological relevance of the
doses found to produce significant behavioural change as
well as problems in establishing the receptor specificity of
such effects (Arch, 2000). As reviewed below, several additional strategies have recently been developed including prepro-orexin gene knockout and the use of specific
antibodies directed at either the peptides or their receptors. However, by far the most important technical advance in this area has been the development of selective
orexin receptor antagonists, the most potent and selective
of which is the OX1 R antagonist, SB-334867 (1-(2-Methylbenzoxazol-6-yl)-3-[1,5]naphthyridin-4-yl-urea
HCl).
This compound has nanomolar affinity at the OX1 R, possesses at least 50-fold selectivity over the OX2 R and a wide
range of other G-protein-coupled receptors, and is brain
penetrant following systemic administration (Duxon et al.,
2001; Porter et al., 2001; Smart et al., 2002; Smart et al.,
2001). Understandably, therefore, SB-334867 is increasingly being used as a tool to study not only the receptor
mediation of responses to exogenously administered
peptides but also (when administered alone) to assess the
physiological and behavioural significance of endogenous
orexins.
OREXINS AND APPETITE
Since the initial demonstration of orexin-induced hyperphagia in rats (Sakurai et al., 1998), a large body of evidence has accumulated in support of the involvement of
these peptides (particularly, orexin-A) in mechanisms of
appetite regulation.
Neuroanatomy, neurophysiology and biochemistry
As reviewed above, a large number of orexigenic (e.g.,
NPY) and anorexigenic neuropeptides (e.g., a-MSH) are
localised to leptin-sensitive neurons of the ARC nucleus
(Arch et al., 1999; Sakurai, 1999). A convincing neuroanatomical argument for orexin involvement in signalling pathways associated with feeding is suggested by the
ª 2002 Elsevier Science Ltd. All rights reserved.
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strong reciprocal connections between LH orexin neurons and these ARC cells (Broberger et al., 1998; Elias
et al., 1998; Guan et al., 2001; Horvath et al., 1999), the
high levels of OX1 R immunoreactivity in the majority of
NPY- and POMC- expressing ARC neurons (Backberg
et al., 2002), and the large proportion of LH orexin neurons that express leptin receptors (Funahashi et al., 2000;
Moriguchi et al., 1999; Niimi et al., 2001). Consistent
with this hypothalamic circuitry, and with the extensive
CNS projections of LH orexin fibres (Briski and Sylvester,
2001; Cutler et al., 1999; Date et al., 1999; de Lecea et al.,
1998; Nambu et al., 1999; Peyron et al., 1998; Sakurai
et al., 1998; Taheri et al., 1999), central infusions of orexin-A not only increase cFos immunoreactivity in ARC,
PVN and VMH neurons but also in a range of extra-hypothalamic structures involved in appetite regulation,
e.g., the amygdala and the nucleus of the solitary tract
(NTS) (Date et al., 1999; Edwards et al., 1999; Mullett
et al., 2000). Furthermore, the direct application of
orexins has not only been found to activate neurons in
many of these structures, including the PVN (Shirasaka
et al., 1999, 2001) and ARC (Rauch et al., 2000) nuclei,
but also to bidirectionally influence glucose-sensitive
(activated) and glucose- responsive (inhibited) neurons of
the LH and VMH, respectively (Shiraishi et al., 2000).
From a systems perspective, it is equally important to
note that manipulations of nutritional state induce pronounced changes in orexin neurons. Thus, prolonged
fasting (48–72 h) and/or insulin-induced hypoglycaemia
have been found to increase hypothalamic prepro-orexin
mRNA expression (Cai et al., 1999; Griffond et al., 1999;
Mondal et al., 1999; Sakurai et al., 1998; Yamamoto et al.,
2000), hypothalamic OX1 R densities (Lopez et al., 2000),
and the activity of LH orexin neurons (Moriguchi et al.,
1999). In contrast, leptin administration not only decreases LH concentrations of orexin-A (Beck et al., 1999)
but also inhibits fasting-induced increases in hypothalamic prepro-orexin mRNA (Lopez et al., 2000). Intriguingly, however, if insulin-treated animals are given access
to food, no changes are detected in hypothalamic preproorexin mRNA levels despite comparable levels of hypoglycaemia to similarly treated animals not given food (Cai
et al., 1999). Together, these findings indicate that orexin
neurons are highly sensitive to nutritional status and
food availability, and that feedback-induced changes in
orexin function can modulate activity in the elaborate
neuronal circuitry involved in the expression of appetite.

Cephalic phase reflexes, mastication, and insulin
secretion
Well over a century ago, Pavlov found that sensory
stimulation associated with sham feeding evokes gastric
acid secretion (Pavlov and Schumowa-Simanowskaja,
Neuropeptides (2002) 36(5), 303–325
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1895). It has since been firmly established that gastric
acid secretion occurs as part of a series of cephalic phase
reflexes, initiated by the thought, sight, smell and taste of
food, and which serve to prepare the gut for the arrival of
food. In this context, LH orexin neurons are known to
innervate the dorsal motor nucleus of the vagus (DMV)
(e.g., Peyron et al., 1998), a key area involved in the
control not only of cephalic phase responses (such as
gastric acid secretion) but also of gut motility. A role for
orexins in these preparatory responses is strongly suggested by the observations that hypoglycaemia-induced
activation of orexin neurons induces c-fos immunoreactivity in the DMV (Cai et al., 2001), and that centrally
administered orexin-A dose-dependently increases both
gastric acid secretion (Takahashi et al., 1999) and gut
motility (Zbigniew et al., 2001).
LH orexin neurons also project to the brainstem trigeminal mesencephalic nucleus (Vme) and the trigeminal
motor nucleus (Vmo) (Date et al., 1999; Nambu et al.,
1999), areas that have also been shown to express mRNA
for OX1 R and OX2 R (Greco and Shiromani, 2001). These
important nuclei contain sensory and motor neurons innervating jaw elevator muscles and form a crucial component of the neural circuitry involved in the control of
mastication (Luo et al., 2001). Recently, Zhang and Luo
(2002) have not only found orexin-B-like terminals in
both the Vme and Vmo but have also shown that these
terminals closely contact neurons that have been retrogradely labelled with HRP injected into the jaw elevator
muscles. LH orexin neurons would therefore appear
capable of exerting direct synaptic control on the sensory
and motor neurons involved in mastication, an essential
executive episode of feeding behaviour. It is therefore of
interest that rats display repetitive mouth/jaw movements shortly after ICV infusion of orexin-A (Rodgers
et al., unpublished observations).
In the hindbrain, orexin-immunoreactive fibres are
found in the NTS, which is known to be intimately involved in relaying vagally transmitted afferent signals
from the gut (e.g., Bray, 2000). As ICV injection of orexins induces c-fos reactivity in the NTS (Edwards et al.,
1999; Mullett et al., 2000), it seems likely that orexins are
capable of modulating the responsivity of NTS neurons to
gastrointestinal stimuli. Consistent with this proposal,
Cai et al. (2001) have recently reported that insulin-induced hypoglycaemia produces marked c-fos activation
not only in LH orexin neurons but also in NTS neurons.
As the NTS projects back to the LH (Horst et al., 1989),
this pathway may be implicated in the regulation of LH
orexin neurons by satiety signals.
In the periphery, endocrine cells of the pancreas also
display orexin-like immunoreactivity, with orexin-A and
OX1 R mRNA present in insulin-immunoreactive islet cells
(Kirchgessner and Liu, 1999). Consistent with the possiNeuropeptides (2002) 36(5), 303–325

bility that orexins may modulate insulin release, Nowak
et al. (2000) found that orexin-A dose-dependently
stimulates insulin secretion both in vivo and in vitro. In a
recent review of these findings, Kirchgessner (2002) has
suggested that the resultant drop in circulating glucose
levels could itself contribute to orexin-induced hyperphagia. Alternatively, as insulin secretion occurs in
preparation for food ingestion, orexin-stimulated insulin
secretion could be yet another component of the cephalic
phase response.
Together, the above findings indicate that the LH orexin system is involved in many physiological functions
relevant to appetite control – from cephalic phase reflexes, through mastication, to insulin secretion. These
neurons also appear to be regulated by input from the
NTS, providing crucial feedback on circulating glucose
levels and the present state of the gut. On this view, a
precipitous fall in plasma glucose may be the stimulus for
orexin activation (‘on’ switch) while gastric distension
may serve to inhibit these neurons (‘off’ switch) (Cai et al.,
2002).

Studies on food intake

Peptide administration
Over the past 4 years, many laboratories have confirmed
the initial report by Sakurai et al. (1998) that centrally
administered orexins stimulate food intake (Table 2).
Although most work in this area to date has been done
using ICV peptide administration in rats, it is important
to note that similar effects have also been observed in
mice and goldfish. While the hyperphagic response to
orexins in mice appears to be less robust than in rats,
only two studies have thus far been conducted in this
species (Lubkin and Stricker-Krongrad, 1998; Marsh
et al., 1999), and it may be relevant that both involved
peptide administration via the third (rather than lateral)
ventricle. Furthermore, the observation that orexins induce hyperphagia in fish (e.g., Volkoff et al., 1999) as well
as mammals is consistent with very recent evidence for
the existence of the hypocretin sequence in puffer fish
and the likelihood that the hypocretin gene evolved as
long ago as 650 million years (Alvarez and Sutcliffe,
2002).
Acute ICV administration of orexin-A in rats has been
found to dose-dependently elevate food consumption in
several different strains (Wistar, Sprague–Dawley, Lister
hooded) and in both male and female subjects (e.g.,
Haynes et al., 2000). Furthermore, central mediation of
this effect has been confirmed by the absence of a hyperphagic response following intravenous administration
of orexin-A (0.3–5.0 mg/kg) (Haynes et al., 1999). Although orexin-B has also been reported to enhance food
ª 2002 Elsevier Science Ltd. All rights reserved.
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intake, this effect is much less reliably obtained than the
response to orexin-A and it has been argued that this
pattern may either reflect the greater importance of the
OX1 R in orexin-induced hyperphagia or the more rapid in
vivo clearance of orexin-B (Smart et al., 2001). To avoid
potential ‘ceiling effects’ (arising from high basal food
intake), the vast majority of studies have administered
the peptide during the early mid light phase of the operating light/dark cycle. However, the finding that orexin-A significantly increases the consumption of highly
palatable wet mash indicates that orexin-A-induced hyperphagia is not limited to low basal intake (Rodgers
et al., 2000, 2001).
As shown in Table 2, the typically effective hyperphagic dose range for orexin-A has been 2–10 nmol ICV, although increased intake has also been reported for doses
as low as 0.07 nmol (Smart et al., 2002) and as astonishingly high as 300 nmol–3 lM (Shiraishi et al., 2000).
However, it is relevant to note that, as for the unreliable
effects of orexins on food intake in mice, the latter study
involved administration via the third ventricle. Furthermore, several observations indicate that, while still
capable of stimulating food intake, orexin-A doses
P2:4 nmol ICV (lateral) can induce initial behavioural
suppression (Rodgers et al., 2000), possibly linked to
epileptogenic-like activity (Ida et al., 1999). Nevertheless,
the potency with which orexin-A stimulates food intake
(i.e., minimum effective dose reported ¼ 0.07 nmol ICV)
is not dissimilar to that of other orexigenic peptides
(Smart et al., 2002). However, it should be emphasised
that, while the maximum effect of orexins on intake is
similar to that produced by galanin and MCH, it is substantially less than that seen in response to NPY (Edwards
et al., 1999; Haynes et al., 1999; Ida et al., 1999; Sahu,
2002; Sakurai et al., 1998; Yamanaka et al., 2000).
In addition to acute effects, several studies have assessed the impact of chronically administered orexin-A
on food intake in rats. Haynes et al. (1999) used an 8-day
ICV infusion regimen of 18 nmol/day (i.e., 0.75 nmol/h),
while Yamanaka et al. (1999) employed a 7-day ICV infusion regimen of 0.5 nmol/h (i.e., 12 nmol/day). Both
studies reported an increase in food intake during the
light phase and a compensatory (counter-regulatory) reduction in intake during the dark phase. This circadian
pattern would be consistent with the additional observations in these experiments that chronically administered orexin-A does not alter 24 h food intake,
bodyweight gain, fat pad weights, brown adipose tissue
(BAT) temperature, or plasma levels of glucose, insulin,
leptin, trigylcerides, cholesterol, corticosterone or aldosterone. These data combine to suggest that orexin-A is
more likely to be involved in the short-term rather than
long-term regulation of energy balance. Although Lin
et al. (2002) have recently failed to find any effects of
ª 2002 Elsevier Science Ltd. All rights reserved.
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chronically administered orexin-A or orexin-B (50 pmol/h
ICV for 14 days) on food intake in rats, it is important to
emphasise that this study involved: (i) substantially lower
orexin doses and, perhaps even more significantly in
view of the counter-regulation described above, and (ii)
the measurement of food intake at 24 h intervals only.
Although not extensively researched thus far, the
neural sites supporting orexin-A-induced hyperphagia
appear to be restricted to several discrete nuclei within
the hypothalamus. Significant increases in food intake
have consistently been observed following local application of orexin-A (0.03–1 nmol) in the LH, PFH and DMN.
However, somewhat more variable responses have been
obtained from the PVN and ARC nucleus, and only
negative findings have been reported for infusions in the
preoptic area, VMH, central nucleus of the amygdala,
ventral tegmental area and NTS (Dube et al., 1999; Edwards et al., 1999; Kotz et al., 2001; Sakurai, 2002; Sweet
et al., 1999). It is also worth noting that, where examined
in these studies, intracerebral administration of orexin-B
has failed to elicit a statistically reliable feeding response.

Antibody, gene knockout and antagonist effects
In view of the consistently observed hyperphagic
response to acute orexin-A infusion, it would be predicted
that disruption of orexin signalling should result in
hypophagia. In accord with this prediction, fastinginduced food intake and/or dark phase food intake in rats
is dramatically reduced by central, but not peripheral,
administration of anti-orexin-A antibodies (Ida et al.,
2000; Yamada et al., 2000; Niimi et al., 2001). Furthermore, intake is also significantly inhibited by antibodies
directed at the OX1 R (Smith et al., 2000). In addition to
these observations, knockout of the prepro-orexin gene
(Willie et al., 2001) and genetic ablation of orexin neurons
(Hara et al., 2001) have both been reported to result in a
hypophagic phenotype. Although consistent with the
hyperphagic profile observed in mice overexpressing the
prepro-orexin gene (Inui, 2000), there are some puzzling
anomalies in the phenotypes of these genetically modified
animals. For example, despite undereating, prepro-orexin
knockout mice apparently grow quite normally; despite
overeating, mice overexpressing prepro-orexin do not
become obese; and, perhaps most curious of all, despite
producing a 30% reduction in food intake, genetic ablation of orexin neurons is actually associated with lateonset obesity. Although these unusual patterns may well
be explained by concomitant alterations in metabolism
and/or overall energy expenditure (e.g., Sakurai, 2002;
Willie et al., 2001), the limitations of gene targeting research (such as developmental compensation, background gene effects) should not be underestimated (e.g.,
Crawley, 2000). Indeed, in a recent review, Salton et al.
Neuropeptides (2002) 36(5), 303–325
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Authors

Species

Doses

Route

Test diet

Test time

Effects on food intake

Sakurai et al. (1998)

R, W, m

3 and 30 nmol

ICV(L)

Powder chow

Light phase

Lubkin and
Stricker-Krongrad (1998)
Samson et al. (1999)
Marsh et al. (1999)
Ida et al. (1999)
Sweet et al. (1999)
Edwards et al. (1999)

M, C57, m

1, 3, and 10 nmol ICV(3)

Chow pellets

Light phase

R, SD, m
M, WT, m
R, W, m
R, SD, m
R, W, m

1 and 5 nmol
1.7–2.4 nmol
3 nmol
15 nmol
3–30 nmol

ICV(L)
ICV(3)
ICV(L)
ICV(L)
ICV(L)

Chow
Chow
Chow
Chow
Chow

Light
Light
Light
Light
Light

Volkoff et al. (1999)

Goldfish

1–100 ng/g

ICV

Trout pellets

N/a

Kunii et al. (1999)
Haynes et al. (1999)

R, W, m
R, SD/W, m

3–30 nmol
2.3–23.4 nmol

ICV(L)
ICV(L)

Chow pellets
Chow pellets

Light phase
Light phase

Rodgers et al. (2000)

R, H, m

0.78–7.0 nmol

ICV(L)

Wet mash

Light phase

Yamanaka et al. (2000)
Shiraishi et al. (2000)

R, W, m
R, W, m

10 nmol
300 nmol–3 lM

ICV(L)
ICV(3)

Chow pellets
Chow pellets

Volkoff and Peter (2000)
Ida et al. (2000)
Dube et al. (2000)
Jain et al. (2000)
Haynes et al. (2000)
Rodgers et al. (2001)
Sunter et al. (2001)
Smart et al. (2002)
Espana et al. (2002)

Goldfish
R, SD, m
R, SD, m
R, SD, m
R, SD, m/f
R, H. m
R, W, m
R, SD, m
R, SD, m

10 ng/g
3 pmol–30 nmol
15 nmol
3–30 nmol
2.3–7.0 nmol
2.4 nmol
1.0–3.0 nmol
0.07–23 nmol
3 nmol

ICV
ICV(L)
ICV(L)
ICV(L)
ICV(L)
ICV(L)
ICV(L)
ICV(L)
ICV(L)

Trout pellets
Chow pellets
Chow pellets
Chow pellets
Chow pellets
Wet mash
Chow pellets
Chow pellets
Chow pellets

Lopez et al. (2002)
Sahu (2002)

R, SD, m
R, SD, m

3 nmol
1.0–3.0 nmol

ICV(L)
ICV(3)

Chow pellets
Chow pellets

Light phase
Light phase and
dark phase
N/a
Dark phase
Light phase
Light phase
Light phase
Light phase
Light phase
Light phase
Light phase and
dark phase
Light phase
Light phase

D/D increase with both peptides, orexin-A effect longer-lasting.
Weaker effect than NPY.
No effects orexin-B; increase with orexin-A at 1 nmol only.
Weaker effect than NPY
Non D/D increase with hypocretin-1 and 2
No effects either peptide
Non-significant increase with orexin-A, but not orexin-B
Increase with orexin-B
Increase with orexin-A and B; effects of orexin-A longer-lasting.
Similar effect to galanin and MCH but weaker than NPY
Increase with orexin-A and B (1–10 ng/g): more reliable
response to orexin-A. No effect at highest dose
Increase with both peptides
D/D increase with orexin-A but not orexin-B (both strains). No
effect systemic administration
Non D/D increase with oreixn-A. Highest dose, behaviourally
disruptive
Increase with orexin-A
Non D/D increase with orexin-A in both phases

pellets
pellets
pellets
pellets
pellets

phase
phase
phase
phase
phase

Increase with orexin-A
Non-significant increase with orexin-A and B
Increase with orexin-A
D/D increase with both peptides
Dose-dependent increase with orexin-A in both sexes
Significant increase with orexin-A
No effects of orexin-A or B
D/D increase with orexin-A, MED = 0.07 nmol
Increase with hypocretin-1 in both phases (significant only in
light phase)
Increase with orexin-A
D/D increase with hypocretin-1; max response similar to
MCH but less than NPY

Key. R: rat; M: mouse; W: Wistar, SD: Sprague–Dawley; H: Lister hooded; m: male; f: female; C57: C57BL/6J. WT: wild-type; ICV(L): lateral ventricle; ICV(3): third ventricle; D/D: dosedependent; MED: minimum effective dose.
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Table 2 Summary of acute effects of orexin-A and orexin-B on food intake in rats, mice and goldfish
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(2000) emphasise the lack of coherence in findings
emerging from genetic and pharmacological/physiological research on the regulation of energy homeostasis.
Much more revealing are the results of recent experiments using the novel and selective OX1 R receptor antagonist, SB-334867. Acute systemic pretreatment with
this antagonist (3.0–30.0 mg/kg, i.p.) completely blocks
the hyperphagic response to ICV orexin-A (2.4–7.0 nmol),
thereby implicating OX1 R-mediation of the peptide’s
effect on appetite regulation (Haynes et al., 2000; Rodgers
et al., 2001; Fig. 1). Furthermore, when administered
alone, acute SB-334867 (30.0 mg/kg, i.p.) not only significantly suppresses food intake in fasted rats and in rats
tested at the start of the dark phase (Haynes et al., 2000)
but also in non-deprived rats presented with highly palatable food during the light phase (Rodgers et al., 2001;
Fig. 1).
Although SB-334867 is only detectable in brain up to
2 h after dosing (10 mg/kg, i.p.), acute treatment with
30 mg/kg has been reported to significantly suppress
cumulative food consumption measured in male and
female rats over 24 h following treatment (Haynes et al.,
2000). Although most suppression appeared to occur
during the initial 4 h period after dosing, the data
reported suggest that food intake was also lower than in
controls during the subsequent 20 h period. This finding
is made all the more intriguing in view of the observation
that acute treatment with 30 mg/kg SB-334867 also significantly suppresses 3-day post- treatment bodyweight
gain in male rats (Rodgers et al., 2001). We have since
replicated this finding on two occasions and further
demonstrated that: (i) a significant decrease in bodyweight is evident 24 h following antagonist treatment
(see also Fig. 4 legend in Haynes et al., 2000), with the
growth curve subsequently paralleling that of vehicle
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controls, and (ii) food consumption is significantly suppressed by SB-334867 (30 mg/kg) when animals are not
actually tested for intake until 24 h following treatment
(Ishii et al., unpublished observations). Together, these
observations in rats strongly suggest that acute antagonism of the OX1 R initiates a sequence of downstream
events that extend far beyond the period of receptor
blockade.
Consistent with the acute anorectic effects of SB-334867
in rats, chronic (14 day) administration of the OX1 R antagonist has very recently been found to significantly reduce both cumulative daily food intake and 14-day
bodyweight gain in a genetic model of obesity, the ob/ob
mouse (Haynes et al., 2002). These striking effects were
associated with a reduction in total fat mass and intracapsular BAT weight as well as increases in metabolic rate and
OX1 R mRNA expression in BAT. Fasting (5 h) blood glucose
levels were also markedly reduced at the end of the treatment period which, together with a trend towards lowered
plasma insulin levels, suggests that chronic SB-334867
may improve insulin sensitivity in ob/ob mice.
Together, these findings with SB-334867 in rats and
mice clearly indicate a potential role for OX1 R antagonists
in the treatment of obesity with the additional effects on
blood glucose and insulin sensitivity perhaps also indicative of a therapeutic role in diabetes (Haynes et al.,
2002).

Interactions with other hypothalamic neuropeptide
signalling pathways
A number of studies have explored the extent to which
orexin-induced hyperphagia may involve other neuropeptide signalling systems implicated in hypothalamic
regulation of appetite. We have already commented upon

Fig. 1 Effects of the selective OX1 R antagonist, SB-334867 (3–30 mg/kg, i.p.), on basal food intake (right panel), and orexin-A-induced
(2.4 nmol ICV) hyperphagia (left panel) in rats presented with palatable wet mash for 1 h. V: vehicle. Data redrawn from Rodgers et al. (2001).
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the extensive projections of LH orexin neurons to NPYexpressing (and leptin-sensitive) neurons of the ARC
nucleus, as well as the very high proportion (>90%) of
ARC neurons that display OX1 R immunoreactivity
(Backberg et al., 2002). An elegant study by Lopez et al.
(2002) has provided evidence for the functionality of this
pathway, in that a hyperphagic dose of orexin-A (3 nmol
ICV) was found to selectively increase NPY expression in
the rat ARC nucleus. Two additional aspects of this study
deserve comment: (i) the timecourse for the effect of orexin-A on NPY expression closely paralleled the timecourse for it’s effects on food intake (both observed up to
but not beyond 2–3 h post-infusion), and (ii) orexin-A did
not alter the expression of MCH in the LH or, intriguingly, the expression of AgRP in ARC neurons co-expressing this peptide and NPY. These findings agree well
with the recent observation of increased food intake in
rats following combined ICV(3) treatment with intrinsically inactive doses of NPY (0.023 nmol) and hypocretin1 (0.25 nmol), but not combined treatment with
either hypocretin- 1 and MCH or NPY and MCH (Sahu,
2002).
Additional evidence for the involvement of NPY signalling in orexin-stimulated feeding has been provided
by pharmacological studies. Of the six NPY receptor
subtypes thus far identified, Y1 and Y5 receptor populations have most strongly been implicated in NPY-induced feeding (Chamorro et al., 2002; Gehlert, 1999),
i.e., antagonists selective for these receptor subtypes
(e.g., 1229U91 and BIBO3304 for Y1, and CGP71683A
for Y5) have been shown to inhibit both NPY-induced
and spontaneous feeding in rats. In this context, three
experiments have shown that, at intrinsically non-anorectic doses, 1229U91 (Jain et al., 2000), BIBO3304
(Yamanaka et al., 2000) and CGP71683A (Dube et al.,
2000) inhibit the hyperphagic response to orexin-A and/
or orexin-B. Although these data suggest that orexininduced hyperphagia is at least partly mediated through
downstream NPY activation of Y1 and Y5 receptors,
Niimi et al. (2001) have provided evidence that, reciprocally, NPY-induced hyperphagia may in part be mediated through activation of orexin mechanisms. Firstly,
they found that a significant proportion of LH orexin
neurons display Fos-like immunoreactivity in response
to NPY administration, and that this response of LH
orexin neurons is substantially reduced by leptin. And,
secondly, they demonstrated that pretreatment with an
antiserum to orexin-A significantly attenuates the feeding response to NPY (1 nmol ICV). Although the effective dose of the orexin-A antiserum had significant
anorectic effects when administered alone, these findings are consistent with the reciprocal connections between LH orexin neurons and NPY-expressing ARC
neurons (Horvath et al., 1999). It would therefore appear
Neuropeptides (2002) 36(5), 303–325

that, despite probable involvement with different aspects of energy balance (long-term versus short-term,
respectively), NPY- and orexin-signalling systems are to
some extent implicated in one another’s acute effects on
food intake.
An interesting study by Ida et al. (2000) has provided
one possible explanation for the few reported failures to
obtain orexin-A-induced hyperphagia (Table 2). Although replicating an earlier failure to find a significant
increase in food intake with either orexin-A or orexin-B
(Ida et al., 1999), they found that pretreatment with either a corticotropin releasing factor (CRF) antagonist or
anti-CRF antiserum (themselves without significant effect on intake) resulted in a significant hyperphagic response to orexin-A (3 nmol ICV). Furthermore, mirroring
the results of Jain et al. (2000) on basic orexin hyperphagia, the NPY Y1 receptor antagonist, 1229U91,
blocked the feeding response to orexin-A in animals
pretreated with either the CRF antagonist or antiserum.
These findings not only confirm the involvement of
NPY-signalling in orexin-induced hyperphagia but, intriguingly, also suggest that the ability of orexins to
enhance food intake may be partly dependent upon the
extent to which they stimulate CRF release. CRF is
synthesised in the PVN, a nucleus that receives orexin
innervation and which expresses OX1 R (Backberg et al.,
2002), orexins are known to activate the HPA axis (Kuru
et al., 2000), and CRF per se decreases food intake (e.g.,
Inui, 1999; Kalra et al., 1999). As such, between-laboratory variation in the stress reactivity of experimental
animals, arising from genetic and/or environmental factors, may be a crucial determinant of orexin hyperphagia. If stress reactivity is high, or if animals are tested
under non-habituated conditions, the anorectic response
to endogenously released CRF may serve to counteract
any hyperphagic response to exogenous administration
of orexins.
As shown in Table 1, CART (cocaine- and amphetamine-regulated transcript) is a novel anorexigenic hypothalamic neuropeptide (e.g., Lambert et al., 1998) with
recent evidence suggesting possible interactions with the
LH orexin system. Thus, significant OX1 R immunoreactivity has been found in CART neurons of the ventrolateral division of ARC (Backberg et al., 2002), and it is
probable that these CART neurons in turn project back
to orexin cells in the LH (Horvath et al., 1999). The
possible functional relevance of these anatomical connections has been suggested by the observation that
administration of CART (55–102) inhibits both normal
food intake and orexin-A-stimulated food intake in
goldfish (Volkoff and Peter, 2000). Although interpreted
by the authors as evidence of an inhibitory interaction
between CART and orexin-A in the regulation of food
intake, the strength of this conclusion is at least partially
ª 2002 Elsevier Science Ltd. All rights reserved.
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undermined by the use of intrinsically anorectic doses of
the CART fragment.

Orexins and serotonin
As serotonin (5-HT) has long been implicated in satiety
(e.g., Blundell, 1977), it is of considerable interest that LH
orexin neurons project strongly to the dorsal raphe nucleus (DRN) (Briski and Sylvester, 2001; de Lecea et al.,
1998; Cutler et al., 1999; Dube et al., 1999; Nambu et al.,
1999; Peyron et al., 1998; Sakurai et al., 1998; Taheri et al.,
1999). Furthermore, the DRN displays a high density of
OX1 R (Greco and Shiromani, 2001; Hervieu et al., 2001; Lu
et al., 2000; Marcus et al., 2001; Trivedi et al., 1998), orexin-A excites 5-HT cells in the DRN (Brown et al., 2001),
and both orexin-A and orexin-B have been found to inhibit depolarisation-stimulated 5-HT release in the hypothalamus (Orlando et al., 2001). Although, as reviewed
below, there is some evidence for 5-HT involvement in
orexin-induced stimulation of grooming (Duxon et al.,
2001; Matsuzaki et al., 2001), no studies have yet been
published on the effects of 5-HT manipulations on orexininduced hyperphagia. However, as 5-HT exerts an inhibitory effect on food intake, most probably via 5-HT1A (e.g.,
Simansky, 1996) and 5-HT2C (e.g., Hewitt et al., 2002) receptor mechanisms, orexin projections to DRN may form
part of an inhibitory feedback loop back to the hypothalamus (Brown et al., 2001). In this context, 5-HT1A receptor
immunoreactivity has very recently been identified in
NPY-, AgRP-, POMC- and CART-containing neurons of the
ARC nucleus as well as in MCH- and orexin-containing
neurons of the LH (Collin et al., 2002). Undoubtedly,
studies specifically addressing possible orexin-5-HT interactions in appetite regulation will appear in the near
future.

OREXINS AND FEEDING BEHAVIOUR
Although many substances influence food consumption,
changes in intake per se actually reveal comparatively little
about how and why such changes occur. For example, is
orexin-induced hyperphagia mediated directly through
systems involved in appetite regulation or is it merely an
indirect consequence of some other effect of the peptide?
Even if directly mediated, are such effects produced
through an increase in the motivation to eat or a decrease
in satiety signalling? Although answers to these sorts of
questions can be obtained through detailed behavioural
analysis, it is somewhat surprising that relatively few
studies to date have specifically focused on the behavioural effects of orexins. Nevertheless, these reports have
produced some intriguing findings which, for reasons that
should become apparent, will be considered as a function
of whether food was present or absent during testing.
ª 2002 Elsevier Science Ltd. All rights reserved.
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Behavioural effects of orexins: food present
Several studies have reported on the general behavioural
effects of orexins within a feeding context, while others
have more specifically examined peptide and antagonist
effects on the natural structure of feeding behaviour.

Orexin-induced behavioural changes
In the first study to report in detail on the behavioural
effects of orexins, Ida et al. (1999) found that 3 nmol ICV
orexin-A (but not orexin-B) in rats significantly increased
time spent feeding during a 3 h test. This enhancement of
feeding behaviour was largely restricted to the first hour,
an observation that may explain the absence of a significant treatment effect on 3 h food consumption. However, very much more pronounced stimulatory effects of
orexin treatment (orexin-A generally > orexin-B) were
observed on face-washing, grooming, searching and
burrowing. These behavioural changes had a fast onset
and, like feeding, were generally most evident during the
first half of the test session. Interestingly, while orexin-Ainduced searching was most evident after the main bout
of feeding (70–80 min), animals treated with orexin-B
showed regular bouts of searching throughout the entire
3 h period. Although the authors were somewhat cautious in their interpretation of the overall behavioural
patterns observed, it is notable that all orexin-elicited
behaviours form part of the normal appetitive-consummatory sequence associated with the pre-ingestive
(searching), ingestive (feeding) and post-ingestive
(grooming) phases. Interestingly, very similar findings
have more recently been reported by Sunter et al. (2001)
who failed to find a significant effect of ICV orexin-A (1
and 3 nmol) or orexin-B (3 nmol) on food intake or feeding behaviour in rats measured 4 h after peptide administration. While the negative result on ingestion may be
similarly explained by the measurement interval employed (i.e., masking of an initial hyperphagic response),
the authors nevertheless observed significant stimulatory
effects of peptide treatment on 4h measures of grooming,
rearing, sniffing, locomotion (orexin-A only) and burrowing (orexin-B only). Furthermore, somewhat reminiscent of the counter-regulatory mechanisms proposed by
Haynes et al. (1999), total food intake as well as the frequency of feeding episodes were significantly reduced in
the period 4–24 h following treatment with orexin-A
(3 nmol).
In addition to this work on rats, detailed behavioural
studies on goldfish (Volkoff et al., 1999; Volkoff and
Peter, 2000) have found that ICV orexin-A or orexin-B
(1–10 ng/g) stimulates 1 h food intake and also markedly
increases the total number of feeding acts, including
those defined as incomplete (i.e., approach without consumption and/or food rejection). However, of relevance
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to later discussion, the authors also reported a significant
orexin-A-induced increase in the total number of
behavioural acts (including non-feeding behaviours,
such as gravel-spitting and interactions with other fish),
suggesting the possibility of a general arousing effect of
peptide treatment rather than a specific effect on mechanisms of appetite.
Most research on orexin-induced hyperphagia in rats
has been conducted during the light phase of the LD
cycle, a procedure normally adopted to control for possible ceiling effects arising from high basal intake during
the dark phase. However, in a very recent study, Espana
et al. (2002) examined in detail the behavioural effects of
hypocretin-1 (orexin-A, 3 nmol ICV) administered prior to
90 min observation sessions in either the light or dark
periods. Irrespective of time of administration, hypocretin-1 increased time spent awake, locomotor activity and
chewing inedible objects. In contrast, while peptide administration in the light period also significantly increased feeding, drinking and grooming, only minimal
effects on these behaviours were recorded following administration during the dark period. Although the data
suggest that hypocretin-1-induced hyperhpagia may largely be accounted for by the increase in waking time,
there are a number of problems with this conclusion.
Firstly, when administered in the dark period, hypocretin-1 did increase food intake, as well as time spent
feeding and grooming; however, in view of high control
baseline scores (as would be expected during the dark
phase), these effects were not statistically reliable.
Secondly, as the authors themselves admit, there was a
significant increase in feeding during the first 30 min of
the light period, a time when both the vehicle- and
hypocretin-1-treated animals displayed comparable levels of waking. Thirdly, if ingestive responses to hypocretin-1 are simply an indirect consequence of time
awake (arousal), it is odd that the locomotor stimulant
response to the peptide did not display the circadiandependency claimed for ingestive responses. To their
credit, however, the authors conclude that only some of
the ability of hypocretin-1 to increase feeding, drinking
and grooming may reflect a more general behavioural
activation.
The issue of a mediating role for general arousal in the
hyperphagic response to orexin-A has also been investigated following direct peptide administration into the LH
(Kotz et al., 2001). Using a novel behavioural approach,
these authors examined the effects of intra-LH orexin-A
(1 nmol unilateral) on food intake and locomotor activity
in rats previously habituated to a running wheel.
Behavioural measures were taken over a 2 h period in
either the light or dark phase of the cycle. The authors
argued that if orexin-induced hyperphagia were simply a
consequence of enhanced arousal, then the presence of a
Neuropeptides (2002) 36(5), 303–325

familiar running wheel should diminish or abolish the
feeding response. Furthermore, if arousal explains hyperphagia, then the peptide should always induce feeding in situations where it enhances arousal. The results
showed that, when administered during the light phase,
orexin-A stimulated feeding to a similar extent in the
presence or absence of the running wheel, and increased
the number of wheel rotations to a similar extent in the
presence or absence of food. During the dark phase, orexin-A stimulated locomotor activity but as in prervious
studies (reviewed above), did not significantly increase
food intake. Importantly, these findings show that orexin-A-induced stimulation of feeding is not always coincident with increased activity, thereby demonstrating
that the hyperphagic response is not merely an artifact of
enhanced arousal. A similar conclusion regarding the
behavioural specificity of orexin-A-induced hyperphagia
has also been reached in studies on the effects of peptide
administration directly into the rat ARC nucleus (unpublished data, cited in Sakurai, 2002) and, as reviewed
below, in experiments that have examined the effects of
the peptide (and an OX1 R antagonist) on the natural
structure of feeding behaviour in rats.

Orexin effects on the natural structure of feeding
behaviour
It has been recognised for some time that important insights into treatment- induced changes in appetite can be
obtained through detailed analysis of the microstructure
of feeding behaviour (e.g., Blundell and Latham, 1979;
Clifton, 2000; Smith, 2000). In rodent research, one of the
most informative microstructural approaches involves the
behavioural satiety sequence (BSS), a concept that describes the natural progression from eating ) grooming )
resting (Fig. 2). First documented some 40 years ago (Bindra and Blond, 1958; Bolles, 1960), and subsequently
elaborated in the mid-1970s (Antin et al., 1975; Blundell
and Latham, 1979), the BSS has since been extensively
used to characterise the influence of pharmacological and
non- pharmacological manipulations on the normal pattern of behaviour associated with feeding in rats (for recent
review: Halford et al., 1998). This work has confirmed that
the preservation of the structure of this stochastic sequence can be taken to signify changes in food intake by a
post-ingestive mechanism of satiety. In contrast, disruption of the sequence demonstrates that a treatment modifies food intake by mechanisms other than satiety i.e., via
induction of nausea, pain, sedation or hyperactivity.
We have recently employed BSS methodology to characterise the dose-response effects of orexin-A and SB334867 (a selective OX1 R antagonist), alone and in
combination, on the behaviour of non-deprived male rats
during a 1 h test with palatable mash (Rodgers et al.,
ª 2002 Elsevier Science Ltd. All rights reserved.
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Fig. 2 Typical behavioural satiety sequence (BSS) in a group of
non-deprived male Lister hooded rats (n ¼ 10) presented with
palatable wet mash for 1 h (unpublished control group data). Eating
is the predominant behaviour during the first half of the test session
and resting the predominant behaviour over the final 30 min. Regular
bouts of grooming are also apparent and, typically, follow significant
bouts of feeding. Duration scores are in seconds, period (p1–p12)
refers to 5-min timebins during the 1-h test, and the vertical line
denotes the transition point between eating and resting.

2000; Rodgers et al., 2001). In addition to recording 1 h
food intake, videotaped sessions were scored for eat latency as well as the frequency and duration of feeding,
drinking, grooming, resting, locomotion, rearing and
sniffing. Close attention was paid to the natural structure
of feeding behaviour and, in particular, to the timing of
the transition between eating and resting (a marker of
behavioural satiety).
When administered alone, orexin-A (0.78–7.0 nmol
ICV) stimulated food intake without significantly influencing total session scores for any behavioural category
(Rodgers et al., 2000). The only exception to this pattern
was a small (though significant) increase in drinking observed at the highest dose tested (see also Espana et al.,
2002; Kunii et al., 1999). Despite the general absence of
orexin-A effects on total behavioural scores, microstructural analysis (i.e., timecourse of behavioural change
within session) revealed significant effects of peptide
treatment that were both dose- and time-dependent. Although significantly enhancing food intake, the highest
dose tested (7 nmol) totally disrupted the BSS. Very atypically, these animals engaged in high levels of resting over
the first 15–20 min of the test session while displaying a
concomitant suppression of eating and other active behaviours. This sedative- like effect dissipated by 20 min
post-infusion and was followed by somewhat higher than
control (rebound) levels of most behaviours (including
feeding) over the second half of the test session.
In contrast to the clearly disruptive effects of the high
dose, behavioural structure was fully preserved at the
two lower doses (0.78–2.4 nmol) of orexin-A, with the
ª 2002 Elsevier Science Ltd. All rights reserved.
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principal effect of treatment being to delay the onset of
behavioural satiety (i.e., transition from eat to rest) by
approximately 12–15 min. Very importantly, these effects
were seen in the absence of a general stimulation of behaviour, i.e., no increases were apparent in locomotor
activity, rearing or sniffing. Furthermore, as neither eat
latency nor initial feeding (frequency or duration) was
significantly altered at these dose levels, it may be concluded that orexin-A does not affect initial motivation to
eat. Rather, treatment with this peptide extends the time
devoted to feeding prior to the onset of grooming and
resting. The observations that enhanced grooming and
suppressed resting were evident only in the latter part of
the test (i.e., after the main bout of feeding) are fully
consistent with this interpretation. In view of the relatively short test duration employed in these studies,
these findings suggest that the delay in behavioural satiety under orexin-A treatment may occur through
modulation of vagally mediated feedback to the NTS and
beyond.
In a follow-up study (identical test conditions), we examined the dose-response effects of SB-334867 (3–30 mg/
kg, i.p.) prior to determining the ability of this OX1 R antagonist to block the hyperphagic effects of 2.4 nmol ICV
orexin-A (Rodgers et al., 2001). Administered alone, SB334867 (30 mg/kg but not lower doses) significantly reduced food intake and most active behaviours except
resting (which was increased). Although suggestive of a
behaviourally non-selective (i.e., sedative-like) action,
the structure of feeding behaviour was fully preserved at
this dose level with the reduction in overall behavioural
output clearly attributable to a much earlier onset of
behavioural satiety. Thus, relative to the vehicle control
condition, the transition between eating and resting occurred approximately 15 min earlier than normal, with
general activity measures (such as rearing and sniffing)
only showing significant suppression beyond this timepoint. Equally importantly, neither eat latency nor the
initial bout of feeding behaviour were affected by antagonist treatment, thereby paralleling (though opposite
in direction to) effects observed with orexin-A and further
suggesting that, via the OX1 R, orexin-A influences satiety
signalling rather than initial hunger motivation. In the
second part of the study, we replicated earlier observations that orexin-A (2.4 nmol ICV) stimulates food intake,
reduces resting, increases grooming and delays the onset
of behavioural satiety. Pretreatment with SB-334867
was found to dose- dependently block all these effects
of orexin-A and, most importantly, to do so even at
dose levels below those required to induce intrinsic
behavioural effects under identical test conditions (i.e.,
< 30 mg/kg).
These BSS analyses clearly confirm the behavioural
selectivity of orexin-A (2.4–7.0 nmol)-induced hyperphaNeuropeptides (2002) 36(5), 303–325
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gia as well as SB-334867 (30 mg/kg)-induced aphagia.
When administered alone, both treatments fully preserved the normal structure of feeding behaviour yet induced meaningful and diametrically opposite effects on
food intake, feeding behaviour and behavioural satiety.
In addition, pretreatment with intrinsically non-anorectic
doses (3–10 mg/kg) of SB-334867 dose-dependently
blocked the hyperphagic and behavioural effects of orexin-A. As neither the peptide nor the OX1 R antagonist
influenced initial motivation to eat, it seems reasonable
to propose that, via the OX1 R, orexin-A specifically influences appetite through modulating the efficacy of satiety signalling from gut to brain. This conclusion would
not be inconsistent with recently expressed views on the
role of orexins in the short-term regulation of energy
balance (e.g., Arch, 2000; Cai et al., 2002; Smart et al.,
2002).
Behavioural effects of orexins: food absent
In addition to it’s classical role in the neural mediation of
hunger, the LH has long been implicated in the regulation of drinking behaviour and fluid homeostasis. LH
lesions not only produce aphagia but also adispia (e.g.,
Oltmans and Harvey, 1976), while LH stimulation increases water intake as well as feeding (e.g., Mogenson
and Stevenson, 1967). In this context, Kunii et al. (1999)
have provided convincing evidence that LH orexins may
also act as physiological regulators of fluid homeostasis
and water intake. They found that orexin-immunoreactive fibres are present in two circumventricular organs
(the subfornical organ and area postrema) associated with
fluid intake, and that 48 h water deprivation upregulates
hypothalamic prepro-orexin mRNA. Futhermore, in
behavioural studies, they observed that ICV administration of orexin-A (3–10 nmol) and orexin-B (3–30 nmol)
dose-dependently stimulates home-cage drinking behaviour in rats. These effects occurred within a few
minutes of peptide infusion and, while less intense, were
longer-lasting than the hyperdipsic response to 0.3 nmol
angiotensin II. Paralleling the hyperphagic effect of
orexins (reviewed above), orexin-A produced a more
potent effect on drinking than orexin-B, i.e., the effect
observed with 10 nmol orexin-A was greater than that
produced by 30 nmol orexin-B. Furthermore, as no food
was present during these experiments, the increases in
drinking reported in several feeding studies (e.g., Espana
et al., 2002; Rodgers et al., 2000) would not appear to be
an indirect consequence of enhanced food intake.
The locus coeruleus (LC) receives a particularly dense
projection from LH orexin neurons (Briski and Sylvester,
2001; Cutler et al., 1999; Date et al., 1999; de Lecea et al.,
1998; Nambu et al., 1999; Peyron et al., 1998; Shirasaka
et al., 1999; Taheri et al., 1999), and displays a high
Neuropeptides (2002) 36(5), 303–325

density of OX1 R (Hervieu et al., 2001; Greco and Shiromani, 2001; Lu et al., 2000; Marcus et al., 2001; Trivedi
et al., 1998). In this context, Hagan et al. (1999) have
shown that orexin-A (30 nM to 3 lM) increases the firing
of noradrenergic LC neurons in vitro and, when administered in vivo (2.4 nmol ICV), enhances EEG arousal at
the expense of paradoxical sleep (see also Piper et al.,
2000). Consistent with these observations, the authors
also found that orexin-A (0.24–7.2 nmol ICV) potently
stimulates both locomotor activity and grooming, with
very similar effects having recently been reported for orexin-B (Jones et al., 2001). As these behavioural changes
were recorded in a neutral test arena in the absence of
food, it would appear that (as for drinking) the increases in
locomotion and grooming sometimes observed with
orexins in a feeding context are independent of their hyperphagic effects. Although it might be argued that these
EEG and general behavioural arousal effects of orexins
can account for their hyperphagic effects, several studies
reviewed above render such a facile interpretation untenable (e.g., Espana et al., 2002; Kotz et al., 2001; Rodgers et al., 2000, 2001). Furthermore, while both orexin
peptides stimulate locomotor activity and grooming to a
similar degree, hyperphagia is much less reliably seen in
response to orexin-B compared with orexin-A (see earlier).
In a further exploration of the effects of orexin-A on
grooming, Duxon et al. (2001) observed that orexin-Aevoked grooming in rats is not only totally blocked by
pretreatment with the OX1 R antagonist, SB-334867, but
also by the selective serotonin (5-HT)2C receptor antagonist, SB-242084. These findings suggest that orexin-A
indirectly activates 5-HT2C receptors downstream of
OX1 R to elicit grooming. This result is not only important
in itself but also because of (a) established LH orexin
projections to the DRN (Briski and Sylvester, 2001; Cutler
et al., 1999; de Lecea et al., 1998; Dube et al., 1999;
Nambu et al., 1999; Peyron et al., 1998; Sakurai et al.,
1998; Taheri et al., 1999), the high density of OX1 R in the
DRN (Greco and Shiromani, 2001; Hervieu et al., 2001;
Lu et al., 2000; Marcus et al., 2001; Trivedi et al., 1998),
and reports that orexin-A excites 5-HT cells in the DRN
(Brown et al., 2001), (b) other evidence pointing to the
involvement of 5-HT mechanisms in orexin-induced
grooming (Matsuzaki et al., 2001), and (c) the well-established inhibitory role of 5-HT, and especially 5-HT2C
receptors, in feeding behaviour (e.g., Hewitt et al., 2002).
As already noted, orexin-A and orexin-B stimulate locomotor activity in rats, and recent studies with SB334867 have again pointed to OX1 R mediation of this
effect (Jones et al., 2001). In this context, the dopaminergic ventral tegmental area (VTA) receives projections
from LH orexin neurons (e.g., Fadel and Deutch, 2002;
Nakamura et al., 2000), OX1 R and OX2 R are present in
high densities in the VTA (Lu et al., 2000), and orexin-A
ª 2002 Elsevier Science Ltd. All rights reserved.
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dose-dependently increases Ca2þ influx in isolated VTA
dopamine neurons (Nakamura et al., 2000). Two recent
behavioural studies have therefore explored the extent to
which orexin-stimulated locomotion may depend upon
the activation of dopaminergic receptors downstream of
the OX1 R. Confirming the greater variability in behavioural effects observed with orexin-B, Matsuzaki et al.
(2001) found similar locomotor and grooming responses
to both peptides, whereas Nakamura et al. (2000) found
such effects only with orexin-A. Nevertheless, orexin-Ainduced (3–10 nmol ICV) hyperlocomotion was abolished
by pretreatment with dopamine D2 receptor antagonists
(haloperidol and sulpiride) but not by 5-HT receptor antagonists (ritanserin and metergoline) (Matsuzaki et al.,
2001; Nakamura et al., 2000). Interestingly, orexininduced grooming was blocked not only by the 5-HT
receptor antagonists but also by haloperidol and
SCH23390 (a D1 receptor antagonist). Although these
findings suggest dopaminergic involvement in orexinA-induced locomotor stimulation and grooming, it is
somewhat unusual that neither study found any intrinsic
locomotor effects with the dopamine receptor antagonists employed (haloperidol – 0.1 and 1.0 mg/kg;
sulpiride – 20 and 200 mg/kg; SCH23390 – 0.1 and
1.0 mg/kg).
In addition to physiological and behavioural effects
directly associated with appetite control, central administration of orexin-A and/or orexin-B has been found
to induce a wide range of other physiological actions,
including substantial sympathetic activation. Widely
reported increases in arterial blood pressure and heart
rate in response to orexin administration appear to be
mediated via LH orexin inputs to the PVN and rostral
ventrolateral medulla, both of which project directly to
sympathetic preganglionic neurons of the spinal cord
(Dun et al., 2000; Samson et al., 1999; Shirasaka et al.,
2001). Orexins also enhance metabolic rate (Lubkin and
Stricker-Krongrad, 1998), body temperature (Yoshimichi
et al., 2001), and activity in the hypothalamic–pituitary–
adrenal (HPA) axis (Hagan et al., 1999; Jones et al., 2001;
Kuru et al., 2000). Of yet further significance is recent
evidence that orexin-A, administered either intravenously (10–30 mg/kg) or ICV (0.7–7.2 nmol), elicits an analgesic reaction in rats and mice equivalent in efficacy to
10 mg/kg morphine (Bingham et al., 2001). Although this
analgetic reaction is blocked by the OX1 R antagonist, SB334867, it is insensitive to naloxone and would therefore
be classed as a non-opioid form of pain inhibition.
FORAGING, VIGILANCE, AND DEFENCE
The apparent diversity of orexin effects on physiology
and behaviour is of course consistent with the extensive
distribution of orexin fibres and receptors throughout the
ª 2002 Elsevier Science Ltd. All rights reserved.
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neuraxis. On the one hand, it is theoretically possible that
effects on appetite regulation, CNS arousal, locomotor
activity, grooming, sympathetic activation, HPA function
and pain perception are entirely independent of each
other. On the other hand, however, it is conceivable that
the small group of LH orexin neurons coordinates a
constellation of behavioural, physiological and endocrine
changes designed to meet the demands of acute nutritional depletion. More specifically, Cai et al. (2001) have
noted that the only manipulations to consistently produce activation of LH orexin neurons are low blood glucose levels and an empty stomach, both of which signify
an urgent need for sustenance. This context-dependency
may help to explain both major classes of effect associated with orexin activation – namely, enhanced food
intake/delayed satiety and increased wakefulness/ vigilance/behavioural activity. As recently suggested by
several authors, the latter actions would help to ensure
that foraging took precedence over sleeping, with increased wakefulness providing more feeding opportunities (e.g., Arch, 2000; Kirchgessner, 2002; Mieda and
Yanagisawa, 2002; Sakurai, 2002; Willie et al., 2001).
However, they would also ensure that, while foraging,
animals remained alert to potential dangers in the environment, with increased vigilance serving to defend
against predation (Kirchgessner, 2002). These coordinated effects of LH orexin activation would undoubtedly
have adaptive value in aiding survival under conditions
of severe nutritional depletion.
In the wild, rats are opportunistic foragers (Barnett,
1963) and, in order to feed, must leave the relative security of the home burrow. However, doing so immediately introduces the competing demands of finding food
and avoiding danger. Indeed, it is widely recognised that
predation risk shapes animal vigliance, and that the
conflict between feeding and vigilance is the classic
behavioural trade-off (Treves, 2000). In an excellent review of antipredator defense, Kavaliers and Choleris
(2001) discuss two concepts widely used in behavioural
ecology research. ‘Apprehension’ refers to any reduction
in attention to foraging that occurs as a result of increasing the allocation of attention to detecting and/or
responding to potential predators. Vigilance on the other
hand is the behavioural state of alertness and scanning
for predators. These opposing demands result in an ‘apprehension gradient’, ranging from the extremes of having no interest in the risk of predation to total
preoccupation with such risk. As such, the baseline level
of apprehension determines the prey’s level of vigilance
in the absence of any tangible evidence of a predator’s
presence. Obviously, if this is set too high, animals may
miss valuable feeding opportunities but, if too low, they
may well themselves be killed and eaten. Indeed, the
results of many empirical studies and theoretical analyses
Neuropeptides (2002) 36(5), 303–325
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have established that foragers always behave as if the risk
of predation is high, i.e., a ‘better safe than sorry’ strategy
(Lima, 1998).
The relevance of these issues to the functional significance of orexins can perhaps best be illustrated by a
question posed by Kavaliers and Choleris (2001) –
namely, what should an animal do when it is simultaneously very hungry yet under the risk of predation?
Although predation obviously carries a much higher
penalty than any temporary loss of food, extreme hunger
can also be life-threatening. According to the apprehension gradient, the animal in question should search for
food while maintaining a high level of vigilance. As already discussed, the LH orexin system appears to be activated only under physiological conditions signifying
severe nutritional depletion, i.e., low glucose levels (insulin-induced hypoglycaemia) and/or an empty stomach
(prolonged fasting). Through it’s extensive hypothalamic
and extrahypothalamic projections, the orexin system
may therefore simultaneously initiate not only active
foraging (searching and feeding) but also the requisite
state of alertness to danger (vigilance) (Fig. 3).
In this context, detailed studies on the defensive behaviour of animals have revealed two basic coping
strategies (active and passive defence), each involving

hypothalamic projections to effector mechanisms running rostro-caudally throughout the midbrain periaqueductal gray matter (PAG) (Bandler and Shipley, 1994).
The active defensive strategy, in particular, has considerable significance for our understanding of the constellation of physiological and behavioural changes that
accompany activation of the LH orexin system. Mediated
by the dorsolateral and lateral columns of the PAG, this
strategy is associated with increased somatomotor activity, increased vigilance, tachycardia, hypertension and
non-opioid analgesia (for recent review: Keay and Bandler, 2001). It is surely no coincidence that all of these
physiological changes have been described in response
to central administration of orexins. Furthermore, as
vigilance is associated with high levels of risk assessment
(Blanchard et al., 1993; Kavaliers and Choleris, 2001), it
is pertinent to note that orexin-A enhances corticosterone
release (e.g., Hagan et al., 1999) and that a high positive
correlation exists between risk assessment and plasma
corticosterone titres (Rodgers et al., 1999).
In contrast to active defence, the passive defensive
strategy (mediated via the ventrolateral PAG column) is
most often seen in response to dire circumstances, such
as capture and handling by a predator, and is associated
with behavioural quiescence (tonic immobility), brady-

Fig. 3 Activation of LH orexin system by severe nutritional depletion (low blood glucose and/or empty stomach) simultaneously induces
foraging and enhances vigilance. HR: heart rate, BP: blood pressure. See text for further details.
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cardia, hypotension and opioid analgesia (Keay and
Bandler, 2001). Clearly, the response requirements of
passive defence are incompatible with those of active
defence, implying the existence of mutual inhibitory interactions. In this context, considerable interest has recently been expressed in the potential involvement of
orexins (and OX2 R mechanisms in particular) in the sleep/
arousal disorder, narcolepsy. Although a detailed review
of the relevant literature is beyond the scope of the
present paper, such interest has stemmed not only from
the effects of orexins on behavioural and EEG arousal (as
reviewed above) but also from the effects of naturally
occurring and/or engineered mutations of genes encoding prepro-orexin and/or orexin receptors. For example,
in mice, knockout of the prepro-orexin gene or combined
knockout of the genes encoding OX1 R and OX2 R has
been found not only to result in hypophagia but also in
behavioural changes consistent with bouts of cataplexy
(for recent reviews: Hara et al., 2001; Hungs and Mignot,
2001; Sutcliffe and de Lecea, 2002; Willie et al., 2001).
Cataplexy, defined as a sudden and complete loss of
muscle tone, is a hallmark of narcolepsy and has traditionally been interpreted as rapid eye movement (REM)sleep atonia. However, in humans, cataplexy is known to
be triggered by strong emotions and the question therefore arises as to how and why cataplexy should result
from inactivation of the orexin system. This issue has
recently been explored in a thought-provoking paper by
Overeem et al. (2002) who argue that, rather than REMsleep atonia, cataplexy represents an ‘atavism’ (i.e., the
recurrence of an ancestral pattern) and, more specifically,
the recurrence of tonic immobility as the ultimate defensive response to extreme danger. From this perspective, the authors argue that LH orexin neurons may
normally suppress brain areas involved in the initiation of
tonic immobility. This suggestion raises the possibility
that activation of the LH orexin system under conditions
of severe nutritional depletion may simultaneously initiate foraging/active defense while inhibiting passive defense. Logically, therefore, complete inactivation of the
orexin system (requiring severe loss of orexin neurons or
loss of both types of orexin receptor) would not only
disrupt the former but also disinhibit the latter.
Behavioural effects of orexins revisited
In virtually all published reports, hyperphagia is the
predominant behavioural response to orexins (especially,
orexin-A) when food is present in the test environment.
However, it is clear that other behavioural changes can
also occur in this context depending, amongst other
things (e.g., dose), upon the nature of the food source,
the reactivity of the subjects, familiarity with the test
environment, and the presence of water and bedding in
ª 2002 Elsevier Science Ltd. All rights reserved.
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that environment. These additional behavioural changes
include searching, burrowing, drinking, increased locomotor activity and grooming. As many of these changes
have also been observed outside a feeding context (e.g.,
an activity chamber), some authors have queried the
behavioural selectivity of orexin hyperphagia (e.g., Espana et al., 2002) while others have suggested that, at
best, orexins play only a minor role in appetite regulation
(Sutcliffe and de Lecea, 2002). However, if (as suggested
above) orexin activation signals nutrient depletion,
thereby simultaneously engaging mechanisms associated
with foraging and vigilance, there is no reason why the
absence of food should prevent the occurrence of orexinA-induced non-ingestive responses. Consistent with this
line of thinking, it is known that orexins are capable of
producing sympathetic activation even in anaesthetised
animals (e.g., Shirasaka et al., 2001). Indeed, it might
even be argued that the absence of food for an animal in
‘foraging mode’ might further intensify it’s state of
arousal, and this may explain why orexin-induced locomotor activation and grooming are, if anything, even
more readily observed in the absence of food. Furthermore, under these specific circumstances, the excessive
grooming seen in response to orexins may represent a
displacement, or stress-related, response arising from the
failure to locate food. Clearly, such arguments lead to a
number of testable hypotheses, e.g., contrasting the
behavioural effects of orexins in novel versus familiar test
situations, in situations where food is present, absent, or
hidden in the test environment, and even in situations
containing unconditioned or conditioned danger cues.
CONCLUSIONS
The empirical evidence for orexin involvement in the
regulation of appetite is diverse and appears to us to be
incontrovertible (Table 3). In particular, the hyperphagic
effects of these peptides (especially orexin-A) have been
found in several species and, in rats, are associated with
a delay in the onset of behavioural satiety. Studies with
SB-334867 strongly suggest these effects of orexin-A are
mediated via the OX1 R while the observation that, when
given alone, this antagonist inhibits feeding and phase
advances behavioural satiety implicates OX1 R mechanisms in the regulation of normal feeding behaviour.
Furthermore, the pattern of effects on feeding induced
both by the peptide and the antagonist suggests that
the primary role of orexin-A in appetite involves satiety
signalling with orexins functioning to increase intake by
prolonging feeding behaviour. This would be consistent
with the view that the LH orexin system is activated in
response to acute energy depletion and thus subserve
short-term appetite regulation (Arch, 2000; Cai et al.,
2002; Smart et al., 2002). The additional effects of
Neuropeptides (2002) 36(5), 303–325
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Table 3 Orexin involvement in appetite regulation: summary of evidence
Neuroanatomy
System activation
Ingestive physiology
Food intake, feeding behaviour and
bodyweight

System interactions

















LH orexin neurons project to NPY- and POMC- expressing cells in ARC nucleus
LH orexin neurons project to extrahypothalamic sites involved in appetite regulation
Orexin receptors (OX1R and OX2R) are present in all of these brain areas
LH orexin neurons are activated by insulin-induced hypoglycaemia and by prolonged fasting
Orexins increase gastric acid secretion, gut motility, and insulin secretion
Orexins influence neural mechanisms involved in control of mastication
Orexins modulate activity in NTS
Orexins enhance food intake in several species, with neural sites of action in LH, PFN and DMN
Orexins increase feeding behaviour and delay behavioural satiety; effects blocked by OX1R
antagonist, SB-334867
Food intake/feeding behaviour inhibited by anti-orexin-A antibodies and OX1R antagonist
OX1R antagonist phase advances behavioural satiety and suppresses bodyweight gain in rats
OX1R antagonist reduces food intake and decreases bodyweight gain in genetically obese mice
Orexin-A selectively increases NPY expression in cells of the ARC nucleus
Orexin-A hyperphagia is blocked by NPY Y1 and Y5 receptor antagonists
Orexin-A antibodies block NPY-induced hyperphagia

ARC: arcuate nucleus; DMN: dorsomedial nucleus; LH: lateral hypothalamus; NPY: neuropeptide Y; NTS: nucleus of the solitary tract; OX1R
and OX2R: orexin-1 receptor and orexin-2 receptor; PFN: perifornical nucleus; POMC: proopiomelanocortin.

orexins on CNS arousal, sympathetic activation, neuroendocrine function and pain perception can be understood not as independent effects of these peptides
but rather as part of an adaptive constellation of changes in the physiology and behaviour of animals that
must find food by foraging in potentially dangerous
environments. The alternate perspective that ‘the sleepwake aspects of orexins are dominant and that a secondary involvement in metabolic concerns will therefore
be subservient to the demands of the arousal cycle’
(Sutcliffe and de Lecea, 2002) seems to miss the point
that arousal cannot be an end in itself but, rather, is the
means whereby animals engage in certain adaptive behaviours – such as foraging while simultaneously
maintaining the level of vigilance necessary to avoid
becoming a meal for someone else. In other words, the
‘why?’ question in neuroscience should be just as important as the ‘how?’.
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