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CHAPTER 7
Multiple roles for orexin/hypocretin in addiction
Stephen V. Mahler, Rachel J. Smith, David E. Moorman,
Gregory C. Sartor and Gary Aston-Jones*
Department of Neurosciences, Medical University of South Carolina, Charleston, SC, USA
Abstract: Orexins/hypocretins are hypothalamic peptides involved in arousal andwakefulness, but also play
a critical role in drug addiction and reward-related behaviors. Here, we review the roles played by orexins in a
variety of animal models of drug addiction, emphasizing both commonalities and differences for orexin’s
involvement in seeking of the major classes of abused drugs, as well as food. One common theme that
emerges is an involvement of orexins in drug seeking triggered by external stimuli (e.g., cues, contexts or
stressors). We also discuss the functional neuronal circuits in which orexins are embedded, and how these
circuits mediate addiction-related behaviors, with particular focus on the role of orexin and glutamate
interactions within the ventral tegmental area. Finally, we attempt to contextualize the role of orexins in
reward by discussing ways in which these peptides, expressed in only a few thousand neurons in the brain,
can have such wide-ranging effects on behavior.
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Introduction and overview

The brain neuropeptides orexin A and orexin B
(also denoted hypocretin 1 and hypocretin 2) origi-
nate exclusively in hypothalamus and target
neurons throughout the central nervous system via
two G-protein-coupled receptors (orexin 1 and
2 receptors (OX1R and OX2R), also denoted
hypocretin 1 and 2 receptors), as described in other
chapters in this volume (Gotter et al., 2012; Mieda
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and Sakurai, 2012). Although compelling evidence
shows a role for orexins in arousal andmaintenance
of the waking state (de Lecea, 2012), additional evi-
dence supports an important and specific role in
reward processes and drug abuse as well (e.g.
Baimel and Borgland, 2012). This chapter will
review this evidence, summarize the current under-
standing of roles played by orexins in addiction, and
discuss some of the brain mechanisms involved.

Orexin neurons are located exclusively in the
hypothalamus. They are distributed mediolaterally
from the dorsomedial hypothalamic nucleus
(DMH) through the perifornical area (PFA) into
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the lateral hypothalamus (LH) proper, ranging
from about 2.5 to 3.5 mm caudal of bregma in the
rat (de Lecea et al., 1998; Sakurai et al., 1998). Ani-
mal studies, many of which are described below,
frequently find that reward functions are associated
specifically with orexin neurons in LH but not in
PFA or DMH. In contrast, stress-, arousal-, and
wake-promoting functions of orexin are instead
more consistently linked with DMH and PFA
orexin neuron activation. These observations led
us to propose a functional dichotomy between
these populations of orexin neurons, where LH
orexin cells are involved in reward processes and
the more medial orexin cells are instead involved
with waking and stress responses (Harris and
Aston-Jones, 2006). Thus, evidence supports a role
of orexin in both arousal and reward.

Another dichotomy in orexin function appears to
be related to the two orexin receptors, where
arousal is most closely associated with activation
of the OX2R and reward with OX1R activation
(Akanmu and Honda, 2005; Aston-Jones et al.,
2010; Marcus et al., 2001; Smith et al., 2009b;
Willie et al., 2003). This may indicate that these
two functions can be differentially targeted by drugs
that interact with one of the two receptors. There-
fore, development of specific OX1R and OX2R
compounds to treat addiction versus sleep dis-
orders, respectively, seems a potentially promising
pharmacotherapeutic strategy (Gotter et al., 2012).

One of the many remaining questions regarding
orexin function is in understanding the
relationship between arousal and reward mediated
by these neighboring orexin cell groups. Rewards
are often arousing, and arousing stimuli are often
rewarding—but does this well-known relationship
somehow reflect interactions between the lateral/
medial cell groups or OX1 and OX2 receptors? In
fact, some pharmaceutical companies have started
developing combined OX1R/OX2R compounds,
in the view that manipulating both receptors simul-
taneously may prove to be more effective for some
purposes than manipulating either one alone
(Winrow et al., 2010). One hypothesis we will
explore below is whether both arousal and reward
functions can be viewed as parts of a role for the
entire orexin system in assigning salience to stimuli
in the service of facilitating motivated behavior.

Common functional themes are emerging for the
orexin system. As we discuss below, these neurons
are engaged by stimuli associated with rewards,
including food, sex, and abused drugs (but not nov-
elty reward) (Cason et al., 2010; Di Sebastiano
et al., 2010, 2011; Harris et al., 2005; Sakurai et al.,
1998), and interference with OX1R neurotransmis-
sion blocks the ability of discrete or contextual
stimuli to reinstate extinguished drug- or food-
seeking behaviors. In contrast, these cells are
involved in the primary reinforcing properties of
some but not all drug types—for example, OX1R
antagonists reduce heroin but not cocaine self-
administration. As discussed below, this constella-
tion of common and differential effects across
rewards may in part reflect the ability of orexin to
enhance responses of ventral tegmental area
(VTA) dopamine neurons to afferent (perhaps
especially glutamate) inputs.

Physiological data show that orexin not only
activates its target neurons, but also has substantial
modulatory effects that augment glutamate neuro-
transmission in target neurons (as discussed in
more detail below and by Baimel and Borgland,
2012). This property may help to explain the
accumulating evidence that indicates that the func-
tion of orexin neurons depends upon the target
that they innervate, as is commonly the case for
neuromodulatory systems.

In general, research on the orexin system since
its discovery 14 years ago has indicated that these
neurons play important roles in fundamental brain
and behavioral processes. In fact, it is hard to iden-
tify another neuropeptide system that is as strongly
linked to wide-ranging behavioral effects as the
orexin system. However, work in this nascent field
has generated perhaps as many questions as it has
answered. It seems clear that continuing studies
will reveal ever more complex and intriguing pro-
perties of this key brain system.

Here, we seek to review the roles of the orexin
system in drug addiction. Most of the extant



81
literature is based upon animal studies modeling
various aspects of addiction and addiction-related
behaviors. Therefore, we first review some of
themost commonly used animal models used to test
addiction-related phenomena, and then summarize
the mounting literature using these models to test
the roles of orexins in addiction.
Animal models of addiction

To investigate the underlying mechanisms of
addiction, it is vital to have reliable animal models
that capture key features of the human phenome-
non. Fortunately, there are a wide variety of
behavioral paradigms that model various aspects
of human drug addiction with considerable face
validity, which is not necessarily the case for other
psychiatric disorders. Addiction models can be
used to examine brain correlates of addiction-
related behaviors, such as neuronal activation as
measured by electrophysiology, or immediate
early genes like c-fos and its protein product Fos.
Additionally, these models can be used to test
the effects of experimental interventions on these
behaviors, using lesions of brain regions, or phar-
macologic or genetic manipulations. In the follow-
ing section, we summarize some of the most
commonly used paradigms in rodent addiction
research and lay out advantages and disadvantages
of each. Following this overview, we will discuss
the involvement of orexin in addiction-related
processes measured with the various paradigms.
Acute withdrawal

Withdrawal is a key clinical symptom of drug
dependence (APA, 2000), and desire to avoid
withdrawal is a major factor motivating human
addicts to continue using drugs (Koob and Le
Moal, 1997). In animals, withdrawal can be
elicited by either cessation of chronic drug expo-
sure (spontaneous withdrawal) or administration
of an antagonist for the receptors at which the
drug acts (precipitated withdrawal). Acute with-
drawal effects in animals are typically measured
by quantifying the physical withdrawal symptoms
for drugs like opiates (such as piloerection,
hunched posture, and diarrhea), and/or the psy-
chological withdrawal symptoms that occur
with most abused drugs (such as anxiety and neg-
ative affect).

However, it is clear that the phenomenonof addic-
tion is much larger than avoidance of acute with-
drawal symptoms. Addiction is a chronic disorder,
such that up to 60% of addicts relapse to drug taking
within 12 months of quitting (Brandon et al., 2007;
NIDA, 2009). The fact that these individuals relapse
even after enduring the acute withdrawal period
indicates that addiction fundamentally involves
long-lasting alterations to brain circuitry that persist
for years (or perhaps permanently), even after
cessation of drug use. Therefore, many additional
models have been developed (outlined below) that
measure these persistent effects, in an attempt to
investigate the long-term neuroadaptations underly-
ing addiction.
Sensitization

One factor that is considered to be crucial to the
development of addiction is repeated exposure to
drugs, often with escalated dosing over time due
to the tolerance that occurs for certain effects of
the drug (e.g., euphoria). However, some drug
effects instead show sensitization over time, such
that the same dose of drug causes increased effect
sizes with repeated exposures. One effect that
sensitizes with repeated exposure to all major
addictive drugs is locomotor activation (Clarke
and Kumar, 1983; Downs and Eddy, 1932; Kalivas
and Stewart, 1991; Robinson and Becker, 1986;
Vezina and Stewart, 1989). For example, following
repeated administration of cocaine in a locomotion
testing chamber, the hyperlocomotor properties
of cocaine are increased with each subsequent
injection (Downs and Eddy, 1932). Interestingly,
locomotor sensitization is strongest in novel
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environments and is markedly context dependent
(Hinson and Poulos, 1981; Robinson et al., 1998;
Stewart and Vezina, 1991). In addition, locomotor
sensitization is remarkably persistent and may last
for months or years, even if no drug has been
administered in the interim (Robinson and Becker,
1986; Segal et al., 1981).

Robinson and Berridge have argued that locomo-
tion can be used as an indirect proxy for incentive
salience, or the attractive, noticeable quality of
rewards and associated cues that drives motivation
to seek them (also called “wanting”) (Robinson
and Berridge, 1993, 2008). This “incentive sensitiza-
tion” also occurs with repeated dosing, and may
account for the increased difficulty in resisting drugs
once they have been taken repeatedly. Indeed, loco-
motor/incentive sensitization has been correlated to
other addiction-like behaviors observed in humans
and animals (Di Ciano, 2008; Leyton, 2007;
Piazza et al., 1990a,b; Steketee and Kalivas, 2011;
Vezina, 2004).
Conditioned place preference

The conditioned place preference (CPP) para-
digm measures Pavlovian approach toward an
environment previously associated with reward.
The CPP apparatus consists of two chambers with
distinct visual, tactile, and/or olfactory cues,
separated by a solid partition (or sometimes a
third, neutral chamber with partitions on either
side). In a typical CPP procedure, animals receive
pairings of one chamber with drug, and the other
chamber with control vehicle injections, during
30-min sessions. Following multiple pairings with
each chamber, animals are tested for CPP
by allowing free access to both chambers during
a 15-min drug-free session. If they spend more
time on the drug-paired side, they are said
to show a CPP. If they avoid this side, they show
a conditioned place aversion. Humans can also
learn CPPs for drugs (Childs and de Wit, 2009).

CPP is one of the most commonly employed par-
adigms for studying drug reward, partially due to
the fact that the experimental procedure is short
in duration (about 1 week) and relatively simple.
It can be used to study most drugs abused by
humans, and to determine how the acquisition
and/or expression of this learned behavior is
affected by experimental manipulations. However,
controversy exists as to whether preference/avoid-
ance reflects drug seeking/aversion, or some other
aspect of conditioning. Most drugs that cause
euphoric effects in humans elicit a positive prefer-
ence in the CPP paradigm, and most that have
unpleasant subjective effects evoke a place aver-
sion, giving credence to the seeking/avoidance
interpretation. This issue is dealt with in consider-
able detail elsewhere (Bardo and Bevins, 2000).
Self-administration

One limitation of both sensitization and CPP par-
adigms is that drugs are administered to the
animals by the experimenter. However, when
drugs are experienced instead via voluntary self-
administration, they instigate different changes
to the brain (as compared to yoked noncontin-
gent administration), and these differences may
be critical to understanding some aspects of the
addiction process (Dumont et al., 2005; Hemby
et al., 1997; Jacobs et al., 2005; Suto et al., 2010).
One factor that likely underlies this difference is
that during self-administration, both instrumental
and Pavlovian contingencies are learned [e.g.,
pressing a lever delivers drug, and a discrete cue
(e.g., a tone/light stimulus) temporally predicts
drug]. These learning-related factors are crucial
for addiction, which may critically depend upon
learning processes—some of which can cause the
pursuit of drugs to transition into an automatic,
inflexible habit (Berke and Hyman, 2000; Everitt
et al., 2008; Pierce and Vanderschuren, 2010).
This adds to the face validity of the self-adminis-
tration model (Katz and Higgins, 2003; O’Connor
et al., 2011; Panlilio and Goldberg, 2007).
However, self-administration studies in animals usu-
ally fail to model potential consequences of drug
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taking, and therefore, animals have fewdisincentives
for taking drugs. For this reason, some researchers
have begun adding consequences for drug taking in
animal models, such as a shock or shock-associated
cues (Belin et al., 2008; Deroche-Gamonet et al.,
2004; Vanderschuren and Everitt, 2004).
Self-administration experiments are typically

conducted in an operant chamber, in which animals
learn to make an instrumental action (e.g., lever
press, nose poke, wheel turn, chain pull) to receive
rewards, such as drug infusions delivered via a
chronic intravenous catheter, or food or ethanol
dispensed into a receptacle. Drugs are often paired
with discrete tone/light cues, which can later trigger
drug seeking (discussed below).
Fixed ratio (FR) schedules of self-administration

require relatively little effort for an animal to
receive drug, so specialized paradigms have been
developed to determine motivation for drug in par-
ticular; this is typically measured as the amount of
effort an animal will exert to receive a specific dose
of drug. Under low FR schedules (e.g., FR-1),
animals can easily maintain a preferred blood level
of drug (Koob, 1992; Pickens and Thompson, 1971;
Wise, 1987, 1997). Under a progressive ratio (PR)
schedule of reinforcement, animals must expend
increasing (exponential) amounts of effort to obtain
each subsequent drug infusion. The level at which
animals cease responding (breakpoint) is taken to
reflect the upper limit of motivation for an animal
to receive drug (Richardson and Roberts, 1996). A
related paradigm employs behavioral economics
principles (Bickel et al., 2010; Oleson and Roberts,
2009) and requires animals to make a fixed number
of responses (e.g., FR-1) for decreasing doses of
drug over time. At first, animals readily achieve
desired blood drug levels with only a few infusions.
However, as doses decrease over the course of the
session, more effort (responding) is required to
achieve blood drug levels preferred by the animal.
The cutoff point at which animals eventually cease
responding for these very small doses is referred to
as the maximal price, or Pmax, which is thought to
reflect the value an animal ascribes to (or price it is
willing to pay for) the drug.
Finally, a model of drug self-administration com-
mon to ethanol research is voluntary home cage
oral intake. In a typical setup, animals have access
to two bottles—one containing ethanol and one
containing water alone. Rats and mice are trained
to drink ethanol in this paradigm either by allowing
only intermittent access to the ethanol bottle or
by transitioning over many days from a solution
containing pure sucrose to solutions containing
increasing ethanol concentrations (e.g., Simms
et al., 2008). In general, the degree of consumption
is taken as a measure of rewarding effects of, or
motivation for, ethanol.
Relapse to drug seeking

Due to the chronic relapsing nature of addiction,
several paradigms have been developed to model
the relapse event, when drug seeking is triggered
after a period of abstinence and/or explicit extinc-
tion training (for an excellent review of the
history of reinstatement models, see Shaham
et al., 2003). Three main risk factors are known
to trigger drug craving and relapse in humans—
exposure to drug-associated stimuli/contexts, the
drug itself, and stressors (Breiter et al., 1997;
Ferguson and Shiffman, 2009; Haney et al., 2001;
O’Brien et al., 1992; Sinha and Li, 2007; Sinha
et al., 2011). These triggers also cause drug seek-
ing in animals and are typically studied using an
extinction–reinstatement paradigm after drug
self-administration training (though drug priming
and stress are effective at reinstating extinguished
CPP as well). In this paradigm, animals are given
a period of self-administration (e.g., 10–30 days),
followed by an extinction period during which
operant responses no longer produce drug or cues
(1–3 weeks). Once responding has decreased to a
specific criterion, drug seeking is reinstated using
one of the three reinstatement triggers, as
discussed below. It is important to study the
mechanisms underlying each type of reinstate-
ment, given that each involves at least some
unique neurocircuitry.
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Drug-associated cues are any environmental
stimuli that have been associated in a Pavlovian
fashion with drug rewards. For cue-induced rein-
statement of drug seeking in animals, discrete
cues (such as light or tone) are reintroduced after
extinction, delivered upon performance of the
behavior that once yielded drugþcues (Meil and
See, 1996; Shaham et al., 2003). Alternatively,
contextual stimuli (e.g., the sight, smell, and tac-
tile cues of an operant chamber) can also cause
reinstatement of drug seeking (Bouton and
Bolles, 1979; Crombag et al., 2008; Feltenstein
and See, 2008). Related models of cue-induced
drug seeking are conditioned reinforcement
(CR) and discriminative stimulus (DS) tasks.
In CR (sometimes called second-order condition-
ing), animals learn to perform a novel response
(such as a nose poke) to receive the cue that
was previously associated with drug delivery via
another response (such as a lever press) (Di Ciano
and Everitt, 2005; Schindler et al., 2002). In DS
tasks, noncontingently delivered cues signal the
availability of drug during self-administration
sessions (“occasion setters”), which can then be
used to drive reinstatement by reintroducing the
DS after extinction (Ciccocioppo et al., 2001; Root
et al., 2009; Yun and Fields, 2003).

Another factor that reinstates drug seeking is
drug “priming,” which models the phenomenon
in humans where a lapse (e.g. a single drink, ciga-
rette, etc.), often turns into a full-blown relapse to
excessive use. In animals, reinstatement of
extinguished drug seeking can be elicited by an
experimenter-delivered priming dose, even
though instrumental responding is reinforced by
neither drug nor cues (de Wit and Stewart, 1981,
1983; Stewart et al., 1984).

The third factor that can reinstate drug seeking
is stress. Two common methods for eliciting
stress-induced reinstatement are a brief exposure
(15 min) to intermittent, unpredictable electrical
footshock, or a period of food deprivation
(Shaham et al., 2000, 2003; Shalev et al., 2010). In
addition, certain pharmacologic agents can elicit
stress- or panic-like states that also reinstate drug
seeking (See and Waters, 2010). One common
pharmacological stressor is yohimbine, which
appears to trigger reinstatement primarily through
its actions at serotonin and dopamine receptors,
and not via its well-known actions as an antagonist
of noradrenergic alpha-2 receptors (Brown et al.,
2009; Dzung Le et al., 2009; Millan et al., 2000;
Nair et al., 2009; Smith and Aston-Jones, 2011).
It is important to note that these are different
circuits than those underlying, for example,
footshock stress, and so it is unlikely that these dif-
ferent stress modalities are entirely equivalent.
Other models of addiction

A variety of other paradigms have been developed
to model aspects of addiction. For example,
some investigations have focused on the persistent
neural and behavioral changes that occur after per-
iods of abstinence from either experimenter-
delivered drugs or self-administration (without
explicit extinction training) (Aston-Jones and
Harris, 2004; Fuchs et al., 2006). Beyond the acute
withdrawal stage described above, further changes
occur in reward- and stress-related brain circuits
that appear to increase with longer periods of absti-
nence. This “protracted withdrawal” phenomenon
is associated with increased motivation for drug
rewards in particular (Harris and Aston-Jones,
2003, 2007) and may be related to the phenomenon
of “incubation of craving,” where appetitive
responses to drug cues grow stronger over time
(Grimm et al., 2001; Pickens et al., 2011).

Another paradigm used to measure the reward-
ing or aversive effects of drugs involves examining
the effects of drugs on intracranial self-stimulation
(ICSS) behavior. In this paradigm, rats (or
humans) perform instrumental behaviors to
receive electrical stimulation of specific brain
regions (especially those involving the medial fore-
brain bundle), but only when the current is deliv-
ered at or above a certain stimulation intensity,
known as the threshold (Heath, 1996; Wise, 1996;
Yeomans, 1990). Changes to ICSS threshold are
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often interpreted as reflecting shifts in the hedonic
state of the animals. Addictive drugs and other
rewarding manipulations lower the stimulation
threshold, potentially suggesting that they elicit
positive hedonic states, whereas stressful or aver-
sive manipulations (including drug withdrawal)
increase thresholds, suggesting that they cause
negative hedonic states (Koob and Le Moal,
2006; Markou et al., 1993; Wee and Koob, 2010).
In the following section, we discuss how these

different paradigms have been used to determine
the role that the orexin system plays in various
aspects of the addiction process for different types
of drug and food rewards.
Orexin roles in drug seeking

Numerous studies have shown that orexin plays
important roles in drug seeking in animal models
of addiction. However, the exact nature of these
roles has remained elusive. This is most likely
due to a complex involvement of orexin in several
aspects of drug seeking, such as aversive as well
as appetitive motivation, interactions with Pavlov-
ian and/or instrumental learning processes, and
hedonic states induced by drugs. This is further
complicated by the fact that there are two orexin
peptides that act at two receptors, which are
distributed differently throughout the brain.
Orexin also plays somewhat different roles in
addiction to different substances (summarized
in Fig. 1). In the following section, we review
findings regarding orexin’s roles in reward
and addiction for different types of drugs, as well
as food.
Cocaine and amphetamines

The role of orexin in psychostimulant addiction
has been relatively well studied. In general, orexin
seems to increase the incentive motivational pro-
perties of conditioned cues and to enhance highly
motivated seeking of stimulants, but not to affect
the direct reinforcing properties of these drugs
themselves (Fig. 2).

Orexin is involved in the development of
stimulant-induced locomotor sensitization, and, in
some cases, the expression of this sensitization as
well. Administration of the OX1R antagonist
SB-334867 systemically or into VTA blocked the
acquisition of cocaine sensitization, but not the
expressionof sensitization in animals thatwere tested
immediately after sensitization training (no absti-
nence period; Borgland et al., 2006). In contrast,
when a period of abstinence was given after amphet-
amine sensitization training, administration of
SB-334867 or the OX1R/OX2R antagonist N-
biphenyl-2-yl-1-[[(1-methyl-1H-benzimidazol-2-yl)
sulfanyl]acetyl]-l-prolinamide (DORA) blocked
the expression of sensitization (Quarta et al.,
2010; Winrow et al., 2010). DORA also blocked
plasticity-related gene expression in VTA caused
by repeated amphetamine (Winrow et al., 2010).

To further understand how orexin is involved in
the changes that occur following acute versus chronic
(sensitizing) administration of psychostimulants,
several research groups have investigated alterations
in neuronal activation and protein expression
levels. Acute methamphetamine or amphetamine
increased Fos protein levels (a marker of neuronal
activation) in DMH/PFA orexin neurons, but not in
LH orexin neurons (Estabrooke et al., 2001; Fadel
and Deutch, 2002; McPherson et al., 2007). Acute
caffeine also increased Fos expression in these
orexin neurons, indicating a common effect across
stimulants (Murphy et al., 2003), and potentially
reflecting the arousal-promoting effects of these
drugs, as opposed to their reinforcing properties.
However, McPherson et al. (2007) found that a
sensitizing regimen of amphetamine increased
Fos expression in both DMH/PFA and LH orexin
neurons. Although psychostimulant exposure
induces Fos in orexin neurons, expression levels of
the orexin peptide are not changed. Acute or
sensitizing regimens of cocaine had no effect on
expression levels of orexin peptide or OX1R,
although an escalating “binge” regimen of home
cage cocaine exposure paradoxically decreased
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orexin mRNA levels in hypothalamus (Zhang
et al., 2007; Zhou et al., 2008). Finally, a sensitizing
regimen of cocaine, but not acute cocaine,
upregulated OX2Rs in nucleus accumbens (NAc)
for up to 60 days but did not affect OX2R protein
levels in prefrontal cortex (PFC), VTA, hippocam-
pus, or dorsal striatum (Zhang et al., 2007). In sum,
orexin plays a role in sensitized locomotor
responses to stimulants, and, therefore, potentially
in incentive sensitization as well.
Orexin appears to play a consistent role in the
expression of CPP for psychostimulants. Systemic
administration of OX1R antagonists SB-334867
or GSK-1059865 attenuated cocaine and amphet-
amine CPP expression in rats (Gozzi et al., 2011;
Hutcheson et al., 2011; Sartor and Aston-Jones,
2012), although one study failed to find an effect
of a moderate dose of SB-334867 (20 mg/kg) on
cocaine CPP in mice (Sharf et al., 2010a). Further
evidence for an important involvement of orexin
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in drug preference comes from findings showing a
correlation between CPP scores and the degree of
Fos expression in LH, but not DMH/PFA, orexin
neurons (Harris et al., 2005). Cocaine CPP was
also associated with a decrease in LH orexin
mRNA expression, indicating there may be some
compensatory feedback to gene expression follow-
ing strong neuronal activation (Zhou et al., 2008).

In stimulant self-administration paradigms,
orexin is involved in cue-induced drug seeking
and motivation to obtain cocaine when high levels
of effort are required to obtain the drug, but not
in the primary reinforcing properties of cocaine
itself. For example, systemic or intracranial
injections of SB-334867 have no effect on cocaine
self-administration under low FR schedules of
reinforcement (such as FR-1; Espana et al.,
2010; Hutcheson et al., 2011; Smith et al., 2009b)
(Fig. 2b). Orexin administration into the VTA
or cerebral ventricles (ICV) also had no effect
on cocaine intake under an FR-1 schedule
(Boutrel et al., 2005; Espana et al., 2011). In addi-
tion, the priming effect of cocaine in an extinc-
tion/reinstatement model was not affected by
either systemic or intra-VTA SB-334867 (Mahler
et al, 2012) (Fig. 2a). Finally, a recent report
showed that neither ICSS of LH nor the ability
of cocaine to reduce ICSS thresholds was affected
by systemic SB-334867 in mice (Riday et al.,
2011). Together, these results suggest
that neither the reinforcing nor the priming
effects of cocaine are mediated by orexin.

However, orexin does seem to be involved in
high-effort motivation for seeking stimulant drugs
during self-administration. For example, systemic
or intra-VTA SB-334867 reduced breakpoints for
cocaine under a PR schedule of reinforcement
(Borgland et al., 2009; Espana et al., 2010) and
reduced the Pmax value of cocaine at high prices in
a behavioral economics paradigm (Espana et al.,
2010) (Fig. 2b). Conversely, intra-VTA orexin
increased breakpoint in a PR task for cocaine
(Espana et al., 2011). Additionally, intra-VTA SB-
334867 reduced, and intra-VTA orexin increased,
cocaine self-administration under a discrete trials
(DT) reinforcement schedule, where animals have
intermittent, 24-h access to cocaine (FR-1 schedule;
three 10-min access periods/h, one infusion per
access period; Espana et al., 2010, 2011). These
findings may be explained by changes in motivation
under this reinforcement schedule or by the
influence of circadian or diurnal factors on orexin
function (Estabrooke et al., 2001; Gompf and
Aston-Jones, 2008; McGregor et al., 2011; Mignot
et al., 2002; Moorman and Aston-Jones, 2010;
Yoshida et al., 2001).

In general, orexin is also crucial for cocaine seek-
ing triggered by external stimuli, such as stressors or
cues. Systemic SB-334867 blocked footshock-
induced reinstatement, and ICV orexin increased
ICSS thresholds, suggesting that orexin can modu-
late stress and/or negative affect-related pathways
in the brain (Boutrel et al., 2005) (Fig. 2a). ICV
infusion of orexin reinstated cocaine seeking, and
systemic administration of antagonists for cortico-
tropin-releasing factor (CRF) or norepinephrine
blocked this effect (Boutrel et al., 2005). However,
the site of action for this stress-like effect is
not likely to be VTA, because reinstatement
triggered by intra-VTA orexin is not blocked
by coadministration of a CRF antagonist, and
footshock-induced reinstatement is not affected by
intra-VTA SB-334867 (Wang et al., 2009). Systemic
administration of SB-334867 also blocked reinstate-
ment of extinguished cocaine seeking elicited by
either discrete cues or contextual stimuli in male
rats (Smith et al., 2009b, 2010) (Fig. 2a), though a
recent paper found that discrete cue-induced rein-
statement is not blocked by SB-334867 in female
rats (Zhou et al., 2011). SB-334867 also reduced
cocaine seeking following 1 day or 2 weeks of absti-
nence from self-administration with no extinction
training, indicating that orexin may be involved in
habitual drug seeking as well as reinstatement
(Smith et al., 2010) (Fig. 2a). In contrast, systemic
administration of the OX2R antagonist 4-PT failed
to affect cue-induced reinstatement (Smith et al.,
2009b). OX1R-mediated effects appear to require
the VTA, as local administration of SB-334867
there attenuated cocaine seeking reinstated by
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either discrete cues or a DS (James et al., 2011;
Mahler et al., 2012).
Regarding the role of orexin in the acquisition of

conditioned cocaine cues, one study found that sys-
temic SB-334867 attenuated cocaine CR, regardless
of whether SB-334867 was administered during the
CR task or during the initial FR-1 self-administration
training (Hutcheson et al., 2011). These findings not
only support a role for orexin in cue-induced drug
seeking but also suggest that orexin may play a role
in learning to ascribe motivational significance to
cues during self-administration. However, previous
results from our laboratory showed that SB-334867
had no effect on the acquisition of cues paired with
cocaine during a single Pavlovian session in the
self-administration chamber (Smith et al., 2009b).
That is, administration of SB-334867 prior to a single
cocaine-cue conditioning session had no effect on
the subsequent ability of those cues to elicit rein-
statement of extinguished cocaine seeking (Smith
et al., 2009b). Orexin may therefore help ascribe
motivational significance to drug cues under certain
circumstances, but is not likely to be required for
Pavlovian learning about the value or significance
of cocaine cues per se.
In summary, orexin playsmultiple roles inmodels

of stimulant addiction. Orexin is required for stimu-
lant locomotor sensitization, expression of cocaine
CPP, and instrumental cocaine seeking when it is
driven by highlymotivated states, or external stimuli
like cues and stressors. In contrast orexin is not nec-
essary for the primary reinforcing or priming effects
of cocaine. This dissociation is important, in that
orexin may specifically promote seeking of stimu-
lant drugs, but leave intact the ability of these drugs
to act on motivational or reward-related circuits
themselves.
Nicotine

Orexin has also been evaluated for its role in nico-
tine addiction, which is one of the largest pre-
ventable causes of death in humans (CDCP,
2011). Despite the typical classification of nicotine
as a stimulant, the involvement of orexin in nicotine
reward is different than in cocaine or amphetamine
reward. In particular, orexin appears to play a role
in the reinforcing aspects of nicotine during self-
administration, as well as in the aversive effects of
nicotine, such as withdrawal and anxiety.

Somatic signs of antagonist-precipitated nicotine
withdrawal were attenuated in orexin knockout
mice and mice pretreated with the OX1R antago-
nist SB-334867, but not the OX2R antagonist
TCSOX229 (Plaza-Zabala et al., 2011). This effect
may be mediated via orexin actions in the para-
ventricular nucleus of the hypothalamus (PVN), as
local administration of SB-334867 to this area also
reduced nicotine withdrawal (Plaza-Zabala et al.,
2011). Fos expression was increased in lateral and
medial orexin neurons following acute nicotine
administration or nicotine withdrawal, indicating
that orexin neurons are activated by both nicotine
exposure and subsequent withdrawal (Pasumarthi
et al., 2006; Plaza-Zabala et al., 2011). Following
chronic nicotine administration, orexin peptide
and receptor expression was upregulated; however,
there appears to be a concomitant decrease in the
binding affinity of the receptor (Kane et al., 2000,
2001). This may explain, in part, why a study in
human smokers found that orexin plasma levels
(transported from the brain to blood for metabo-
lism) were inversely correlated to nicotine craving
during early withdrawal (von der Goltz et al., 2010).

Orexin also seems to be involved in anxiogenic
effects of acute high-dose nicotine (0.8 mg/kg, s.c.).
When an elevated plus maze was used to measure
anxiety, knockout mice or mice pretreated with
SB-334867 lacked an anxiogenic response to high-
dose nicotine (Plaza-Zabala et al., 2010). This dose
of nicotine increased Fos in orexin neurons in
PFA and DMH, but not LH, as well as in PVN
neurons. Nicotine-induced Fos in PVN was absent
in orexin knockouts and mice pretreated with
SB-334867 (Plaza-Zabala et al., 2010). These
findings again implicate PVN orexin signaling in
the aversive effects of nicotine, and indicate that
medial orexin neurons might be particularly impor-
tant in anxiogenic effects of nicotine.
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A role for orexin in the reinforcing properties
of nicotine has also been demonstrated with
FR-5 or PR schedules of self-administration,
where SB-334867 significantly decreased nicotine
intake with no effects on food responding in
food-restricted control rats (Hollander et al.,
2008; LeSage et al., 2010). The OX1R/OX2R
antagonist almorexant also reduced nicotine self-
administration, but only at doses that also reduced
food responding (LeSage et al., 2010). SB-334867
also blocked nicotine-induced reductions in ICSS
threshold, while SB-334867 alone had no effect
(Hollander et al., 2008). To identify a local site
of action for orexin in nicotine reward,
investigators examined the insular cortex, which
has been implicated in cigarette smoking in
humans (Naqvi et al., 2007; Wang et al., 2007).
Local administration of SB-334867 to insular
cortex decreased nicotine self-administration,
confirming the importance of orexin in this site
for nicotine reward (Hollander et al., 2008).

Finally, orexin also plays a role in reinstate-
ment of nicotine seeking. ICV administration of
orexin reinstated extinguished nicotine seeking
in mice, an effect that was blocked by SB-
334867 but not by the CRF1 receptor antagonist
antalarmin (Plaza-Zabala et al., 2010). In con-
trast, footshock-induced reinstatement of nicotine
seeking was reduced by antalarmin, but not by
SB-334867 (Plaza-Zabala et al., 2010). This is dif-
ferent from what was observed for cocaine, where
SB-334867 blocked footshock-induced reinstate-
ment and a CRF antagonist blocked orexin-
induced reinstatement (described above) (Boutrel
et al., 2005), further emphasizing the point that
orexin appears to play unique roles in addiction
depending upon the type of drug.

In sum, orexin seems to play a role in both the
reinforcing and aversive properties of nicotine,
as well as in the aversive properties of nicotine
withdrawal (Fig. 1). The PVN and insula may
be particularly important for these effects.
On the other hand, orexin seems to play a lesser
role in stress-induced reinstatement of nicotine
seeking.
Opiates

As with nicotine, orexin is involved in both
self-administration of, and withdrawal from, opiates.
Somatic signs of precipitated morphine withdrawal
were reduced in orexin knockout mice, as well as in
wild-type mice given SB-334867 (Georgescu et al.,
2003; Sharf et al., 2008). This may not be surprising
in light of the fact that approximately 50% of orexin
neurons express the m opioid receptor (Georgescu
et al., 2003). Morphine withdrawal in mice caused
an increase in cyclic AMP response element and
c-fos mRNA in orexin neurons, but not in
the interspersed melanin-concentrating hormone
(MCH) neurons, as well as an increase in orexin
mRNA expression in rats (Georgescu et al., 2003;
Zhou et al., 2006). Further mouse studies found that
withdrawal-associated Fos protein was present in
DMH and PFA, but not LH orexin cells (Sharf
et al., 2008). Systemic SB-334867 administration in
mice reduced withdrawal-induced Fos expression in
NAc shell, but not in locus coeruleus (LC) or VTA
(Sharf et al., 2008). However, infusions of SB-
334867 into LC reduced somatic signs of morphine
withdrawal in rats (Azizi et al., 2010). Interestingly,
administration of an OX2R antagonist, TCSOX229,
into the paraventricular nucleus of the thalamus
(PVT; not to be confusedwithPVNdiscussed above)
reduced the expression, but not acquisition, of a
conditionedplace aversion formorphinewithdrawal,
whereas SB-334867 was ineffective (Li et al., 2011).
This indicates that orexin actions in different brain
areas may be involved in different aspects of the
withdrawal process, such as physical symptoms ver-
sus aversiveness of withdrawal.

The first study linking the orexin system and
drug reward found that Fos expression in LH
orexin cells, and not those in DMH/PFA, was
correlated with the degree of CPP for morphine,
cocaine, or food in rats (Harris et al., 2005). Sys-
temic administration of SB-334867 reduced the
expression of morphine CPP in rats and mice
(Harris et al., 2005; Sharf et al., 2010a). Orexin
knockout mice showed a lack of morphine CPP
and reduced morphine-induced hyperlocomotion
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(Narita et al., 2006), although neither of these
effects was replicated in a subsequent report
(Sharf et al., 2010a). VTA appears to be an
important site of action for orexin’s role in opiate
reward, as reinstatement of extinguished mor-
phine CPP was triggered by either local adminis-
tration of orexin in VTA or pharmacologic
activation of LH orexin neurons (Harris et al.,
2005); the latter was blocked by administration
of SB-334867. Recent studies from our laboratory
further characterized the pathway between orexin
cells and VTA in the expression of morphine CPP
(Richardson and Aston-Jones, 2012). In naïve rats,
CPP behavior was correlated with Fos expression in
LH orexin cells that project to rostral VTA (i.e.,
those containing retrograde tracer from rostral
VTA). However, in rats with a history of morphine
dependence and protracted abstinence, CPP
behavior was instead correlated with Fos expres-
sion in LH orexin cells projecting to caudal VTA,
indicating that the function of orexin projections
to distinct VTA subregions differs based upon an
animal’s state of opiate dependence/withdrawal
(Richardson and Aston-Jones, 2012). These results
also indicate a potentially important role of the
orexin system in the behavioral and addictive pro-
perties of opiate dependence, extending earlier
studies linking these cells to opiate dependence
(Georgescu et al., 2003).
Further investigations found that LH orexin

neurons were Fos activated following morphine
administration in a novel context, but not when
morphine was given in the home cage (Harris
et al., 2007). When combined with previous
findings that chronic morphine administration
caused no change in either c-fos or orexin mRNA
levels in orexin cells of mice when administered in
a familiar place, these results indicate that orexin
may play a special role in learning associations
between contexts and morphine, rather than in
mediating the intrinsic rewarding properties of
morphine itself (Georgescu et al., 2003; Harris
et al., 2007; Zhou et al., 2006). Accordingly,
acquisition of morphine CPP was blocked in mice
given intra-VTA SB-334867, rats with bilateral
LH lesions, or rats with unilateral LH lesion com-
bined with contralateral intra-VTA SB-334867
injected on CPP conditioning days (Harris et al.,
2007; Narita et al., 2006).

Recently, we also investigated the role of orexin
in heroin self-administration and reinstatement.
We found that SB-334867 reduced, but did not
block, self-administration of heroin on either FR-1
or PR schedules (Smith and Aston-Jones, 2012).
Under both schedules of reinforcement, SB-
334867 increased the time between self-
administered heroin infusions, such that FR-1
responding was reduced throughout the 2-h session
and PR responding was reduced primarily in the
first 2 h of the session. This contrasts with what
was observed for cocaine PR self-administration,
where SB-334867 did not affect low-effort
responding in PR, but only reduced high-effort
responding required later in the session (and did
not affect FR-1 responding at all) (Borgland et al.,
2009; Espana et al., 2010). In addition, SB-334867
reduced cue-induced reinstatement of extinguished
heroin seeking, but did not attenuate heroin-primed
reinstatement, similar towhat has been observed for
cocaine (Mahler et al., 2012; Smith and Aston-
Jones, 2012; Smith et al., 2009b).

Therefore, orexin appears to play different
roles in stimulant and heroin reinforcement,
adding to the known differences between the neu-
ral substrates underlying opiate versus stimulant
reward (Badiani et al., 2011). However, orexin’s
involvement in reinstatement seems to be similar
for opiates and cocaine, such that orexin is
required for cue-induced reinstatement but not
drug-induced reinstatement for both drug types.
In sum, orexin is required for cues to reinstate
opiate seeking, and for the reinforcing and
learning-related effects of acute opiates, but not
for their priming effects.
Ethanol

A growing number of studies have demonstrated
that the orexin system plays a significant role in
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ethanol consumption and abuse (Lawrence,
2010). However, heterogeneity across studies,
both in methods and in outcomes, indicates
that the role of orexin in ethanol seeking may
be complex, as are the pharmacological actions
of ethanol itself.

Perhaps the most direct evidence of the role of
the orexin system in ethanol seeking is the rela-
tionship to ethanol drinking behavior. Orexin
microinjections into LH and PVN increased vol-
untary ethanol, but not food, consumption in
Sprague Dawley rats, whereas injection into
NAc produced the opposite effect, arguing for cir-
cuit specificity in the influence of orexin in etha-
nol drinking (Schneider et al., 2007). Our
laboratory has shown that systemic administration
of SB-334867 decreased ethanol consumption and
preference in Sprague Dawley rats using a two-
bottle choice paradigm (Moorman and Aston-
Jones, 2009). This effect was primarily expressed
in rats that naturally showed a high predisposition
for ethanol consumption/preference, indicating
that orexin may be involved in the propensity to
abuse ethanol. Chronic ethanol exposure causes
alterations to orexin mRNA expression, but the
direction of these changes is opposite in different
studies. For example, Lawrence and colleagues
found that chronic ethanol drinking increased
orexin mRNA in the LH, but not DMH/PFA,
orexin field in ethanol-preferring rats (Lawrence
et al., 2006). On the other hand, Morganstern
and colleagues reported that chronic ethanol
drinking in Sprague–Dawley rats led to reduced
orexin mRNA expression in the entirety of the
orexin field, whereas acute ethanol administered
through gavage increased orexin mRNA and pep-
tide selectively in LH, but not DMH/PFA
(Morganstern et al., 2010). These studies indicate
that there may be differential roles played by
orexin in ethanol reward, depending upon whether
ethanol is self- or experimenter administered, and
whether it is administered acutely or chronically.

The role of orexin in ethanol reward has also
been examined using CPP models. Two groups
found little effect of the OX1R antagonists SB-
334867 or SB-408142 on the expression of ethanol
CPP (Shoblock et al., 2011; Voorhees and
Cunningham, 2011). Voorhees and Cunningham
(2011) reported decreased CPP following SB-
334867; however, neither vehicle- nor SB-
334867-treated animals showed a strong ethanol
preference in this study, and the authors failed
to replicate the effect in animals expressing stron-
ger CPPs. SB-334867 reduced ethanol-induced
hyperlocomotion, with no effect on baseline loco-
motion (Voorhees and Cunningham, 2011),
indicating a dissociation between the role of orexin
in the rewarding and locomotor-stimulating effects
of ethanol (Chester and Cunningham, 1999;
Risinger et al., 1992). In contrast to the lack of
OX1R antagonist effect on CPP expression,
the OX2R antagonist JNJ-10397049 decreased
acquisition, expression, and reinstatement of CPP
inmice (Shoblock et al., 2011), raising the intriguing
possibility that OX2R, but not OX1R, may be
uniquely involved in the rewarding effects of etha-
nol in the CPP paradigm. Future studies need to
investigate this issue (which may reflect differences
in species, strains, or experimental design), as there
appears to be a significant role for OX1R in ethanol
preference and consumption in other models (as
reviewed here).

Orexin is also linked to ethanol seeking in oper-
ant self-administration models. Systemic adminis-
tration of SB-334867 decreased self-administration
of ethanol in both ethanol-preferring rats and
outbred Long-Evans rats, under FR-3 and PR
self-administration schedules (Jupp et al., 2011a;
Lawrence et al., 2006; Richards et al., 2008).
However, a different study found that the OX2R
antagonist JNJ-10397049, but not the OX1R
antagonist SB-408124, decreased FR-3 ethanol
self-administration in Wistar rats, again indicating
that the OX2R could play a prominent role in etha-
nol reward (Shoblock et al., 2011). These authors
suggest that the concentration of OX1R antagonists
used in previous studies was high enough
(20–30 mg/kg) to also have nonspecific actions at
the OX2R. However, lower doses of SB-334867
(5–10 mg/kg) produced marked decreases in
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ethanol self-administration in another study, argu-
ing that both OX1R and OX2R may be involved
in instrumental ethanol self-administration (Jupp
et al., 2011a).
As with other drugs, orexin seems to be involved

in ethanol seeking in reinstatement models. Sys-
temic SB-334867 reduced ethanol reinstatement
driven by olfactory and/or light cues (Jupp et al.,
2011a; Lawrence et al., 2006), yohimbine (Richards
et al., 2008), or intra-LH infusion of neuropeptide S
(Cannella et al., 2009). Orexin neurons were also
activated during beer seeking, as evidenced by an
increase in Fos expression following DS or con-
text-induced reinstatement behavior (Dayas et al.,
2008; Hamlin et al., 2007). Fos activation of orexin
neurons was also positively correlated with the level
of context-induced reinstatement of beer seeking,
either only in LH (Hamlin et al., 2007) or in
both LH and DMH/PFA (Millan et al., 2010).
Interestingly, orexin may also be involved in
reinstatement-related Fos activation of prelimbic
and orbitofrontal PFC and NAc core. Following
short-term and protracted abstinence from ethanol
self-administration, ethanol cues induced reinstate-
ment behavior as well as Fos in these structures,
and systemic SB-334867 reduced both of these
effects (Jupp et al., 2011b).
In another study, Dhaher et al. (2010) examined

the role of orexin in ethanol seeking and self-
administration following a period of abstinence. In
female ethanol-preferring rats that underwent etha-
nol self-administration, extinction, and 2 additional
weeks of abstinence, SB-334867 failed to affect the
strong abstinence/context-induced ethanol seeking
under extinction conditions (no alcohol upon lever
pressing). However, when ethanol was available
when levers were pressed in this final session, SB-
334867 blocked the abstinence-induced increases
in ethanol seeking seen in vehicle-treated animals.
These results suggest that orexin may not be
required for contextual reinstatement of ethanol
seeking after abstinence in females, except when
ethanol itself is present on this test session (par-
alleling the lack of blockade of discrete cue-induced
reinstatement of cocaine seeking in female rats)
(Zhou et al., 2011). This said, the bulk of the evi-
dence supports a role for OX1R in driving stimu-
lus-driven ethanol seeking either in the presence
or in the absence of an ethanol reinforcer in most
paradigms.

Finally, two groups recently reported an associa-
tion between orexin blood levels and withdrawal
symptoms in human alcoholics. Bayerlein et al.
(2011) reported that orexin A mRNA levels in
blood cells were lower in “recovered” (90þ days
abstinent) alcoholics than in those undergoing
acute withdrawal in a clinic. However, orexin A
expression was negatively correlated with the
severity of physical ethanol withdrawal symptoms
experienced by subjects. In another study, von der
Goltz et al. (2011) reported that blood plasma levels
of orexins (but not the stress-related hormones
adrenocorticotropic hormone or cortisol) were pos-
itively correlated with psychological distress experi-
enced by alcoholics acutely withdrawing in a clinic.
While these preliminary clinical findings are
intriguing, the relationship between blood and
brain levels of orexin is far from clear, so future
clinical studies examining the role of orexin in
human alcoholism are required.

In summary, there is a clear role of orexin in eth-
anol seeking, although the specific nature of the
involvement is dependent upon experimental
methodologies. Like for other drugs, orexin is
required for cue- and stress-induced ethanol seek-
ing, and like for opiates and nicotine, OX1R activa-
tion is required for ethanol self-administration on
both PR and FR schedules. One group has also
found a potential selective role for OX2Rs in etha-
nol reward, a surprising result that merits follow-up
study (Shoblock et al., 2011). Many additional
questions remain regarding orexin’s role in ethanol
seeking and reward—whether oral consumption of
ethanol is required, whether orexin is selectively
involved in high (as opposed to moderate) levels
of drinking, and whether there are differences
across species (mice vs. rats vs. humans). However,
given the prominent role of the orexin system in
reward seeking for drugs as well as food (see below
and other reviews in this issue), it is not surprising
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that orexin is also important for consumption and
seeking of the ingested, caloric drug ethanol.
Food

Obesity in humans can result from overeating
that is akin in some ways to drug addiction. Feed-
ing can be influenced by learned habits and pre-
ferences, and addictive drugs likely co-opt
motivational brain circuits that evolved to regulate
motivation for natural rewards like food (Kelley
and Berridge, 2002; Nesse and Berridge, 1997;
Volkow and Wise, 2005). Therefore, it seems per-
tinent to briefly review the literature on the role
of orexin in feeding, particularly evidence that
orexin may play an especially strong role in
“reward-based feeding,” or food seeking and/or
consumption beyond caloric or nutritive needs.

One of the original reports of the discovery of
orexins showed that acute central administration of
orexin A induced feeding behavior, leading the
authors to coin the name “orexin,” after the Greek
word for “appetite,” orexis (Sakurai et al., 1998).
Since then, it has been shown that blocking OX1Rs
with SB-334867 can also reduce food intake under
certain circumstances (Haynes et al., 2000; Ishii
et al., 2005; Rodgers et al., 2001). However,
orexin-induced feeding is influenced by several
factors including the sleep–wake cycle, hunger
states, and palatability of the consumed food—
indicating that orexin does more than simply
increase food intake indiscriminately (Clegg et al.,
2002; Haynes et al., 1999; Yamanaka et al., 1999).
One common theme of orexin’s involvement in food
seeking and consumption seems to be in mediating
reward-based feeding, which is influenced by sev-
eral factors including palatability and conditioned
stimuli. We use the (admittedly imprecise) term
“reward-based feeding” here, because the prepon-
derance of evidence supports a role for orexin pri-
marily in food seeking and consumption that
involves particularly palatable and/or salient foods.
This concept has also been referred to as overcon-
sumption, hedonic feeding, or non-homeostatic
feeding (Berthoud, 2011; Choi et al., 2010; Kelley
et al., 2005; Pandit et al., 2011; Saper et al., 2002;
Welch et al., 1996). Some evidence also supports a
role for orexin in food seeking driven by
conditioned cues (Cason et al., 2010; Harris et al.,
2005; Petrovich and Reppucci, 2011). In these ways,
orexin’s role in food seeking seems to parallel its
role in drug seeking.

When food-restricted rats were trained to self-
administer regular chow, there was no effect of acute
administration of SB-334867 on FR-5 responding or
PR responding, indicating that orexin is not neces-
sary for all types of food self-administration and
seeking (Borgland et al., 2009; Hollander et al.,
2008; LeSage et al., 2010). However, chronic admin-
istration of SB-334867 or RNAi-mediated knock-
down of the orexin gene reduced FR and PR
self-administration of chow in food-restricted mice,
indicating that chronically reduced orexinmay result
in more pronounced effects on food consumption, at
least in mice (Sharf et al., 2010b). In addition,
Petrovich and Reppucci (2011) reported that orexin
neurons were Fos activated by a discrete, chow-
predictive cue that induces feeding in sated rats,
suggesting that orexin can play a role in chow intake
under certain circumstances, such as when feeding is
triggered by a conditioned cue.

In contrast to regular chow, when rats are tra-
ined to self-administer a high-fat food, SB-334867
reduced FR-1 responding in food-restricted
animals, as well as PR responding in food-
restricted and food-sated rats (Borgland et al.,
2009; Choi et al., 2010; Nair et al., 2008).
SB-334867 also reduced the high-fat diet overcon-
sumption that occurs when rats sated on food
chow are given access to high-fat food (Choi
et al., 2010). Additionally, expectation of choco-
late or daily chow also increased Fos expression
in orexin neurons of PFA but not LH (Choi
et al., 2010). Surprisingly, however, SB-334867
did not reduce reinstatement of high-fat food seek-
ing elicited by orexin A, a food prime, or yohim-
bine (Nair et al., 2008). These high-fat
food findings indicate that orexin plays a role
in feeding when it is reward based, such as when
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self-administration or consumption involves highly
palatable foods.
The role of orexin in reward-based feeding is not

limited to high-fat foods, however. LH orexin
neurons are Fos activated in relation toCPP expres-
sion for a sweet cereal reward in food-sated rats
(Harris et al., 2005). Further, self-administration of
sucrose pellets under FR-1 or PR schedules is
reduced by SB-334867 in both food-sated and
food-restricted rats, although results differ across
studies (Angie Cason and Gary Aston-Jones, sub-
mitted; Cason et al., 2010; Espana et al., 2010). In
addition, preliminary results from our laboratory
show that SB-334867 reduced cue-induced rein-
statement of sucrose seeking in food-restricted rats,
but not significantly in food-sated rats, perhaps
reflecting the greater incentive salience of sucrose
cues when animals are hungry (Cason et al., 2010;
Cason et al., submitted.). Again, this resembles the
role for orexin in responding to cues associated with
drug availability.
The hypothesis that orexin preferentially affects

reward-based feeding is also supported by the
finding that an ICV dose of orexin A that did not
change chow intake in free-feeding rats caused an
increased breakpoint for sucrose on a PR schedule
of self-administration in rats (Choi et al., 2010).
However, a higher dose of ICV orexin A was
capable of inducing chow feeding in ad libitum
fed animals (Choi et al., 2010; Sakurai et al.,
1998). In addition, we have preliminary findings
that SB-334867 decreased FR-1 self-administration
of the non-nutritive but highly palatable sweetener
saccharin and also reduced cue-induced reinstate-
ment of saccharin seeking (Angie Cason and Gary
Aston-Jones, unpublished findings).
For self-administration of liquid sucrose, reported

effects of orexin blockade are somewhat variable.
Richards et al. (2008) found that SB-334867 had
no effect on FR-3 sucrose responding in food-sated
rats, whereas Jupp et al. (2011a) reported that
SB-334867 reduced FR-3 sucrose responding in eth-
anol-preferring, food-sated rats without affecting
breakpoint under a PR schedule. Unlike for high-
fat food, SB-334867 also blocked yohimbine-
induced reinstatement of extinguished sucrose seek-
ing (Richards et al., 2008). In contrast, SB-334867
had no effect on water self-administration in either
rats or mice (Jupp et al., 2011a; Lawrence
et al., 2006; Plaza-Zabala et al., 2010). Despite
these discrepancies, the most consistent theme
emerging from the literature is an involvement of
orexin primarily in reward-based feeding and food
seeking.

Further support for a role of orexin in reward-
based feeding comes from studies examining
interactions of orexin with other brain systems
involved in reward-based feeding. For example,
microinjections of the m opioid agonist DAMGO
into NAc preferentially induce intake of palatable,
and especially fatty, foods (Baldo and Kelley,
2007; Kelley et al., 2002). High-fat feeding induced
by intra-NAc DAMGO in food-sated rats was
blocked by SB-334867 injected ICV or intra-VTA,
and intra-NAc DAMGO failed to increase high-
fat liquid (corn oil) intake in orexin knockout mice
(Zheng et al., 2007). Further, intra-NAc DAMGO
induced Fos in orexin neurons (particularly medial
populations) that receive direct projections from
the same sites in NAc where DAMGO was
injected. However, injection of muscimol into
NAc shell (which induces food intake) also induced
Fos in LH, but not DMH/PFA, orexin neurons
(Baldo et al., 2004), though this manipulation is
thought to drive non-palatability-related aspects of
feeding (Stratford and Kelley, 1997; Zhang et al.,
2003). Finally, orexin may also modulate hedonic
aspects of food consumption itself (which has been
termed “liking”), as opposed to simply mediating
motivated pursuit of food (termed “wanting”)
(Berridge and Robinson, 2003). Microinjections of
orexin A into the caudal ventral pallidum, a brain
region thought to be particularly linked to hedonic
“liking” of sucrose tastes (Smith and Berridge,
2005; Smith et al., 2009c), increased orofacial
hedonic reactions to intraoral sucrose infusions in
the taste reactivity paradigm (Berridge et al., 2010b).

Although several lines of evidence suggest that
orexin may specifically promote reward-based
(non-homeostatic) feeding, some groups have
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pointed out that orexin neurons also respond to
homeostatic signals of food deprivation status,
including glucose, leptin, and ghrelin, as well as
dietary amino acids (Adamantidis and de Lecea,
2009; Cai et al., 1999; Griffond et al., 1999;
Karnani et al., 2011; Moriguchi et al., 1999;
Sakurai, 2002; Sutcliffe and de Lecea, 2000;
Yamanaka et al., 2003a). In addition, neuropep-
tide Y stimulates feeding in an orexin-dependent
manner, and this interaction may be modulated
by leptin signaling (Niimi et al., 2001). However,
it is worth noting that hunger and satiety signals
do not simply induce homeostatic feeding but also
modulate food hedonic palatability, as well as the
salience of food and food-associated cues
(Berridge et al., 2010b; Berthoud, 2011; Cabanac,
1971; Kelley et al., 2005; Kringelbach et al., 2003;
O’Doherty et al., 2002).

Altogether, these findings indicate that orexin
plays a role in food pursuit by promoting “reward-
based feeding,” perhaps especially when motiva-
tion is high (e.g., food deprivation), foods are palat-
able, or conditioned cues are present. This may give
insight into the involvement of orexin in drug addic-
tion, particularly because orexin seems to play a
role when strong rewards and their conditioned
stimuli override normal homeostatic drives.
Summary of orexin’s roles in drug seeking

The previous sections have reviewed our under-
standing of orexin’s roles in drug reinforcement
and drug seeking, and how these roles vary by
drug (Fig. 1). For cocaine and amphetamine,
orexin seems to play a role in sensitization and
drug-seeking motivation, especially when trig-
gered by external stimuli, such as discrete drug-
paired cues, contexts, or stressors. However,
orexin does not appear to be involved in the rein-
forcing or priming properties of cocaine (Fig. 2).
For nicotine, orexin is involved in both primary
reinforcement and withdrawal, but apparently
not stress-induced reinstatement of seeking. For
opiates, orexin again seems to play a role in drug
seeking driven by cues but may also modulate the
rewarding or reinforcing properties of opiates
themselves. Orexin also mediates somatic and
affective withdrawal from opiates via actions in
several brain structures. For ethanol, most evi-
dence suggests that orexin again mediates stimu-
lus-driven drug seeking, and likely self-
administration of ethanol as well. For food,
orexin seems to promote “reward-based feeding”
in particular, as occurs when the food reward is
highly palatable.

Some common themes that emerge from these
diverse studies are that orexin modulates some types
of highly motivated reward seeking, especially when
this seeking is triggered by external stimuli. How-
ever, the role of orexin in the reinforcing properties
of drugs varies somewhat by the drug in question.
One reason for this variation could have to do with
the mechanisms by which drugs increase forebrain
dopamine release, which is widely believed to
modulate motivated reward seeking, especially
when driven by conditioned stimuli (Berridge and
Robinson, 1998; Ikemoto and Panksepp, 1999;
Salamone et al., 2007; Satoh et al., 2003; Wanat
et al., 2009). Nicotine, opiates, and ethanol increase
dopamine by acting within the VTA, where they
modulate glutamate and/or GABA inputs and cause
increased dopamine cell firing (Cami and Farre,
2003). In contrast, cocaine and amphetamines
increase dopamine primarily via actions at the termi-
nal level to increase synaptic levels of the transmitter
(Aston-Jones et al., 2010; Cami and Farre, 2003).
Therefore, the neural circuitry in which orexin is
embedded becomes very important for understand-
ing the role of orexin in drug seeking and reward.
In the next section, we review this circuitry, highlight
inputs and outputs to orexin neurons, and discuss the
role of these connections in addiction.
Brain circuits underlying orexin modulation of
drug seeking

LH orexin neurons are anatomically located in an
ideal position for reward processing, as they are
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interconnected with several reward-related macro-
systems including mesocorticolimbic dopamine,
extended amygdala, and intrahypothalamic circuits.
Many studies have focused on the projection of
orexin neurons to VTA, which plays a crucial role
in reward- and addiction-related behaviors. How-
ever, less is known about functional roles played by
other orexin targets, or by the numerous afferents
to orexin neurons. Here, we review the current state
of knowledge for these orexin connections (known
reward-related functions of orexin afferents and
efferents are summarized in Fig. 3) and highlight
recent studies from our laboratory which indicate
that the orexin afferents from lateral septum play a
role in cocaine seeking. Finally, we review evidence
indicating that VTA is a key site of action for
orexin’s role in reward processing and that
interactions between orexin and glutamate within
VTA may be a particularly important mechanism
for this role.
Orexin afferents

Two studies using retro- and anterograde tracers
in rats (Yoshida et al., 2006), or a genetically
encoded retrograde tracer in mice (Sakurai
et al., 2005), described the major afferents to the
orexin field. Sakurai and colleagues showed
strong inputs from medial PFC (mPFC), NAc
shell, BNST, basal forebrain, basolateral and
medial amygdala, preoptic area, arcuate nucleus,
periventricular hypothalamus, and medial raphe.
Yoshida and colleagues further showed that the
LH orexin field, in particular, receives strong
inputs from NAc shell, dorsolateral septum,
BNST, ventral pallidum, central amygdala,
VTA, and dorsal raphe, whereas PFA/DMH
orexin neurons receive relatively stronger inputs
from the subiculum, preoptic area, ventromedial
and anterior hypothalamus, and arcuate nucleus.
In our laboratory, we sought to determine

which inputs to orexin neurons modulate their
roles in reward processing, by examining neuro-
nal activation of these afferents during expression
of cocaine CPP. Using injections of the retrograde
tracer cholera toxin B into either lateral or medial
orexin neuron fields, we confirmed the variety of
forebrain regions (summarized above) that proj-
ect to the orexin field. We quantified activation
in these afferents associated with the expression
of cocaine CPP using double immunohistochemi-
cal labeling for the tracer and Fos. Results
showed that neurons projecting to the LH orexin
cell field from the rostral lateral septum and ven-
tral BNST (vBNST) showed unique activation
during cocaine CPP, and the degree of Fos activa-
tion of these afferents correlated with the degree
of CPP expression (Sartor and Aston-Jones,
2012). We describe those results below and dis-
cuss other orexin inputs that may be important
for reward and drug seeking.

Lateral septum has long been implicated in
reward and addiction in humans and rodents and
is considered to be a key node in brain circuits
underlying pleasure (Heath, 1996; Olds andMilner,
1954) (though see Smith et al., 2009a for an argu-
ment that these studies may have been generating
incentive motivation rather than pleasure). For
the past several decades, lateral septum received
relatively little attention as a brain region involved
in reward, although some reports showed that
exposure to cocaine or cocaine-paired environ-
ments increased Fos expression and electrophysio-
logical activity there (Brown et al., 1992; Franklin
and Druhan, 2000; Lesse and Harper, 1985; Shoji
et al., 1998; Simms and Gallagher, 1996). Our labo-
ratory also recently revealed an important connec-
tion between caudal lateral septum and VTA in
context-induced reinstatement of cocaine-seeking
behaviors (Luo et al., 2011).

Given our finding that rostral lateral septum
afferents to the LH orexin field were Fos
activated during expression of cocaine CPP, we
asked whether this projection is necessary for
cocaine CPP. We found that inactivation of ros-
tral lateral septum with the GABA agonists bac-
lofen/muscimol attenuated the expression of
cocaine CPP, as well as Fos activation in LH,
but not DMH/PFA, orexin neurons. Next, we
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used a bilateral disconnection technique in which
unilateral temporary inactivation (with baclofen/
muscimol) of lateral septum was combined with
contralateral knockdown of orexin expression in
LH neurons via an orexin antisense morpholino,
an oligomer that specifically inhibits production
of orexin but spares orexin and interspersed
MCH neurons themselves (Reissner et al., 2012).
Again, we found that septal inputs to LH orexin
neurons were essential for cocaine CPP expres-
sion (Sartor and Aston-Jones, 2012). Interest-
ingly, rostral lateral septum receives strong
projections from the dorsal hippocampus (Risold
and Swanson, 1997a,b), a region highly implicated
in processing of contextual cues (Luo et al., 2011;
Vorel et al., 2001; Winocur and Gilbert, 1984).
Based on the current studies and previous
anatomical reports, we hypothesize that rostral
lateral septum acts as a relay between contextual
information from the dorsal hippocampus and
reward processing in LH orexin neurons.
BNST also plays an important role in drug-

seeking behaviors, likely due in part to its involve-
ment in stress and anxiety (Buffalari and See, 2011;
Dumont et al., 2005; Leri et al., 2002). As described
above, we recently found that vBNST neurons that
project to LH were activated during cocaine CPP.
Accordingly, we also found that bilateral inactiva-
tion of vBNST blocked cocaine CPP, showing that
BNST is necessary for the expression of conditioned
cocaine seeking. However, vBNST inactivation
increased Fos in LH orexin and non-orexin neurons
(Sartor and Aston-Jones, 2012), which is surprising
given that we previously found LH orexin neurons
to be Fos activated in proportion to cocaine pre-
ferences (Harris et al., 2005). It is presently unclear
why vBNST inactivation results in both reduced
afferents and efferents of this structure interact with orexin to modu
VTA orexin to modulate reward are represented with black dashe
afferents and efferents are summarized. For further details and ref
dBNST, dorsal bed nucleus of the stria terminalis; fx, fornix; ins
NAcCo, nucleus accumbens core; NAcSh, nucleus accumbens shell
hypothalamus; PVT, paraventricular thalamus; vBNST, ventral bed
ventral tegmental area.
CPP and increased Fos in LH orexin neurons. One
possibility is that Fos activation of LH in this study
reflects not increased firing of LH orexin neurons
but instead reflects inhibition of these neurons.
Another possibility is that inhibiting vBNSTGABA
projection neurons disinhibits LH orexin and non-
orexin cells, but that activation of these LH neurons
(as measured with Fos) does not cause cocaine CPP,
and is instead only correlated with the expression of
CPP, caused by other neuronal substrates. For
example, it may be that vBNST projections to LH
orexin neurons are not required for cocaine CPP,
but rather that vBSNT projections to other
brain regions are required (e.g., glutamatergic
projections to VTA) (Georges and Aston-Jones,
2001, 2002). These findings leave several tantalizing
questions about the neurochemical phenotypes and
mechanisms involved in vBNST regulation of orexin,
requiring additional study to resolve.

We did not find that NAc shell projections to
the orexin field were Fos activated in relation to
cocaine CPP; however, other reports indicate that
this pathway modulates reward. Tract-tracing
studies from our laboratory and others revealed
that NAc shell strongly projects to the LH orexin
area in rats (Hamlin et al., 2008; Marchant et al.,
2009; Yoshida et al., 2006; Zheng et al., 2007),
though one study in mice reported that the NAc
projection is primarily to anterior LH, rostral of
the orexin field (Sano and Yokoi, 2007). Func-
tionally, injections of the GABAA agonist
muscimol into NAc shell strongly enhance feed-
ing behavior and Fos expression in LH, but not
DMH/PFA, orexin neurons (Baldo et al., 2004).
Similarly, temporary inactivation of NAc shell
with baclofen/muscimol triggered reinstatement
of beer seeking and Fos activation of LH orexin
late reward. Glutamate inputs to VTA thought to interact with
d lines. At bottom, known reward functions of various orexin
erences, see text. ACh, acetylcholine; CPu, caudate/putamen;
ula, insular cortex; LC, locus coeruleus; LS, lateral septum;
; PFC, prefrontal cortex; PVN, paraventricular nucleus of the
nucleus of the stria terminalis; VP, ventral pallidum; VTA,



100
neurons (Millan et al., 2010). In the same study,
concurrent inactivation of LH blocked reinstate-
ment produced by inactivation of NAc shell,
indicating that connections between NAc shell
and LH orexin neurons are involved in this type
of reward seeking.

Several reports indicate that glutamate has a
major role in regulating orexin neuronal activity
and release.Orexin neurons are strongly depolarized
by glutamate, and glutamatergic axons outnumber
all other inputs on orexin cells (Horvath and Gao,
2005; Li and van den Pol, 2005), though GABA
terminals also contact a substantial number of orexin
neurons (Henny and Jones, 2006). Furthermore,
food deprivation potentiates excitatory currents on
orexin cells, suggesting that glutamatergic input to
orexin cells may be important in driving motivated
behaviors, at least for food reward (Horvath and
Gao, 2005). Other neurotransmitters and peptides
that have been shown to influence orexin
activity and that are implicated in a variety of
reward-seeking behaviors include acetylcholine,
cannabinoids, CRF, dopamine, dynorphin, GABA,
ghrelin, leptin, m opioids, neuropeptides Y and
S, neurotensin, norepinephrine, serotonin, and
vasopressin (Bayer et al., 2005; Cannella et al.,
2009; Fu et al., 2004; Hakansson et al., 1999; Huang
et al., 2007; Kallupi et al., 2010; Li and van den Pol,
2005, 2006, 2008; Liu et al., 2002; Muraki et al.,
2004; Ohno et al., 2008; Taslimi et al., 2011; Tsujino
et al., 2005; Winsky-Sommerer et al., 2005;
Yamanaka et al., 2003b).
Orexin efferents

Orexin neurons send extensive projections
throughout the brain (Baldo et al., 2003; Date
et al., 1999; de Lecea et al., 1998; Fronczek
et al., 2005; Nambu et al., 1999; Peyron et al.,
1998; Sakurai et al., 1998; Thannickal et al.,
2000; van den Pol, 1999), and OX1Rs and OX2Rs
are widely expressed in both unique and over-
lapping patterns (Cluderay et al., 2002; Hervieu
et al., 2001; Marcus et al., 2001; Suzuki et al.,
2002; Trivedi et al., 1998). OX1Rs are densely
expressed in prelimbic, infralimbic, and insular
cortices, BNST, laterodorsal tegmental nucleus,
and LC. In contrast, OX2Rs are more densely
expressed in NAc shell, CA3 of dorsal hippocam-
pus, LH, and PVT. The dorsal raphe and VTA
have moderate levels of both receptors (Marcus
et al., 2001). Functionally, most studies have
focused on orexin projections to VTA due to
the known importance of this region in reward
processing. These studies are elaborated upon in
the following section, followed by a summary of
the few studies examining functional roles of
other orexin efferents throughout the brain.
Ventral tegmental area orexin

The VTA is a brain region where orexin appears to
play a prominent role in drug and natural reward
seeking. AlthoughOX1R and OX2R are expressed
in VTA (Marcus et al., 2001; Narita et al., 2006),
there are reported to be few orexin-containing
synapses there (Balcita-Pedicino and Sesack,
2007), suggesting that the majority of orexin input
is via nonsynaptic release by en passant fibers, or
nonsynapsing terminals. Nonetheless, a large num-
ber of behavioral experiments have shown that
VTA orexin is necessary and sufficient for several
types of reward-seeking behavior, demonstrating
that this is a crucial site for the reward-related
effects of orexin.

In general, VTA orexin signaling appears to be
particularly important for high-effort motivation,
and reward seeking driven by external stimuli.
Intra-VTA orexin increased cocaine self-administra-
tion under PR and DT reinforcement, but not under
simple FR-1 reinforcement (Espana et al., 2011).
Intra-VTA orexin also reinstated extinguished
drug-seeking behavior in both cocaine self-adminis-
tration and morphine CPP paradigms (Harris et al.,
2005; Wang et al., 2009). Conversely, intra-VTA
SB-334867 reduced the acquisition of cocaine sensi-
tization and morphine CPP (Borgland et al., 2006;
Narita et al., 2006), and LH orexin projections to
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VTA are necessary for learning morphine CPP
(Harris et al., 2007). Intra-VTA SB-334867 also
reduced the amount of effort expended for cocaine
in PR, DT, and decreasing-dose (behavioral eco-
nomics) self-administration paradigms, but not at
FR-1 reinforcement schedules (Espana et al.,
2010). Intra-VTA SB-334867 also reduced reinstate-
ment of cocaine seeking elicited by cues, but not by
cocaine prime or footshock (Mahler et al., 2012;
Wang et al., 2009). These findings strongly point to
VTA as a key site in which orexin acts to facilitate
seeking of a variety of drugs.
One of the key ways in which VTA orexin may

act to increase conditioned reward seeking is by
modulating forebrain dopamine neurotransmis-
sion, which has been tied to reward seeking and
approach efforts (Berridge and Robinson, 1998;
Cheer et al., 2007; Fiorillo et al., 2003; Ikemoto
and Panksepp, 1999; Salamone et al., 2007; Satoh
et al., 2003). In support of this, intra-VTA adminis-
tration of orexin A increased dopamine release in
NAc and PFC as measured by microdialysis or
voltammetry (Espana et al., 2011; Vittoz et al.,
2008). Intra-VTA infusion of orexin A also
increased local glutamate and dopamine release,
which was attenuated by coadministration of the
AMPA/NMDA antagonist kynurenic acid, but
not by a CRF antagonist (Wang et al., 2009). Con-
versely, intra-VTA SB-334867 reduced cocaine-
induced dopamine overflow in NAc but failed to
block footshock-induced glutamate or dopamine
release (Wang et al., 2009).
One mechanism by which orexin elicits its influ-

ence on VTA dopamine cell firing is via direct
depolarization of dopamine neurons, which
occurs especially with high orexin concentrations
(Korotkova et al., 2003). However, orexin also
affects dopamine cell activity via its interactions
with several other neurotransmitters within
VTA, and these interactions may be critical for
understanding orexin’s role in reward. In particu-
lar, orexin interactions with glutamate in VTA
appear to be an important mechanism by which
orexin acts during reward processing (Borgland
et al., 2006; Moorman and Aston-Jones, 2010),
as discussed in further detail in the following sec-
tion. Another possible interaction is with endo-
cannabinoid receptors, which form heterodimers
with OX1Rs in some cases (Ellis et al., 2006;
Milligan and Smith, 2007). Additionally, activating
LH orexin neurons with the cholinergic agonist
carbachol induces a CPP, which is blocked by
intra-VTA administration of the cannabinoid 1
receptor antagonist AM251 (Taslimi et al., 2011).
Orexin/cannabinoid interactions are intriguing but
still poorly understood. In contrast, interactions
of orexin with glutamate in VTA have been stud-
ied more extensively and appear to be critical for
conditioned drug seeking.
Interactions of orexin and glutamate in ventral
tegmental area

Glutamate inputs control both tonic and burst fir-
ing of VTA dopamine neurons, and these inputs
are very likely involved in the capacity of dopa-
mine neurons to perform their roles in motivation
and reward prediction (Hyman et al., 2006; Wise
and Morales, 2010; Zellner and Ranaldi, 2010).
However, VTA glutamate also interacts with
other inputs to activate dopamine cells, including
orexin. As previously mentioned, orexins A and
B can directly excite VTA dopamine neurons
(Korotkova et al., 2003; Moorman and Aston-
Jones, 2010; Muschamp et al., 2007), but orexin
also has a profound influence on dopamine
neurons by affecting glutamatergic plasticity, as
described in detail elsewhere in this issue (Baimel
and Borgland, 2012). Briefly, orexin A applica-
tion to VTA slices enhanced glutamatergic synap-
tic strength on dopamine neurons primarily via
trafficking of NMDA and AMPA receptors to
the synapse (Borgland et al., 2006). Similar excit-
atory plasticity was produced by cocaine expo-
sure, and this effect was blocked by SB-334867.
In addition, orexin B influences VTA dopamine
neuron synaptic plasticity via actions at OX2R
(Borgland et al., 2008), although the mechanisms
of this pathway are less clear.
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We speculated that PFC input to VTA might be
one important source of glutamatergic influence on
dopamine neurons that is regulated by orexin
(Aston-Jones et al., 2010). mPFC in the rat has a
robust glutamatergic projection to VTA (Geisler
et al., 2007), and mPFC activity is associated with
reward seeking and other goal-driven behaviors
(Grabenhorst and Rolls, 2011; Grace et al., 2007;
Kalivas et al., 2005; Peters et al., 2005; Phillips
et al., 2008; Zavala et al., 2003). To test this interac-
tion, we recorded dopamine neurons of anesthetized
rats while stimulating mPFC [specifically the
prelimbic–infralimbic border region, where the
strongest glutamatergic projection originates
(Geisler et al., 2007)] and simultaneously applied
either orexin A or SB-334867 to the recorded neu-
ron using a double-barreled pipette (Moorman
and Aston-Jones, 2010). As demonstrated by other
groups (Korotkova et al., 2003; Muschamp et al.,
2007), we observed increases in dopamine neuron
activity when orexin was applied alone. However,
orexin also enhanced mPFC-evoked responses in
VTA dopamine neurons, in some cases, revealing
evoked responses that were not observed with
mPFC stimulation alone (Fig. 4a). Accordingly,
application of SB-334867 to dopamine neurons
decreased mPFC-evoked responses. These results
indicate that the orexin system plays an important
role in regulating PFC control over dopamine neu-
ron activation.

A role for VTA orexin in facilitating mPFC
control of dopamine neuronal activity may be one
reason why previous reports found that mPFC
stimulation failed to evoke direct responses in
dopamine neurons (Tong et al., 1996), despite the
strong mPFC projection to VTA (Carr and Sesack,
2000; Geisler et al., 2007). From a systems/behav-
ioral neuroscience perspective, the interaction
between orexin- and reward-related mPFC inputs
in VTA may have functional importance. Orexin
neurons are activated in circumstances of height-
ened arousal and motivation (Siegel, 2004),
and in response to reward-associated stimuli
(Aston-Jones et al., 2010; Harris et al., 2005).
mPFC is also known to modulate behavioral
responses to salient stimuli and to coordinate
goal-directed behaviors (Balleine and O’Doherty,
2010; Miller and Cohen, 2001). The simultaneous
activation of PFC inputs and orexin release in
VTA could be involved in the detection of
important environmental stimuli and generation
of appropriate stimulus salience and goal-
directed motivated behaviors (Berridge, 2007;
Bromberg-Martin et al., 2010; Salamone et al.,
2007; Schultz, 2007).

Given previous findings that orexin increases
responses of VTA dopamine neurons to glutamate
in brain slices, and our recent demonstration that
orexin facilitates control of dopamine neurons by
PFC glutamate inputs in anesthetized rats, we next
asked whether orexin also potentiates VTA gluta-
mate signals that influence drug-seeking behaviors
in awake, behaving animals. Previously, Wang
et al. (2009) found that intra-VTA orexin A caused
reinstatement of cocaine seeking, and increased
local extrasynaptic glutamate levels. Both of these
effects were attenuated by coadministration of
the AMPA/NMDA antagonist kynurenic acid,
supporting a link between VTA orexin and gluta-
mate in reinstatement. We therefore asked
whether endogenous VTA orexin also potentiates
glutamate transmission in amanner that is required
for cue-induced reinstatement (Mahler et al.,
2012).

We first determined that bilateral intra-VTA
injections of either the SB-334867 or the AMPA
antagonist CNQX robustly attenuated cue-
induced reinstatement of cocaine seeking. We
also found that simultaneous VTA blockade of
orexin in one hemisphere and glutamate in the
contralateral hemisphere similarly attenuated
cue-induced reinstatement, indicating that both
VTA orexin and AMPA signaling are concur-
rently needed for cues to elicit cocaine seeking.
Based on work by Borgland et al. (2006), we
further hypothesized that orexin facilitates
cue-induced glutamate inputs by promoting plas-
ticity in dopamine neurons. To address this
possibility, we next asked whether potentiating
AMPA transmission via a non-orexin-dependent
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Fig. 4. Interactions of orexin and glutamate in ventral tegmental area. (a) Orexin potentiates glutamatergic control of VTA
dopamine neurons. Top panels: Example of short-latency mPFC-evoked excitatory responses in a dopamine neuron before (left)
and after microinfusion onto the recorded neuron (right) of orexin-A (ORX-A, 60 nl, 1.4 μM). Short-latency-evoked responses
were enhanced both during and following ORX-A administration. Time 0.00 demarcates the time of mPFC stimulation
(50 pulses, 0.5 Hz). Bottom panels: Example of long-latency-evoked responses before (left) and during microinfusion
(stimþ infusion; right) of ORX-A onto a recorded DA neuron. Long-latency-evoked responses were enhanced by ORX-A
administration. Modified with permission from Moorman and Aston-Jones (2010). (b) Enhancing AMPA neurotransmission
rescues cue-induced reinstatement blocked by OX1R antagonism. The allosteric modulator PEPA was used to facilitate effects of
endogenously released glutamate at AMPA receptors in VTA. Intra-VTA PEPA alone failed to cause or potentiate
reinstatement of cocaine seeking. VTA microinjections of SB-334867 blocked cue-induced reinstatement, which was reversed by
coadministration of PEPA into VTA (see Mahler et al., 2012) for more details. (c) Hypothesized orexin–glutamate interaction in
VTA leads to reinstatement. Upper panel: In VTA dopamine cells, orexin potentiates AMPA and NMDA responses to VTA
glutamate inputs (Borgland et al., 2006). During reinstatement, orexin facilitates VTA AMPA responses to cue-related glutamate
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mechanism would rescue reinstatement reduced
by intra-VTA SB-334867. We employed the posi-
tive AMPA allosteric modulator PEPA, which
increases cellular responses to endogenously
released glutamate without direct AMPA agonist
effects (Kessler and Arai, 2006; LaLumiere et al.,
2010; Sekiguchi et al., 1997; Zushida et al., 2007),
and found that intra-VTA PEPA completely
reversed deficits in cue-induced reinstatement
induced by intra-VTA SB-334867 (Fig. 4b).
Importantly, PEPA alone did not induce rein-
statement (presumably because cue-related gluta-
mate inputs were not active in the absence of
cues, and therefore this allosteric modulator was
inactive), nor did it potentiate reinstatement in
the presence of intact orexin inputs (presumably
because orexin had already facilitated AMPA
transmission maximally; Fig. 4b). These findings
support the idea that orexin normally facilitates
the ability of cue-related VTA glutamate inputs
to control dopamine cells and to elicit reinstate-
ment of cocaine-seeking behavior.

In this same set of studies, we found no effect
of the NMDA antagonist AP-5 on cue-induced
reinstatement when administered in VTA, despite
the previously described action of orexin to rap-
idly facilitate responses on VTA dopamine
neurons via NMDA receptors (Borgland et al.,
2006). Presumably, orexin-induced enhancement
of NMDA receptor function is related to
functions of VTA that are not involved in the
expression of reinstatement behavior, such as
appetitive learning (Ranaldi et al., 2011; Zellner
et al., 2009). These data provide the first behav-
ioral evidence that orexin may act in VTA to
facilitate cue-related glutamate transmission at
AMPA receptors on dopamine cells, thereby
transforming them into real-time triggers of
cocaine seeking (Fig. 4c).
inputs, allowing cues to promote renewed drug-seeking behavior a
with local microinjections of SB-334867, AMPA signaling is not
glutamate inputs, and attenuating cocaine-seeking behavior.
Functions of other orexin efferents

Although VTA is the orexin efferent for which a
role in reward seeking is best characterized, it is
not the only efferent involved in reward-related
behaviors. One potentially important target of the
orexin system is nucleus accumbens, where OX2R
protein expression is upregulated in a long-lasting
manner following repeated cocaine administration
(Zhang et al., 2007). NAc has moderate to high
levels of OX2Rs in particular (Marcus et al., 2001;
Trivedi et al., 1998), and orexins A and B both alter
neuronal activity in NAc (Mori et al., 2011; Mukai
et al., 2009). Administration of orexin A into NAc
stimulates food intake, but not ethanol intake
(Schneider et al., 2007; Thorpe and Kotz, 2005).
However, a retrograde tracing study by Sharf and
colleagues reported that orexin neurons send only
few projections into NAc core or dorsal NAc shell
(Sharf et al., 2008). It is clear, then, that orexin indi-
rectly influences NAc by facilitating dopamine
release there via midbrain projections (Espana
et al., 2011; Narita et al., 2006; Quarta et al., 2010).

There are only a few brain areas outside VTA
and NAc where the reward-related functions of
orexin have been studied in any detail. For exam-
ple, there is evidence that orexin has a unique
influence in nicotine addiction via projections to
insular cortex, as OX1R antagonism there
attenuated nicotine self-administration (Hol-
lander et al., 2008). Additionally, strong orexin
inputs to basal forebrain may promote cortical
acetylcholine release related to palatable food
presentation (Frederick-Duus et al., 2007). In
hypothalamus, injections of orexin A into LH or
PVN stimulate ethanol intake in rats (Schneider
et al., 2007). OX1R signaling in LC and OX2R
signaling in PVT are also involved in naloxone-
precipitated morphine withdrawal (Azizi et al.,
nd relapse. Lower panel: When OX1Rs are blocked in VTA
potentiated, reducing the motivational impact of cue-related
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2010; Li et al., 2011), potentially reflecting a role
for orexin in these areas in modulating stress, anxi-
ety, or arousal. On the other hand, SB-334867
microinjections into vBNST had no effect on
cocaine CPP (Sartor and Aston-Jones, 2012),
and SB-334867 injections into PVT had no effect
on cue-induced reinstatement of cocaine seeking
(James et al., 2011). The small number of studies
investigating functions of orexin outside the
mesocorticolimbic dopamine system limits our
understanding of orexin’s role in wider motivation-
related brain circuits. Additional research is needed
to elucidate the likely roles played by the orexin
system in its multiple targets throughout the brain.
Behavioral pharmacology of orexin

Most of the experimental studies described in this
review have used pharmacological methods to
explore the role of orexin in drug reward and
addiction. However, all pharmacological studies
are inherently limited by the drugs available to
manipulate neurochemical systems. Here, we will
briefly discuss the pharmacological agents that
have been used for manipulating orexin in addic-
tion research (for more complete reviews of the
available orexin antagonists, see Roecker and
Coleman, 2008; Scammell and Winrow, 2011;
Gotter et al., 2012).
For studies aimed at determining the effects of

orexin receptor agonism, the peptides orexin A
or B have been used, as there is no synthetic
orexin agonist currently available. Like most other
peptides, the orexins have the limitation of very
poor permeability of the blood–brain barrier
(Fujiki et al., 2003) and, therefore, need to be
either administered into the cerebral ventricles
or microinjected into brain regions of interest
[though intranasal administration may also be
centrally effective (Deadwyler et al., 2007; Dhuria
et al., 2009)]. Intracranial administration requires
that animals undergo surgery to implant chronic
cannulae, which is invasive and time consuming.
In addition, orexin A binds with equal affinity to
both OX1R and OX2R, whereas orexin B binds
relatively specifically to OX2R (Sakurai et al.,
1998). These factors should be kept in mind for
studies positing receptor-specific effects of direct
injections of orexin peptides.

The majority of studies have investigated antag-
onism of orexin receptors, and the most commonly
used compound in behavioral studies is the OX1R
antagonist SB-334867. This agent has 50-fold
selectivity for OX1Rs over OX2Rs and 100-fold
selectivity for OX1Rs over approximately 50 other
receptor targets (Porter et al., 2001; Smart et al.,
2001). A similar compound SB-408124 has been
used in some studies and possesses comparable
selectivity (Langmead et al., 2004; Wang et al.,
2009). However, these SB compounds have sev-
eral practical limitations. First, SB-334867 has poor
solubility in aqueous solutions at concentrations
over 5 mg/ml (often used for systemic and intracra-
nial studies). Therefore, vehicle preparations typi-
cally consist of various concentrations of the
solvent DMSO and/or the hydrophilic caging com-
pound cyclodextrin. At high concentrations, this
forms a suspension that can be injected with a 23-
g needle (i.p. or s.c.). If lower concentrations are
used for intracranial administration (e.g., 1 mM),
we found that the SB compounds will generally
suspend in artificial cerebrospinal fluid after soni-
cation and agitation. A second limitation is that,
in our experience, SB-334867 is a relatively unsta-
ble compound, and the molecule can degrade in
the presence of water (Anita H. Lewin, RTI,
personal communication)—therefore requiring
daily preparation of the compound for injection.
Finally, there is a great deal of variability for SB-
334867 among different suppliers and batches,
which results in differences in molecular weight,
color, solubility, and dose–response properties
(which might account for some of the variability
in dosing and vehicles used by different labor-
atories). Additional OX1R antagonists are being
developed in an attempt to improve binding
specificity and address other issues present with
SB-334867 (Di Fabio et al., 2011; Gozzi et al.,
2011; McDonald, 2011).
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Although one study (Shoblock et al., 2011)
showed that the OX2R may play a role in ethanol
CPP and self-administration, most experiments
have shown that this receptor plays a larger role
in arousal than in reward. For example, in our
laboratory, we tested the OX2R antagonist 4-PT
(also called TCS OX229), which has 250-fold
selectivity over OX1R and 50-fold over other
targets (Hirose et al., 2003). We found no effect
of 4-PT on cocaine self-administration or cue-
induced reinstatement, but this compound sub-
stantially reduced locomotor activity (Smith
et al., 2009c). This is consistent with previous
reports that signaling at the OX2R, rather than
OX1R, has been implicated in the modulation of
arousal (Akanmu and Honda, 2005; Marcus
et al., 2001; Willie et al., 2003). Increased
measures of sleep were observed in rats following
administration of the OX2R antagonist JNJ-
10397049, but not the OX1R antagonists SB-
408124 or GSK-1059865 (Dugovic et al., 2009;
Gozzi et al., 2011). Moreover, dogs lacking the
OX2R show narcoleptic symptoms (Lin et al.,
1999). In a locomotor chamber, the OX2R
antagonists EMPA or 4-PT both reduced locomo-
tion in rats (Malherbe et al., 2009; Smith et al.,
2009b). On the other hand, SB-334867 has been
shown repeatedly to have little or no effect on
locomotor activity in rats and mice at moderate
to high doses, either systemically or intra-VTA
(James et al., 2011; Richards et al., 2008; Sartor
and Aston-Jones, 2012; Sharf et al., 2010b; Smith
et al., 2009b; Voorhees and Cunningham, 2011).
Therefore, OX2R seems in most cases to be
involved in arousal rather than reward, at least
for drugs other than ethanol.

Finally, a few studies have tested dual OX1R and
OX2Rantagonists on addiction behaviors. The dual
orexin receptor antagonist DORA reduced the
development of amphetamine sensitization, and
the dual antagonist almorexant (ACT-078573 or
SB-649868) reduced nicotine self-administration
(LeSage et al., 2010;Winrow et al., 2010). However,
nicotine self-administration was only affected at
doses that also reduced food self-administration,
whereas SB-334867 affected nicotine taking without
affecting food self-administration (LeSage et al.,
2010). This again indicates that OX2R signaling
may be importantly involved in regulating arousal.
Dual antagonists such as DORA and almorexant,
as well as the compound MK-4305, are currently
being explored clinically for their sleep-promoting
effects (Brisbare-Roch et al., 2007; Coleman et al.,
2010; Malherbe et al., 2009; Scammell andWinrow,
2011; Whitman et al., 2009; Winrow et al., 2010).
Reconciling orexin’s roles in appetitive
motivation versus stress

Clearly, orexin plays a complex role in addiction
that varies based on the aspect of addiction being
studied (e.g., appetitive motivation for drugs vs.
the rewarding effects of drugs themselves), as well
as the addictive drug in question. Further, orexin
itself acts like a reinforcer in certain experiments.
For example, administration of either orexin A or
B into VTA caused CPP in rats (Narita et al.,
2007), as did chemical activation of LH with the
cholinergic agonist carbachol, an effect that was
blocked by pretreatment with intra-VTA SB-
334867 (Taslimi et al., 2011). Like other
reinforcers, intra-VTA orexin A or B administra-
tion increases dopamine and its metabolites in
NAc and PFC (Espana et al., 2011; Narita et al.,
2006, 2007; Vittoz and Berridge, 2006). These
findings point to a role for orexins in potentiating
reward circuits, and the above sections lay out
extensive evidence that orexin is necessary for
the seeking of various classes of addictive drugs.

However, there is also evidence that orexin
activation of stress pathways may be involved
in addiction-related behaviors. Orexin A adm-
inistered either ICV or intra-VTA-increased
ICSS thresholds, and this effect was blocked by
coinfusion of a CRF antagonist (Boutrel et al.,
2005; Hata et al., 2011). In addition, footshock-
induced reinstatement of cocaine seeking was
blocked by ICV (but not intra-VTA) SB-334867
(Boutrel et al., 2005; Wang et al., 2009), indicating
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that orexins can have effects that involve brain
stress pathways (Johnson et al., 2012).
What could be the reason for orexin seemingly

playing a role in both reward-appetitive behaviors
as well as stress-related behaviors? One possibil-
ity, mentioned above, is that orexin neurons in
medial versus lateral hypothalamic areas have dif-
ferent functional roles in behavior (Harris and
Aston-Jones, 2006). We have previously hypothe-
sized that LH orexin populations play a specific
role in reward-related behavior, including CPPs
for opiates and cocaine, and stimulant sensitiza-
tion. In contrast, the DMH/PFA orexin neurons
may play a greater role in arousal- and/or stress-
related behaviors (Aston-Jones et al., 2010).
A second, overlapping possibility is that orexin

might function as a modulator of gain for brain
circuits engaged in guiding motivated behaviors,
regardless of affective valence. For example,
orexin could enhance either appetitive or aversive
salience, depending on the context and the pre-
dominant neurocircuitry underlying the
motivated behavior. In other words, activation
of orexin neurons could potentiate an animal’s
approach to rewards or avoidance of stressors,
depending on the situation at hand. Orexin might
therefore increase an animal’s responsivity to
important cues and situations, facilitating adap-
tive behavioral responses at moments of either
opportunity or danger. Future studies need to be
conducted to test these and other theories
concerning the mechanism by which orexin plays
a role in addiction.
Future directions and clinical usefulness of
modulating orexin

The studies reviewed above clearly show that
orexin neurons in LH play important roles in
reward processing, motivated behavior, and drug
abuse. However, many questions remain for future
studies to better understand the role of this neuro-
peptide system in these behavioral processes. One
issue concerns the general relationship between
the roles of orexin in arousal and reward. Are
these two functions separately and independently
mediated by different groups of orexin neurons,
or are they somehow functionally linked in a
broader functional context that incorporates both
of these activities?

A second important research goal is to conduct
a thorough input–output analysis of orexin
neurons from functional perspectives. We have
begun this analysis as reviewed above, discover-
ing that the lateral septum and vBNST are likely
to be important inputs to LH orexin neurons that
regulate their activity in accordance with cocaine
preference. However, what afferents drive orexin
neurons that are involved in arousal and stress
functions? Our results, as well as studies by
others, have shown that VTA is an important
target of orexin neurons for reward effects.
A smaller number of studies have shown roles
of orexin in NAc, PVN, and insular cortex
in reward-related processes as well. However,
orexin projections are very wide throughout the
central nervous system, and it seems quite
surprising that only a few targets such as these
could be responsible for so many reward-related
functions. This raises the question: What roles
do the myriad other targets of orexin play in the
functioning of this system?

A third important set of questions concerns the
functional attributes of the two orexin receptors.
Several studies appear to coalesce around the
idea that reward functions are conveyed primarily
by OX1R and arousal/stress functions by OX2R.
However, the distributions of these receptors are
different, so through which targets does each
receptor mediate its dominant behavioral effects?

Finally, considerable evidence shows that
orexin is involved in plasticity of neural responses
in VTA dopamine neurons and elsewhere. This
implies a possible role in learning, and some stud-
ies (reviewed above) confirm that the LH orexin
to VTA projection is critical for learning
stimulus–reward associations, at least for mor-
phine CPP. Future research should address sev-
eral vital questions about orexin’s role in
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learning. For example, in what types of learning is
orexin involved? How general is its role in
learning? Is it involved in more than reward-
based learning, and, if so, does orexin modulate
plasticity in other of its targets to modulate other
types of learning as well?

Exciting new virus-mediated approaches to regu-
lation of these neurons using optogenetics (e.g.,
channelrhodopsin-2) or pharmacogenetics (e.g.,
designer receptors) also offer great potential for
developing specific and powerful ways to manipu-
late neural systems, both experimentally and
clinically (Bernstein and Boyden, 2011; Fenno
et al., 2011; Rogan and Roth, 2011). Promoter
sequences have been identified for the orexin gene
that have allowed generation of plasmids that direct
expression of component genes in orexin neurons,
but not in non-orexin neurons, after local viral vec-
tor microinjections into hypothalamus in vivo
(Adamantidis et al., 2007; Carter et al., 2009). If
orexin neurons primarily play a role in driving
conditioned motivational responses to reward-
associated stimuli (as proposed here), specific mod-
ulation of these neurons’ activities via these met-
hods may offer a powerful means of selectively
treating at least some types of motivational dis-
orders including drug abuse and feeding disorders
leading to obesity. Moreover, the ability to virally
transduce orexin neurons in LH versus more
medial hypothalamic sites affords the possibility of
modulating reward functions of LH orexin neurons
without having undesirable effects on arousal and
stress by affecting more medial orexin cells. There-
fore, the specificity offered by these new
approaches promises treatments for complex moti-
vational disorders not previously possible.

Most studies of orexin have focused on reward
or arousal. Although it is clear that this system
plays an important role in positively motivated
behavior, there has been little examination of a
possible role also in aversively motivated
behaviors or learning as related to addiction. This
seems especially important for future studies, in
view of the roles of the medial orexin neurons in
stress and anxiety responses (Berridge et al.,
2010a; Boutrel and de Lecea, 2008; Martin-
Fardon et al., 2010; von der Goltz et al., 2011).
In addition, while early studies found that orexin
is important in behavioral responses to opiate
withdrawal (Georgescu et al., 2003), the
implications of this for a full range of behavioral
functions have not been explored (e.g., negative
reinforcing effects of drugs when administered
during a period of withdrawal/abstinence).

The above studies indicate that orexin neurons
and receptors represent an important new target
for clinical interventions in a variety of disorders.
Drugs to interfere with orexin receptors are being
developed to treat sleep and addictive disorders,
but such drugs may well also prove useful for
motivation or mood disorders, given the role of
orexin in reward, hedonics, and motivation
(Aston-Jones et al., 2010; Lutter et al., 2008; Scott
et al., 2011). Additionally, orexinergic drugs could
also have potential for treating deficits in
learning, and other cognitive disorders such as
dementia. It is clear that additional research in
the future will yield ever increasing insights into
functions of the orexin neuropeptide system, and
ways in which modulating this system can be
applied for treating a host of mental and behav-
ioral disorders.
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 bed nucleus of the stria terminalis

CPP
 conditioned place preference

CR
 conditioned reinforcement

CRF
 corticotropin-releasing factor

DMH
 dorsomedial hypothalamus

DS
 discriminative stimulus

DT
 discrete trials



109
FR
 fixed ratio

ICSS
 intracranial self-stimulation

ICV
 intracerebroventricular injection

LC
 locus coeruleus

LH
 lateral hypothalamus

MCH
 melanin-concentrating hormone

NAc
 nucleus accumbens

OX1/2R
 orexin 1/2 receptor

PFA
 perifornicalarea

PFC
 prefrontal cortex

Pmax
 maximum price (value) of a

reward in behavioral economics

PR
 progressive ratio

PVN
 paraventricular nucleus of the

hypothalamus

PVT
 paraventricular thalamus

VTA
 ventral tegmental area
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