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Abstract

The orexins (or hypocretins) are hypothalamic neuropeptides that have been implicated in a variety
of behaviors ranging from feeding to sleep and arousal. Evidence from animal models suggests a
role for orexins in reward processing and drug addiction. In this review, we discuss orexin’s
interaction with the mesocorticolimbic reward pathway and the effects of drugs of abuse on the orexin
system. We further review models of drug dependence and addiction and describe behavioral
alterations that are seen when the orexin system is manipulated both pharmacologically and
genetically. Based on the findings reported in the literature thus far, we posit that orexin functioning
contributes to both drug reward and drug related stress/aversive responsiveness; however, diverse
anatomical substrates, and perhaps receptor specificity, contribute differentially to reward and stress
components.

1. Orexin-Drug Interactions

1.1 Orexin Background

The neuropeptides orexins (or hypocretins) have been implicated in a variety of behavioral
states ranging from feeding (Sakurai et al., 1998) to sleep and arousal (Chemelli et al., 1999).
The orexins are produced in hypothalamic neurons restricted to the dorsal medial hypothalamus
(DMH), perifornical area (PFA), and lateral regions of the lateral hypothalamus (LLH) (Date
etal., 1999; De Lecea et al., 1998; Peyron et al., 1998; Sakurai et al., 1998). Orexin-releasing
neurons also release dynorphin (Chou et al., 2001) and are intermingled, but are not co-
localized, with MCH-releasing neurons (Broberger et al., 1998; Elias et al., 1998; Peyron et
al., 1998). The orexin ligands, orexin A and orexin B, arise from the precursor peptide prepro-
orexin by proteolytic processing (De Lecea et al., 1998; Sakurai et al., 1998). The two orexin
receptors are G-protein coupled and differ in their selectivity to the orexin ligands: the orexin
1 receptor (Ox1r) is selective for orexin A whereas the orexin 2 receptor (Ox2r) is nonselective
(Sakurai et al., 1998). The Ox1r is Gq4-coupled and the Ox2r is G4 and Gjjo-coupled (Sakurai
et al., 1998; van den Pol et al., 1998) and both receptors have been found on pre- and post-
synaptic processes as well as on soma at the level of the medial and lateral hypothalamic areas
(van den Pol et al., 1998). The orexin receptors (Lu et al., 2000; Marcus et al., 2001; Trivedi
et al., 1998) and orexinergic projections from the lateral hypothalamic region (LH) (Mondal
et al., 1999; Nambu et al., 1999) can be found throughout the brain, including brain regions
known for their involvement in drug reward and addiction.
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1.2 Orexin and the mesocorticolimbic reward pathway (See Figure 1)

Early studies showed broad projections of orexin neurons including to the midbrain dopamine
(DA\) neurons of the ventral tegmental area (VTA) (Baldo et al., 2003; Fadel and Deutch,
2002; Peyron et al., 1998). Studies of drug reward and drug-induced neuroadaptations have
focused on orexin’s effects on the VTA and the mesocorticolimbic target regions, such as the
nucleus accumbens (NAc) and amygdala as well as medial prefrontal cortex (mPFC) (Fallon
and Moore, 1978; Lindvall and Bjorklund, 1974; Ungerstedt, 1971). Microdialysis studies have
demonstrated that most, if not all, abused drugs increase extracellular DA levels at the level of
the NAc (Carboni et al., 1989; Di Chiara and Imperato, 1988; Imperato and Di Chiara, 1986;
Imperato etal., 1986), and neuroadaptations in this system is thought to underlie many elements
of addiction as reviewed in (Koob et al., 1998). The hypothalamic orexin system is positioned
to interact with the mesocorticolimbic pathway via many brain regions, but most work has
focused on the VTA.

Orexin projections from the LH are localized in the VTA (Baldo et al., 2003; Fadel and Deutch,
2002; Nakamura et al., 2000; Peyron et al., 1998) and orexin terminals contact tyrosine-
hydroxylase (TH) positive cells (Fadel and Deutch, 2002; Nakamura et al., 2000). Although it
has been reported that orexin axons infrequently synapse onto dopamine and GABA neurons,
the VTA does contain numerous orexin-containing dense core vesicles suggesting nonsynaptic
effects (Balcita-Pedicino and Sesack, 2007). Both orexin receptors have been found to be
present in high density in the VTA (Lu et al., 2000; Narita et al., 2006) on both DA-containing
(Korotkova et al., 2003; Narita et al., 2006) and GABA-containing neurons (Korotkova et al.,
2003). Orexin exerts an excitatory action in the VTA and activates both DA (Korotkova et al.,
2003; Nakamura et al., 2000) and non-DA cells (Korotkova et al., 2003) via a direct
postsynaptic effect. Intra-VTA application of orexin results in increased Fos expression in DA
neurons located specifically in the caudomedial portion of the VTA (Vittoz et al., 2008) and
increases DA at the level of the NAc shell, but not in the NAc core (Narita et al., 2006; Vittoz
and Berridge, 2006) and the mPFC (Narita et al., 2006; Vittoz and Berridge, 2006). Intra-VTA
orexin also results in potentiation of NMDA receptor-mediated excitatory postsynaptic
currents (Borgland et al., 2006) indicating a role for orexin in long term neural plasticity.

Orexin fibers have also been reported in the limbic structures terminating the
mesocorticolimbic pathway (Fadel and Deutch, 2002; Marcus et al., 2001; Peyron et al.,
1998). Although both Ox1r and Ox2r have been reported to be expressed in the NAc (Martin
etal., 2002), Ox1r levels are very low (Marcus et al., 2001) and orexin’s actions have been
attributed to Ox2r binding (Martin et al., 2002). Unlike the excitatory effects of orexin in the
VTA, activation of orexin receptors in the NAc has been reported to result in inhibition (Martin
et al., 2002). However, a more recent finding reports that orexin application depolarizes NAc
shell neurons via Ox2r (Mukai et al., 2009). Different experimental methodologies may explain
these conflicting findings or perhaps Ox2r activation has both excitatory and inhibitory
postsynaptic effects. Further investigation is necessary to clarify orexin’s effects in the NAc.
Orexin action in the amygdala is excitatory and is also mediated by Ox2r (Bisetti et al.,
2006); however both orexin receptors have been reported in the amygdala (Marcus et al.,
2001). Orexin is also excitatory in the mPFC via activation of the Ox1r (Xia et al., 2005) and
the Ox1r is the only orexin receptor reported in the mPFC (Marcus et al., 2001; Trivedi et al.,
1998).

1.3. Direct drug action on orexin system (See Figure 2)

Drugs of abuse have direct effects on the orexin system and these effects are drug-specific.
Moreover, regional variations within the LH have been reported in response to some drugs.
For instance, Fos expression is increased in orexin neurons following acute administration of
methamphetamine (Estabrooke et al., 2001), amphetamine (Fadel and Deutch, 2002), and
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nicotine (Pasumarthi et al., 2006; Pasumarthi and Fadel, 2008). In response to some drugs,
such as nicotine, Fos expression increases in orexin neurons in both the lateral and medial
portions of the LH (Pasumarthi et al., 2006). However, amphetamine increases Fos expression
in neurons specifically in the DMH, but not in PFA or LLH (Fadel and Deutch, 2002). On the
contrary, acute administration of cocaine fails to affect either of the orexin receptors (Zhang
etal., 2007; Zhou et al., 2008) or peptide levels (Zhang et al., 2007; Zhou et al., 2008) and
acute morphine fails to alter orexin mRNA levels (Zhou et al., 2006).

In addition to effects of acute drugs, chronic drugs of abuse also influence the orexin system
via changes in orexin neural activation and mRNA levels of orexin or its receptors. Chronic
administration of nicotine is associated with increased expression of prepro-orexin mRNA in
the LH (Kane et al., 2000). Orexin A expression is increased primarily in the DMH whereas
orexin B is increased in DMH and paraventricular hypothalamus (PVN) (Kane et al., 2000).
Furthermore, chronic nicotine is associated with increases of Ox2r mRNA and, to a lesser
degree, increases of Ox1r mRNA (Kane et al., 2000). Chronic amphetamine exposure results
in increased Fos expression in orexin neurons (Morshedi and Meredith, 2008). In contrast,
chronic morphine treatment (Georgescu et al., 2003; Sharf et al., 2008; Zhou et al., 2006) and
steady-state chronic cocaine (Zhou et al., 2008) fail to affect orexin mMRNA levels or Fos
expression in orexin neurons in the LH. Nonetheless, Ox2r levels are increased in the NAc
following chronic cocaine; a change that persists even months following cessation of cocaine
treatment (Zhang et al., 2007). Although orexin mRNA levels are unchanged in response to
steady-state cocaine, chronic escalating dose cocaine treatment results in decreased orexin
mRNA levels in the LH (Zhou et al., 2008). It should also be recognized that negative results
with gene expression analysis could be a function of the timepoint chosen for analysis.

2.Behavioral investigation of orexin’s role in drug dependence and addiction
(See Table 1)

2.1 Locomotor Hyperactivity and Sensitization

Drug-induced hyperlocomotion and behavioral sensitization is argued to represent a form of
drug induced neural plasticity (Robinson et al., 1982) that may contribute to dependence and
addictive processes. To assess orexin’s involvement in drug dependence, manipulation of the
orexin system via blockade of Ox1rs by the administration of SB-334867, has been proven to
be a useful strategy. SB-334867 is a selective Ox1r antagonist with 50 fold selectivity for Ox1r
over Ox2r (Duxon et al., 2001). In addition, orexin -/- mice (OKO), who lack the gene for
prepro-orexin, have been useful in the investigation of orexin-drug interactions. Thus far,
investigation of orexin’s role in drug hyperlocomotion and sensitization has been limited.
Systemic adminsitration of SB-334867 does not affect acute cocaine-induced
hyperlocomotion, but systemic and intra-VTA blockade of Ox1r blocks the development of
cocaine sensitization. SB-334867 fails to affect locomotor activity in already cocaine-
sensitized animals (Borgland et al., 2006). Furthermore, we have recently found that
SB-334867 treated mice and OKO mice respond normally following an acute morphine
treatment and no changes in behavioral sensitization are seen following chronic morphine
administration (Sharf et al., Submitted). In contrast, previous data does suggest that OKO mice
show reduced hyperlocomotion in response to acute morphine and that OKO mice do not differ
from wild-type (WT) controls in basal DA levels in the NAc, but DA increases in response to
morphine were greater in WT mice (Narita et al., 2006). These limited and conflicting findings
suggest that more investigation into the role of orexin in locomotor responses to drugs of abuse
is needed.
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2.2 Withdrawal

Withdrawal from abused drugs can also alter the orexin system, and the first study connecting
orexin to drugs of abuse demonstrated the involvement of orexin in morphine withdrawal
(Georgescu et al., 2003). Naloxone- or naltrexone precipitated morphine withdrawal leads to
the induction of CRE activity in orexin neurons (Georgescu et al., 2003) and Fos expression
in orexin cells (Georgescu et al., 2003; Sharf et al., 2008). Interestingly, increases in Fos
expression were restricted to the DMH and PFA, and were not seen in the LLH (Sharf et al.,
2008). Spontaneous morphine withdrawal increases orexin mRNA in the LH (Zhou et al.,
2006). Activation of orexin neurons in response to withdrawal appears to be opiate specific
and is not seen following spontaneous withdrawal following chronic cocaine (Zhou et al.,
2008).

Manipulations of the orexin system can affect behavioral responses seen during withdrawal.
For instance, naltrexone precipitated morphine withdrawal is attenuated in OKO mice
(Georgescu et al., 2003). Similarly, SB-334867 treatment prior to naloxone-precipitated
withdrawal attenuates somatic withdrawal symptoms (Sharf et al., 2008). The degree of
somatic withdrawal symptoms is correlated with cFos expression in the NAc shell and blockade
of Ox1r indirectly attenuates NAc cellular activation (Sharf et al., 2008). Interestingly, the
VTA does not show changes in cFos expression in the same animals, suggesting a possible
non-VTA mechanism by which orexin alters NAc neuronal activity.

2.3 Self-administration, Extinction, and Reinstatement

Most behavioral measures of reward assess the hedonic, or rewarding, effects of stimuli
indirectly. Of the different tests performed, self-administration studies are powerful measures
that best mimic conditions of addiction whereby the subject is controlling the drug delivery
and drug seeking behavior. The role of orexin in drug reward, using self-administration
paradigms, has been reported. SB-334867 administration results in decreased self-
administration of nicotine (Hollander et al., 2008) and alcohol (Lawrence et al., 2006) and
intra-LH orexin A increases alcohol intake (Schneider et al., 2007). However, these results are
not seen with all drugs of abuse as intracerebroventricular (icv) administration of orexin A
(Boutrel et al., 2005) or treatment with SB-334867 (Aston-Jones et al., 2009) fails to affect
responding during active cocaine self-adminsitration.

The majority of the literature thus far has focused on the role of orexin in extinction and
reinstatement of an extinguished response. Here, following training, animals continue to lever-
press or nose-poke, but no drug is delivered following previously correct responses until
eventually animals cease to respond at high levels. On the first day of extinction training,
animals typically display a burst of activity characterized by a particularly large number of
responses despite the lack of drug infusion. Interestingly, administration of SB-334867 prior
to the first day of extinction in animals previously trained to self-administer cocaine eliminates
the extinction burst response (Aston-Jones et al., 2009). Once extinguished, manipulation of
the orexin system can directly lead to reinstatement of extinguished responses. For instance,
icv administration of orexin A reinstates extinguished responses in animals trained to self-
administer cocaine and food reinforcers (Boutrel et al., 2005). Intra-VTA administration of
orexin A also reinstates extinguished cocaine-seeking (Wang et al., 2009).

Reinstatement of the extinguished response can be induced by presentation of various stimuli,
including the drug (drug-primed reinstatement) or cues paired with the previously active
response (cue-primed reinstatement). Treatment with SB-334867 fails to affect cocaine-primed
reinstatement, but attenuates cue-primed cocaine reinstatement (Aston-Jones et al., 2009).
Similarly, the presentation of alcohol-associated cues reinstates extinguished alcohol self-
administration, but not in animals treated with SB-334867 (Lawrence et al., 2006).
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Furthermore, the presentation of alcohol-paired cues during reinstatement is accompanied by
increased Fos expression in orexin neurons (Dayas et al., 2008) and the degree of alcohol
seeking is positively correlated with Fos expression in the LLH in both orexin-positive and
orexin-negative neurons (Hamlin et al., 2007).

The reinstatement findings summarized above suggest that activation of the orexin system can
result in spontaneous reinstatement of a previously extinguished response. Moreover, orexin
functioning is involved in cue-primed, but not drug-primed, reinstatement. It is possible that
orexin plays a more general role in mediating cue- and/or context-drug associations.

2.4 Conditioned Place Preference

The conditioned place preference (CPP) test has become a widely-used paradigm for the
measure of reward-related behavior. Here, an animal, is placed in an enclosed environment,
which is divided into two or more distinct compartment, each containing distinctive
environmental cues that differentiate it from the other(s). After the animal is allowed to move
freely among the compartments, it is confined to one of the compartments and is presented
with a rewarding stimulus. The animal forms an association between the rewarding stimulus
and the environmental cues during this time. After the pairing, when allowed to roam freely
among the compartments, the animal will spend more time in the reward-paired chamber if the
drug was rewarding. Although CPP is often used to assess the rewarding effects of drugs of
abuse, animals are tested in a drug-free state and preference is indicative of the rewarding
effects of the context rather than of the drug directly as reviewed in (Bardo and Bevins,
2000). Furthermore, some discrepancy has been reported between CPP data and self-
administration data (Bardo et al., 1999; Deroche et al., 1999) suggesting that these paradigms
may be investigating different components of drug reward and addiction. Nonetheless, CPP
remains a prominent and useful experimental protocol in the investigation of neural
mechanisms underling drug addiction.

It has been shown that animals that exhibit a preference for an environment previously paired
with food, morphine, or cocaine show increased Fos expression in orexin neurons (Harris et
al., 2005). Moreover, the amount of Fos expression in orexin neurons in the LLH is positively
correlated with the amount of time animals spend in the drug paired chamber (Harris et al.,
2005). The conditioning phase of a morphine place preference paradigm is also associated with
increased stimulation of orexin neurons specifically in the LLH (Harris et al., 2007).
Conversely, cocaine CPP has been associated with decreased orexin mRNA levels specifically
in the LLH (Zhou et al., 2008). Interestingly, administration of SB-334867 reduces the
expression of morphine place preference (Harris et al., 2005; Sharf et al., Submitted), but not
of cocaine place preference (Sharf et al., Submitted). We have also recently found that OKO
and WT mice prefer a morphine-paired environment equally (Sharf et al., Submitted) whereas
it has been previously reported that OKO mice fail to develop such a preference (Narita et al.,
2006). Further investigation is needed to clarify this discrepancy.

Previous reports suggest a role for orexin in the formation of a place preference to a morphine-
paired environment. Bilateral excitotoxic lesions of the LH block the acquisition of morphine
CPP. Unilateral lesions of the LH and intra-VTA administration of SB-334867 on the
contralateral side also block the development of morphine CPP (Harris et al., 2007). Together,
these data suggest that orexin’s actions in the VTA are essential for the development of
morphine place preference. A role for the VTA in the expression of morphine place preference
has also been reported as intra-VTA SB-334867 suppresses the expression of morphine place
preference (Narita et al., 2006).
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3. Conclusions and hypotheses

3.1 Orexin and reward processing

The self-administration data summarized thus far suggest a role for orexin in the rewarding
properties of some, but not all, drugs of abuse. Brain stimulation reward (BSR) is another useful
behavioral tool that has been used to assess sensitivity to reward. Here, animals will lever-press
for the delivery of intracranial electrical stimulation and animals will robustly respond for
stimulation of the LH (Olds and Milner, 1954). Interestingly, orexin A administration has been
shown to elevate ICSS thresholds, suggesting a decrease in reward sensitivity (Boutrel et al.,
2005). In contrast, SB-334867 abolishes nicotine-mediated reductions in BSR thresholds,
suggesting that blockade of Ox1r results in decreased sensitivity to reward (Hollander et al.,
2008). Based on these findings, it remains inconclusive whether orexin mediated alterations
in drug self-administration are directly related to reward processing.

Further evidence for the role of orexin in reward processing comes from findings of CPP and
cue-induced reinstatement data suggesting that orexin functioning contributes to drug seeking
when the rewarding stimulus is no longer present due to conditioned reward of drug-associated
stimuli. These data are suggestive of a reward component; however such interpretations can
be misleading. CPP data suggests that processing of environmental cues and drug-associated
contexts, and drug-seeking induced by the presence of such cues, is mediated, at least in part,
by the orexin system. However, this hypothesis fails to explain data demonstrating that
activation of the orexin system results in spontaneous reinstatement of an extinguished
response.

3.2 Stress response

Based on evidence gathered using the CPP test, it becomes evident that orexin signaling,
particularly in the VTA, is important for the processing of drug-associated stimuli. However,
some evidence suggests that orexin’s involvement in reinstatement of extinguished drug
seeking may be mediated by a stress component. Following orexin administration,
corticosterone levels (Ida et al., 2000a; Jaszberenyi et al., 2000; Kuru et al., 2000) and plasma
ACTH (Kuru et al., 2000) levels are increased. Furthermore, orexin mRNA levels and Fos
expression in orexin neurons are increased following stressors, such as immobilization, foot-
shock, and cold stress (Ida et al., 2000b; Zhu et al., 2002). It has been reported that icv orexin
A induced reinstatement of an extinguished cocaine seeking response is abolished when orexin
is co-administered with a CRF antagonist (Boutrel et al., 2005). In addition, foot-shock stress
induced reinstatement of cocaine self-administration is abolished by SB-334867 administration
(Boutrel et al., 2005). These data suggest that drug seeking is induced by activation of the stress
pathway. Interestingly, intra-VTA CRF antagonists do not block orexin-A induced
reinstatement of cocaine-seeking and foot-shock stress induced cocaine reinstatement is not
blocked by intra-VTA SB-334867 (Wang et al., 2009), suggesting that, at least at the level of
the VTA, orexin and CRF have independent actions and that blockade of stress induced
reinstatement by SB-334867 is not VTA mediated.

The distinction between stress mediated and reward mediated effects of orexins have been
previously suggested. Fos activation in animals that prefer a place previously paired with food,
cocaine, or morphine is specific to the LLH (Harris et al., 2005) whereas Fos activation in
animals undergoing a stressful morphine withdrawal is specific to the DMH and PFA (Sharf
et al., 2008). As previously mentioned, orexin action in the VTA has been implicated in CPP
reward processing (Harris et al., 2007), but in response to withdrawal, the VTA fails to be
affected by orexin (Sharf et al., 2008). Thus, distinct orexin neuron populations and neural
circuits may mediate orexin’s role in stress or reward.
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3.3 Hypothesis

Although orexin has been discovered over a decade ago (De Lecea et al., 1998; Sakurai et al.,
1998), the literature on its role in drug dependence and addiction is far from conclusive.
Different behavioral models have been used and different drugs have been investigated;
however, not all drugs have been tested with all behavioral models. Orexin’s contribution to
drug-related behaviors appears to be drug specific and it is therefore imperative to directly
compare orexin-drug specific interactions.

Together, the available data suggest a role for orexin functioning in drug self-administration,
drug-associated cue processing and reward, and stress responses during drug-abstinence in
drug-dependent animals (both somatic withdrawal and reinstatement of extinguished drug
seeking). Although orexin is linked with all three, these effects might be mediated by specific
anatomical substrates and pathways. As previously proposed by Harris and Aston-Jones
(2006), distinct orexin neuronal subpopulations may serve disparate functions. Reward- and
cue-processing appears to be mediated by LLH orexin neurons (Harris et al., 2005; Harris and
Aston-Jones, 2006) acting in the VTA (Harris et al., 2007), whereas drug-related stress or
aversive responses appear to be mediated by DMH and PFA orexin neurons acting directly or
indirectly through brain regions including, but not limited to, the NAc (Sharf et al., 2008), PVN
(Kuru et al., 2000; Sakamoto et al., 2004), and central nucleus of the amygdala (Kuru et al.,
2000; Sakamoto et al., 2004). Although much evidence supports a role for orexin functioning
in VTA in reward processing (Harris and Aston-Jones, 2006; Harris et al., 2007), renewal of
extinguished cocaine seeking appears to be VTA independent (Hamlin et al., 2008), suggesting
that other brain regions are likely to be involved, such as the basolateral amygdala and
infralimibic prefrontal cortex (Hamlin et al., 2008).

Since orexins discovery, it has been noted that orexin projections are found throughout the
brain (Mondal etal., 1999; Nambu et al., 1999) and that orexin receptors are present in multiple
brain regions (Lu et al., 2000; Marcus et al., 2001; Trivedi et al., 1998). Interestingly, it has
also been shown that the orexin receptors show somewhat different patterns of expression,
where a brain region would express only Ox1r and another express only Ox2r (Marcus et al.,
2001; Trivedi et al., 1998). The widespread orexin innervation and different expression of
orexin receptors suggest that orexin plays many, perhaps unrelated, functions.

For instance, orexin has been shown to increase feeding in rodents (lda et al., 1999; Lubkin
and Stricker-Krongrad, 1998; Sakurai et al., 1998; Sweet et al., 1999) and other species (Dyer
et al., 1999; Volkoff et al., 1999). The precise mechanism, be it metabolic, satiety, or reward,
remains unclear. The role of orexin in food reward has also been reported. Central orexin A
administration stimulates intake of a high fat diet more pronouncedly than intake of a low fat
diet (Clegg et al., 2002) and treatment with SB-334867 decreases self-administration of high
fat food pellets (Nair et al., 2008) and sweet pellets (Thorpe and Kotz, 2005).

Orexin has also been shown to mediate sleep and arousal processes. Canine narcolepsy has
been attributed to a genetic disruption of the Ox2r gene (Lin et al., 1999) and OKO mice
demonstrate behavioral arrests similar to those seen in narcoleptic episodes (Chemelli et al.,
1999). Moreover, icv orexin results in increased locomotor activity (Hagan et al., 1999;
Nakamura et al., 2000) and orexin has been implicated in vegetative biological functions such
as regulation of body temperature and heart rate (Zheng et al., 2005)

Although the connectivity of orexin’s multiple functions remains debatable, different
anatomical targets and orexin receptor expression suggest that different behaviors are mediated
by distinct orexin neurons and circuits. However, as with all neurochemicals and pathways that
mediate addiction, it may be that drugs of abuse act via a specific component of this
neuropeptide system that otherwise serves to integrate behaviors, such as arousal, motivation
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and the formation of cue associations. More research is needed to elucidate specific
neuroanatomical substrates and receptor mechanisms of orexin’s role in drug dependence and
addiction. Moreover, more analysis of orexin’s role in non-drug rewards (e.g. food and sex)
will help to more completely describe orexin’s influence on a diverse set of motivated and
reward-related behaviors.
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Figure 1.

Schematic representation of the orexin system and its interactions with the mesocorticolimbic
reward pathway. Orexin projections (blue arrows) activate the ventral tegmental area (VTA),
amygdala (Amy), and prefrontal cortex (PFC). Conflicting data suggest both activation and
inhibition of the nucleus accumbens (NAc) by orexin. In the VTA, orexin activates both
dopamine and GABA neurons. Orexin’s activation of the VTA results in increased dopamine
(DA) in via projections (green arrows) to the NAc and PFC. Orexin’s action in the PFC is due
to stimulation of Ox1rs. Orexin’s action in the NAc and amygdala is due to stimulation of
Ox2rs.
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Effects of acute or chronic drug adminsitration on orexin cells in the LH. Abbr: DMH-dorsal
medial hypothalamus; PFA-perifornical area; LLH-lateral portion of lateral hypothalamus; 3V-
third ventricle; f-fornix. Data derived from (Estabrooke et al., 2001; Fadel and Deutch, 2002;
Georgescu et al., 2003; Kane et al., 2000; Morshedi and Meredith, 2008; Pasumarthi et al.,
2006; Pasumarthi and Fadel, 2008; Sharf et al., 2008; Zhang et al., 2007; Zhou et al., 2006;

Zhou et al., 2008)
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Summary of behavioral data supporting a role for orexin in responses to drugs of abuse and food.

Table 1

Acute Hyperlocomotion

Cocaine

Morphine

SB-334867 has no effect
OKO show reduction
SB-332867 has no effect

OKO show normal behavior

(Borgland et al 2006)
(Narita et al 2006)
(Sharf et al Submitted)
(Sharf et al Submitted)

Sensitization

Cocaine

Morphine

SB-334867 blocks development not
expression

SB-334867 has no effect

OKO show normal behavior

(Borgland et al 2006)

(Sharf et al Submitted)
(Sharf et al Submitted)

Withdrawal
Cocaine

Morphine

No activation of orexin neurons
Increases CRE in orexin cells
Increases Fos in orexin cells
Increases orexin mMRNA in LH

OKO show reduced withdrawal
symptoms

SB-334867 attenuates withdrawal
symptoms

(Zhou et al 2008)
(Georgescu et al 2008)
(Sharf et al 2008)
(Zhou et al 2006)
(Georgescu et al 2008)

(Sharf et al 2008)

Self-administration

Cocaine
Nicotine

Ethanol

Food

SB-334867 or orexin no effect
SB-334867 reduces
SB-338467 reduces
Orexin A increases

SB-334867 reduces

(Boutrel et al., 2005; Aston-Jones et al., 2009)
(Hollander et al 2008)

(Lawrence et al 2006)

(Schneider et al 2007)

(Nair et al., 2008; Thorpe and Kotz, 2005)

Self-administration extinction

Cocaine

SB-334867 reduces extinction
responding

(Aston-Jones 2009)

Self-administration reinstatement

Cocaine

Ethanol

Food

Orexin A reinstates

SB-334867 attenuates cue-primed
reinstatement

SB-334867 attenuates cue-primed
reinstatement

Fos increases in orexin cells
following CS presentations

Orexin A reinstates

(Boutrel et al 2005; Wang et al 2009)
(Aston-Jones 2009)

(Lawrence et al 2006)
(Dayas et al 2008)

(Boutrel et al 2005)

Conditioned Place preference
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Cocaine

Morphine

Food

Increases Fos in orexin neurons
Decreases orexin mRNA in LLH
SB-334867 has no effect
Increases Fos in orexin neurons
SB-334867 reduces CPP

OKO show no CPP

OKO show normal behavior

Increases Fos in orexin neurons

(Harris et al 2005)

(Zhou et al 2008)

(Sharf et al Submitted)

(Harris et al 2005)

(Harris et al 2005; US; Narita et al 2006)
(Narita et al 2006)

(Sharf et al Submitted)

(Harris et al 2005)
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