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Abstract

Hypocretins (also known as orexins) are hypothatanguropeptides involved in the
regulation of sleep/wake states and feeding behaRecent studies have also
demonstrated an important role for the hypocretexim system in the addictive
properties of drugs of abuse, consistent with teeiprocal innervations between
hypocretin neurons and brain areas involved in rdwarocessing. This system
participates in the primary reinforcing effects opioids, nicotine and alcohol.
Hypocretins are also involved in the neurobiologoachanisms underlying relapse to
drug-seeking behavior induced by drug-related emvirental stimuli and stress, as
mainly described in the case of psychostimulanése on these preclinical studies, the
use of selective ligands targeting hypocretin remsp could represent a new
therapeutical strategy for the treatment of sulegtabuse disorders. In this review, we
discuss and update the current knowledge aboupdnicipation of the hypocretin
system in drug addiction and the possible neurofjiobl mechanisms involved in these

processes regulated by hypocretin transmission.
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The Hypocretin/Orexin System

Co-discovered in 19981, 7, hypocretins (also known as orexins) have longhbee
described as exclusive central nervous system (QMpjides. However, amassing
evidence indicates the existence of hypocretinsthed receptors in the periphelr§],
which suggests the presence of additional soumrabiése peptides. Multiple aspects of
hypocretins functions still remain unknown and #iscle has been focused on the role
of central hypocretin signaling in drug-reward aualdliction.

Hypocretin-1/Orexin-A and hypocretin-2/orexin-B &8 and 28- amino acid (AA)
residue peptides proteolytically cleaved from a own precursor peptide of 130 AA,
preprohypocretin/preproorexid, 2. Hypocretins are present from vertebrate fish to
mammals[4, § and mammalian hypocretin peptides are highly awesein all the
specieg[ 6], suggesting a critical role in evolution. Humarpbgretin-1 and -2 share
46% sequence homology and hypocretin-1 is ideniticalseries of mammalian species,
while hypocretin-2 differs in 1 or 2 AA from human other mammalians. The C-
terminal sequence of both hypocretin peptides ighligi conserved and post-
translationally amidatefl]. However, only the N-terminal sequence of hypacritis
cyclized into a pyroglutamyl residug2]. Hypocretin-1 is also post-translationally
stabilized by two intrachain disulfide bonds wherdaypocretin-2 remains a linear
peptide[2]. As other neuromodulatory peptides, neuronal hsgiots are stored in
secretory vesicles, accumulated at axon terminath released in a &4 sensitive
mannerf1]. Two closely related G-protein coupled recepthet tespond to hypocretins
have been cloned, hypocretin or orexin receptordrt(-1/OxR1) and hypocretin or
orexin receptor-2 (Hcrtr-2/0OxR32]. Human Hcrtr-1 (425 AA) and Hcrtr-2 (444 AA)
share 64% sequence identiB; 6 and Hcrtr-1 binds with 100-1000 higher affinity to

hypocretin-1 than hypocretin-2. In contrast, H&toinds both hypocretins with similar



affinity [2, 7, 8]. As the C-terminal region of opeptides is highly conserved, it has
been proposed that the N-terminal sequence is megpe for the higher preference of
Hcrtr-1 for hypocretin-1 [9].

The cellular signals triggered upon hypocretin ptoeactivation have been largely
investigated but remain still to be elucidated.nbtive-receptor-expressing neurons,
stimulation of both hypocretin receptors leads tpr@aminent increase in intracellular
Ccd”* concentrations through the activation of Gq pretdbllowed by phospholipase C
and subsequent protein kinase C (PKC) stimulatio®+14]. The activation of this
kinase phosphorylates and modulates effector i@nméls leading to G& entrance,
among other effects [6, 15]. Hcrtr-1 is thoughtstgnal only through Gq proteins in
neurons, although a recent report showed that Hcstimulation lead to cyclic AMP
production in primary cultures of rat astrocyte§][1suggesting the existence of Gs-
coupled signal transduction through Hcrtr-1. Thé*@devation induced by hypocretin
receptor activation explains the commonly reporteduroexcitatory nature of
hypocretin peptides on the brain [1]. Thus, the thaosnmon response to hypocretins is
an increase in action potential frequency achievedre- and post-synaptic effects.
Hypocretin regulation of pre-synaptic glutamated &aBABA-releasing neurons has
been identified. Thus, PKC at pre-synaptic ternsr@iosphorylates and activates pre-
synaptic C& channels facilitating neurotransmitter release, [0, 18]. Additionally,
post-synaptic activated PKC phosphorylates and laeggi the function of diverse
effector ion channels [6, 15], finally leading tepblarization. In contrast, few reports
relate hypocretins to synaptic inhibition [19-22]though the molecular mechanisms
regarding hypocretin-induced synaptic inhibitionvéanot been clarified, Hcrtr-2 has

been shown to couple to inhibitory Gi proteins thivent cyclic AMP formation [23].



In the CNS, hypocretin expression is restrictec tew thousand neurons in some
particular regions of the hypothalamus: the penital area (PFA), the dorsomedial
hypothalamus (DMH) and the dorsal and lateral hyalaimus (LH) [1, 2, 24].
Although hypocretin-containing neurons represemelatively small number of cells,
their projections are widely distributed throughth brain (Figure 1) [24]. Hypocretin
fibers are spread along the entire hypothalamuschvbuggests an important role in
energy homeostasis and other autonomic functionse Targest amount of
extrahypothalamic projections are found in braimstauclei, such as the raphe nuclei,
the reticular formation and especially the locusrateus [24], a brain nucleus involved
in the regulation of behavioral arousal. Hypocreteurons also send significant efferent
projections to structures related with drug-seekimgd addiction, such as the
paraventricular nucleus of the thalamus, the sepitalei, the bed nucleus of the stria
terminalis, the anterior and central amygdaloidleiuand the ventral tegmental area
(VTA). Disperse axons are also found throughoutatsex and the medial part of the
nucleus accumbens (NAcc) shell [24, 25]. Both hyptie receptor subtypes are found
in similar brain areas than hypocretin fibers ahd distribution of both receptors is
partially overlapping, although some particularaasressentially express one receptor
subtype. Thus, the prefrontal cortex predominaettpresses Hcrtr-1 and the NAcc
mainly Hcrtr-2 [26], suggesting that each recemould regulate distinct functions in
the reward circuit.

The widespread extension of the hypocretin systetha CNS is in agreement with
the variety of physiological functions of hypocretpeptides, that includes energy
homeostasis, behavioral arousal, sleep/wake cyatebreward-seeking and addiction,
amongst others [27]. Recent evidence also pointsre for the hypocretin system in

other CNS disorders, such as Alzheirmer's dise@8¢ &nd panic anxiety disorders



[29]. Initially, hypocretins emerged as regulatofseeding behavior and the alternative
name “orexin” was devised upon the observation thag-ventricular infusion of
hypocretins increased food-intake in rats [2]. Nthwdess, this response is now
considered to be an indirect effect of the wakaypting effects of hypocretins and not
directly related to the regulation of satiety statéend energy balance [30, 31]. On the
other hand, the role of hypocretin signaling in gnemotion of wakefulness/arousal is
unquestionable [32] and narcolepsy is the cleagggtence for aberrant hypocretin
transmission in pathophysiological conditions. Genablation of preprohypocretin or
Hcrtr-2 gene in rodents results in a phenotype lamtio human narcolepsy with
cataplexy [33, 34]. In agreement, dogs with a maraih the Hcrtr-2 gene also display
the same phenotype [35]. Furthermore, some humaroleatics have undetectable
hypocretin levels in the cerebrospinal fluid [3@ddack hypocretin-producing neurons
in the hypothalamus [37]. Thus, Hcrtr-2 agonistgymibe useful for narcoleptic
patients whereas hypocretin receptor antagonisghtnserve for the treatment of
insomnia [38].

Arousal and wakefulness promoting stimuli are oftmsociated with stress and
anxiety. Indeed, hypocretin-containing neuronssamsitive to corticotrophin-releasing
factor (CRF) neurons and can also regulate theigctf these cells [39], suggesting a
role for hypocretins in stress-related behavio8].[&tress is a key element of the
negative emotional states associated to drug vathalrand represents a crucial factor
for drug-seeking behavior [41]. Hypocretin signglicould contribute to drug-seeking
in part by modulation of stress responses. Thusa-wentricular and intra-VTA
infusions of hypocretin-1 decreases the activitythad brain reward system [42, 43],
similarly to CRF [44] and drug withdrawal [45, 4@However, in contrast to the

previous data, intra-VTA infusion of hypocretimfhd -2 increased dopamine levels in



the NAcc [47, 48] and the prefrontal cortex [49]afs, indicating a role for hypocretins
in the regulation of the dopaminergic mesocortioblic system and reward-learning.
Moreover, hypocretin-1 is critical for the inducti@f synaptic plasticity in the VTA

[50], which accounts for relapse after long periodsabstinence. In agreement with
these findings, several behavioral studies usingletsoof drug reward and relapse
support the involvement of hypocretin transmissiothe addictive properties of drugs

of abuse.

Animal models of drug reward and relapse

Several predictive animal models are available ttmlys responses related to the
rewarding effects produced by the different drugsimuse. These procedures include
the intracranial electric self-stimulation paradgythat evaluate the effects of the drug
in the brain reward circuits, the self-adminiswatimethods that directly measure the
reinforcing properties and the conditioned placefgrence that assesses conditioned
responses related to the rewarding effects. Thgserienental models have been useful
to define the neurobiological substrate involvedthe rewarding effects of drugs of
abuse that are crucial for the addictive processvéver, one of the most important
clinical concerns for the treatment of drug addistghe very high rate of relapse even
after long periods of drug abstinence [51]. Seveedlavioral models have also been
validated in experimental animals to mimic someeatp of drug relapse in human
addicts. The vast majority of animal studies ongdrelapse are based on reinstatement
models [52, 53, 54]. Reinstatement refers to tlwowery of a learned response that
occurs when a subject is exposed to some partistilauli after extinction of such a

response [55].



The neurobiological mechanisms underlying the diffié behavioural responses
evaluated in these animal models of reward andsta&i@ment have been clarified by
using several neurochemical and electrophysiolbdexzhniques. Electrophysiological
techniques that determine the firing rates of nesirtiave been widely used to
investigate the changes in the activity of intinaind synaptic currents of neurons
involved in the reward circuits [56]. These eleptrgsiological recordings have been
performedn vivo in whole animals as well & vivo in isolated brain slice preparations
[57]. Ex vivo studies in brain slices are useful to differeetitite intrinsic responses of
the neurons from those that are dependent on theitycof afferent neuronal
projections. In vivo electrophysiological studies have identified thescsfic firing
responses of neurons involved in reward processety as dopaminergic neurons, to
several rewarding stimuli including drugs of abused have provided interesting
correlates with the responses evaluated in thereffit behavioural models [56].

Among the different neurochemical procedures, tee afin vivo microdialysis
techniques has provided crucial advances in thewvleuge of the neurobiological
substrate of the reward circuits [58h vivo microdialysis techniques in freely moving
rodents allow the measurement of the extracellldaels of neurotransmitters in
discrete areas of the central nervous system, wiaigtesents a direct reflection of the
balance between synaptic release and uptake/cteardithese neurotransmitters. The
use of this technique in line with behavioural stsdhas allowed to identify the
neurochemical changes that are associated to yartioehavioural tasks, such as the
enhancement in the extracellular levels of dopanmmnthe reward pathways after the

administration of all the prototypical drugs of aby59].



One of the behavioural paradigms widely used tdysthe effects of drugs of abuse
on the activity of the reward circuits is the imit@nial electric self-stimulation
procedure [60]. In this paradigm, animals are &dito maintain an operant behavior to
obtain an electric pulse through an electrode placea reward-related brain site, most
frequently the lateral hypothalamic area. The tho&t of the minimal current needed to
promote intracranial electric self-stimulation sually estimated. A drug that stimulates
the reward circuit will decrease this thresholdjclhwould be related to its rewarding
properties, whereas a drug or a state of withdrgwatlucing aversive effects will
enhance the minimal current required to maintaengélf-stimulation [61]. Intracranial
electric self-stimulation paradigms are useful nwestigate the rewarding effects of
drugs of abuse, but have not been used as animd¢lsnof reinstatement of drug-

seeking behavior.

The most reliable and predictive animal models eshstatement involve operant
self-administration procedures based on operantditoning paradigms [53]. Self-
administration models mimic drug-taking behaviorhtimans and are widely used to
directly evaluate the primary reinforcing propestief drugs. These operant procedures
are considered by most researchers to be relialoldels of drug consumption in
humans with a high predictive value [60]. In thesedels, animals are trained to
respond in order to obtain a drug intravenous inofusr an oral solution in the case of
alcohol, typically by pressing a lever or nose pgkin a hole. The operant chambers
are equipped with these manipulandi that transhet @aperant response as well as
devices that deliver the drug (reinforcer). Thepmse in the active manipulandum is
linked to the delivery of the drug, while the respe in the inactive manipulandum
results in the delivery of the drug vehicle or ls@ny programmed consequence. The

fixed ratio and progressive ratio schedule reirgarent programs are commonly used.



Under a fixed ratio schedule, the drug is delivezadh time a pre-selected number of
responses is completed. Under the progressive saliedule, the response requirement
to deliver the drug escalates according to anraetit progression. The common index
of performance evaluated in this schedule is tlealing point defined as the highest
number of responses that the animal accomplishebten a single infusion of drug,
which provides information about its motivation ftre drug. The analysis of this
instrumental response provides valuable informagéibaut different behavioral aspects
of drug consumption. After acquisition of the operéask, the behavioral responding
can be extinguished by exposing the animals todditianal training where the reward
is not longer available. The operant behavior kgbe drug can be then reinstated by

using different stimuli.

Several researchers have developed drug reinstaterecedures in rats and mice
using the place conditioning paradigm [62]. In flace conditioned paradigms, the
subjective effects of the drug are repeatedly paib@ a previously neutral spatial
environmental stimulus. Through this repeated aason process, the environment
acts as a conditioned stimulus. The animal willntherefer (conditioned place
preference) or avoid (conditioned place aversibig tonditioned stimulus, depending
on the rewarding or aversive effects produced ly @ldministration of the drug.
Although a conditioned approach/avoidance towapsific stimuli can also occur in
humans as a result of drug consumption [63], thegkonditioning paradigms are not
primarily intended to model any particular featofehuman behavior. These paradigms
mainly represent an indirect assessment of thercemgaor aversive effects of a drug by
measuring the response of the animal towards thditoned stimulus. Two different
phases (acquisition and expression) of the plagaditoning that have different

psychological implications are evaluated in thisagggm. Indeed, acquisition seems to
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be related to reward and learning whereas expressald be more related to incentive
motivation, memory recall or sign-tracking. Howeveome of the effects obtained in
the place conditioning paradigms may reflect stipendent learning due to
discriminative stimuli properties of the test drugher than rewarding effects [64],
which represents a limitation for the interpretataf the reinstatement models based on

these paradigms.

It has been postulated that the reinstatement wf deeking behavior could be
related to the appearance of a behavioral sensiizéo the motor stimulant responses
induced by some drugs of abuse [65]. Thus, behalvgansitization and reinstatement
of drug seeking behavior involve some overlappimguitry, and neurotransmitter and
receptor systems [65]. However, the relationshgtsvben these two distinct behavioral

responses still remain controversial.

The rodent reinstatement models based on the dpdrag self-administration
procedures have been widely validated in rats. Nleekess, the genetically modified
laboratory animals available to date have mainignbbred mouse strains. Therefore,
it is crucial to extend these high predictive drsgjf-administration reinstatement
models in rats to mice. Nowadays, reliable mouseeisoof relapse based on well-
established extinction-reinstatement procedurestim have been validated. Thus, new
mouse models of reinstatement of seeking behawooocaine [66], methamphetamine
[67], MDMA [68], alcohol [69], nicotine [70], morphe (unpublished results from our
laboratory) and even palatable food [71] are nowailakle. These new mouse operant
models of reinstatement represent excellent tamighfe advance in the understanding

of the neurobiological mechanisms underlying drelgpse.
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Stimuli triggering drug relapse

One of the main strength of the drug self-admiatgin reinstatement models in
rodents is their high predictive validity. Prediti validity in an animal behavioral
model refers to the extent to which the behaviduaed in the experimental paradigm
predicts human behavior induced by a similar evemig it is essential for the
translational value of the animal model [72]. Indieeraving and relapse to drug intake
are mainly provoked in human addicts by the re-eyp® to the drug of abuse [73],
drug-associated cues [74] or stressful situatidig, [that are exactly the same stimuli

used to reinstate drug-seeking behavior in thenbdeug self-administration models.

The re-exposure to the drug is one of the most-kvelvn stimuli triggering the
relapse of drug-seeking in human addicts [73]. Ilgreement, drug priming
administration has been widely used as an effediwaulus to reinstate extinguished
responding of drug-seeking in multiple animal mad@&rug priming has been the first
stimulus used to validate experimental models okewe extinguished responding of
drug-seeking in animals [76], and has been usedtbvee decades for these purposes
[64]. In these animal models, the drug is usuallynemistered non-contingently in order

to promote the reinstatement of the operant behavio

The exposure to environmental cues that were puslyoassociated with drug
taking is another widely known factor that triggeirsig relapse in humans [74]. The
reinstatement of drug-seeking behavior induceddnditioned cues associated to drug
self-administration has been used to model thigBdn in animals [77]. Different cues
have been employed to reinstate extinguished respgnof drug-seeking. Thus,
discrete cues (typically lights or tones) that associated with each reward delivery
during the training period have been widely usedrémstate drug-seeking after

extinction of the operant behavior [77]. Anotheogedure consists in the use of
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discriminative cues. For this purpose, rodentdraiaed to self-administer a drug in the
presence of specific discriminative stimuli andrsain the presence of a different set of
stimuli. Operant behavior is then extinguished e absence of the discriminative
stimuli and is reinstated by the re-exposure ofse¢hestimuli [78]. Contextual

reinstatement stimuli have also been applied. Uidese situations, rodents are first
trained to self-administer the drug in a contexthwspecific cues that reveals the
availability of the reinforcer and the operant babais extinguished in a different

context that contains other specific cues. Thexposure to the animal to the drug-

paired context reinstates drug-seeking behavidr [79

In humans, negative affective states such as asggess, anxiety or depression can
trigger relapse to drug taking [75, 80]. Stressio®tl reinstatement of extinguished
responding of drug-seeking has been widely usedhddel in animals this human
situation [53]. The most successfully employedssioes in these animal reinstatement
paradigms are the exposure to intermittent footk& 66, 81] and the administration

of pharmacological agents inducing stress [82, 83].

The rodent reinstatement models using these thfesresht kinds of stimuli were
first validated in rats and are now also availaiblemice with a similar predictive

validity [66-68, 70].

Role of the hypocr etin/orexin system in psychostimulant rewarding properties and
relapse

The involvement of the hypocretin system in the awling properties of
psychostimulants has not been still fully clarifi€bhble 1). Amphetamine-sensitized
rats showed increased Fos levels in hypocretinamsuof the LH [84, 85]. Additionally,

the Hcrtr-1 antagonist SB334867 blocked the effe€ttamphetamine on extracellular
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dopamine levels in the NAcc shell and the expressd amphetamine-induced
locomotor sensitization [86]. Rats conditioned éoane in a place preference paradigm
also showed increased Fos expression in LH hypaocoetls [87], even though the
administration of SB334867 did not modify the exgsien of cocaine place preference
[88]. Interestingly, mice receiving systemic andrarVTA injections of the Hcrtr-1
antagonist SB334867 as well as mice lacking theprpte/pocretin gene showed
attenuated basal and cocaine-enhanced dopamireeekitar levels in the NAcc [48].
Consistent with this, intra-VTA infusion of hypotirel increased basal dopamine
extracellular levels in the NAcc, and the effedtgacaine on evoked dopamine release
and uptake inhibition in this brain structure [8Bhese biochemical results suggest that
hypocretin signaling critically modulates cocainfeets on mesolimbic dopamine
transmission.

In spite of these findings, contradictory resulisén been obtained using the operant
cocaine self-administration paradigm. So far, a€diainistration studies have not yet
demonstrated the participation of hypocretins i@ phimary reinforcing properties of
cocaine when using a fixed-ratio 1 schedule of foeaement [42, 48, 89, 90].
Nevertheless, when access to cocaine self-adnangtris limited or under conditions
that require a higher effort to obtain a cocainéusion, an involvement of the
hypocretin system in cocaine reinforcement has bemmraled. Thus, SB334867
reduced responding for cocaine when using a 24-tamoess self-administration
procedure in which the number of injections tha #mimal can receive each hour is
limited (discrete trial procedure) [48]. On the trany, an intra-ventricular infusion of
hypocretin-1 increased lever-pressing in the sarperamental paradigm [89]. The
systemic or intra-VTA administration of SB33486¢grsficantly reduced the breaking

point achieved on a progressive ratio schedule ehfercement in rats self-
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administering cocaine [48, 91]. Similarly, this ket antagonist decreased the rate of
responding for cocaine by using a self-administraparadigm in which the demand of
responding progressively increases to maintainlewels of cocaine (threshold self-
administration paradigm) [48]. Conversely, intraA/Tinfusions of hypocretin-1
increased the motivation to self-administer cocane progressive ratio schedule [89],
suggesting that the enhancement of hypocretin rtiesgon in this particular brain
structure increases the reinforcing efficacy amdrttotivation to obtain cocaine.

The patrticipation of the hypocretin system in teastatement of cocaine-seeking
induced by the presentation of different stimuls Heeen extensively investigated. An
intra-ventricular infusion of hypocretin-1 inducegtinstatement of a previously
extinguished cocaine-seeking behavior [42]. Thiseaf was attenuated by the
pretreatment with the, agonist clonidine that decreases noradrenergicitgcand the
CRR/CRFR,; antagonist D-Phe CR¥41, suggesting a role for noradrenaline and CRF on
hypocretin-1-induced reinstatement [42]. In agrestiniae systemic injection of a high
dose of SB334867 attenuated foot-shock stress-@tueinstatement of cocaine-
seeking [42]. These results suggest that hypoceetthCRF systems interact to regulate
cocaine-seeking behavior. Intra-VTA infusion of bgpetin-1, but not hypocretin-2,
also induced reinstatement of cocaine-seeking [9&Jertheless, in contrast to the data
described above, this behavioral response waslackdd by the intra-VTA perfusion
of the antagonist alpha-helical CRfr [92]. Furthermore, foot-shock stress-induced
reinstatement of cocaine-seeking was not attenuatele intra-VTA administration of
the Hcrtr-1 antagonist SB408124 [92]. Thereforesthfindings suggest that, at least at
the level of the VTA, hypocretin and CRF modulatecaine-seeking behavior by

independent mechanisms.
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More recently, Hcrtr-1 signaling was found to beessary for cue- and context-
induced cocaine-seeking [90, 93, 94] but not focabwe-primed reinstatement [94].
Cocaine-seeking elicited by drug-paired cues wadlozcked by the pretreatment with
an Hcrtr-2 antagonist [90], indicating a functiontfiference between both hypocretin
receptors in the regulation of this effect. VTA lgpetin signaling, unlike what occurs
in stress-induced reinstatement, has been shovatayoa role in cue-elicited cocaine
relapse. Thus, the intra-VTA infusion of SB3348G¥%e&dependently attenuated cue-
induced cocaine-seeking behavior [95]. This effeas not observed when infusing the
Hcrtr-1 antagonist into the paraventricular thalarfib].

Remarkably, cocaine-induced glutamatergic syngplasticity in VTA dopamine
neurons is also dependent on hypocretin inputs. [B@¢treatment with SB334867
blocked the glutamate-dependent long term poteémtiainduced by cocaine in
dopamine neurons of the VTA. Moreover, systemicindra-VTA administration of
SB334867 blocked the acquisition of cocaine-indut@mbmotor sensitization [50].
These data provided the first link between hypacreignaling and glutamatergic
synaptic plasticity in cocaine behavioral responsésted to addiction. This hypocretin-
dependent cocaine-induced synaptic plasticity ia WA could be involved in
facilitating the transformation of neutral enviroamtal stimuli into salient reward-
predictive cues [96], which could explain the rag Hcrtr-1 in cue- and context-

induced reinstatement of cocaine-seeking.

Role of the hypocretin/orexin system in morphine rewarding properties and
relapse
Several studies suggest that hypocretin transnmigd@ys an important role in the

rewarding properties of opioids (Table 2). Ratst thahibited a preference for an
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environment previously associated to morphine iplace conditioning paradigm
showed an activation of hypocretin neurons, asalegeby Fos immunostaining [87].
Moreover, significant positive correlations wereurid between the percentages of
activated hypocretin neurons in the LH and the riowp preference scores [87].
Bilateral excitotoxic lesions of hypocretin-enricharea of the LH completely blocked
the acquisition of morphine conditioned place preriee [97]. Pharmacological studies
using the selective Hcrtr-1 antagonist SB334878ficued the involvement of this
receptor in the rewarding properties of morphineud; systemic [87, 88] or intra-VTA
[47] administration of the Hcrtr-1 antagonist SB884 reduces morphine-induced
place preference in rats. However, conflicting lsshave been found in mice lacking
the preprohypocretin gene since a suppression ¢dAimilar [88] morphine place
preference have been reported in these mutant EniiSanilar discrepancies were
reported in the hyperlocomotor effects of morphim@reprohypocretin knockout mice
[47, 88]. In spite of these controversial findingghavioral studies using operant self-
administration procedures to evaluate the role gpohkretins in the reinforcing
properties of opioids are still missing. The meckiaus underlying the effects of the
hypocretin system on morphine rewarding properaes related to a modulatory
response on morphine-induced activation of the tmaba@ dopaminergic pathway.
Thus, in vivo microdialysis studies revealed that the enhancemiethe extracellular
levels of dopamine in the NAcc induced by morphivees significantly decreased by
deletion of the preprohypocretin gene [47].

The hypocretin system also participates in the WWehnal and biochemical
manifestations of the morphine withdrawal syndrorBematic signs of morphine
withdrawal were attenuated in preprohypocretin koot mice [98] and in mice

pretreated with SB334867 before naloxone-precgatamorphine withdrawal [99].
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Recently, a specific participation of Hcrtr-1 loeat within the locus coeruleus in
morphine physical dependence has been reported]. [XDOnsistent with these
behavioral data, naltrexone or naloxone-precipitaterphine withdrawal leads to the
induction of Fos expression in hypocretin cells,[98], and spontaneous morphine
withdrawal increases hypocretin mRNA levels in L& [101].

Few studies have examined the implication of theoleyetinergic system in animal
models of opioid relapse. Chemical activation of hifpocretin neurons reinstated an
extinguished morphine place preference [87], whigs completely blocked by prior
systemic administration of the Hcrtr-1 antagoni®334867 [87]. In addition, the
injection of hypocretin-1 in the VTA, but not ineas surrounding this brain structure,
caused a significant reinstatement of the previowsttinguished morphine place
preference [87], suggesting a role for hypocrediciing on the VTA in the mechanisms
driving to relapse of morphine-seeking. Behaviosdldies using operant self-
administration paradigms would be useful to confilra involvement of hypocretins in

this behavioral response related to morphine agdigiroperties.

Role of the hypocr etin/orexin system in nicotine rewar ding properties and relapse
Nicotine addiction is a complex neurochemical psscein which many
neurotransmitters are involved [102, 58] and grawievidence suggests that
hypocretins play also a crucial role in nicotinaliative effects [103] (Table 3). Acute
nicotine injections as well as mecamylamine-préatpd nicotine withdrawal increased
Fos expression in hypocretin neurons of the LH {108]. Additionally, acute nicotine-
induced activation of the paraventricular nucletihe hypothalamus was dependent on
hypocretin transmission [105]. On the other handtiravenous nicotine self-

administration modified Hcrtr-1 mRNA levels in tlacuate nucleus and the rostral
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lateral areas of the hypothalamus in rats [107]agneement, non-contingent chronic
nicotine administration also regulated preprohypbicrand hypocretin receptor mRNA
levels in the rat hypothalamus [108]. At the bebeali level, pretreatment with the

Hcrtr-1 antagonist SB334867 or the Hcrtr-1/-2 aotagt almorexant decreased
intravenous nicotine self-administration in ratsden a fixed-ratio 5 schedule of
reinforcement [107, 109]. In addition, SB334867 rdased the number of nicotine
rewards earned under a progressive ratio sched0R] [suggesting that hypocretins
acting on Hcrtr-1 regulate nicotine reinforcemend dhe motivation to seek the drug.
Interestingly, stroke-associated damage to thdanswortex in human smokers resulted
in spontaneous cessation of the smoking habit dod arge to smoke [110]. Based on
these findings, it was hypothesized that hypocremsmission in the insular cortex
might have a role in nicotine reinforcement. Noyaltra-insular infusion of the Hcrtr-

1 antagonist SB334867 decreased nicotine intakeats [109]. The mechanism by
which hypocretins modulate nicotine rewarding andtivational properties could

involve the regulation of the stimulatory effectsracotine in brain reward systems.
Indeed, pretreatment with SB334867 blocked the tmeanduced lowering of the

intracranial self-stimulation thresholds in rat99]. Consistent with rodent studies,
recent evidence in human smokers also points eaaf hypocretin transmission in
tobacco addiction. Thus, a negative correlation wbeh hypocretin plasma
concentration and nicotine craving has been shda][

The hypocretin system seems also to participateicotine-seeking behaviors.
Indeed, hypocretin-1, through Hcrtr-1 activatioainstated a previously extinguished
nicotine-seeking behavior in mice [105]. The GRE&ceptor antagonist antalarmin did
not block the effects of hypocretin-1 on reinstataim whereas the Hcrtr-1 antagonist

SB334867 did not modify the CRF-dependent stredsaed reinstatement of nicotine-
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seeking [105]. These results suggest that the mérhaby which hypocretin-1 induces
reinstatement of nicotine-seeking is independentthed CRF system. Additional
research will be needed to elucidate the potep@aticipation of hypocretins in the
other two modalities to reinstate nicotine-seekimehavior (nicotine-associated cues
and re-exposure to nicotine). Impaired attentioansestablished cognitive symptom of
nicotine withdrawal that could contribute to smakielapse. Interestingly, hypocretins
could participate in the attention enhancing effeof nicotine [112, 113], which
suggests that the hypocretin system may contrifoubtécotine addiction not only by the
modulation of the rewarding effects but also thifouge modification of nicotine
cognitive effects.

On the other hand, a selective involvement of Htrin the expression of nicotine
withdrawal has been recently reported [106]. Pagtnent with SB334867, but not with
the specific Hcertr-2 antagonist TCSOX229, attendiatee somatic signs of nicotine
withdrawal in mice. In addition, a crucial role ftine hypothalamic paraventricular
nucleus in the modulation of this effect was regdalThus, the increase in Fos
expression that occurred in the paraventricularlausc of the hypothalamus during
nicotine withdrawal was dependent on hypocretingnaission and local infusion of the
Hcrtr-1 antagonist into this brain area attenuated somatic manifestations of

withdrawal [106].

Role of the hypocretin/orexin system in alcohol rewarding propertiesand relapse
Hypocretin transmission seems to play an impontalet in the addictive properties

of alcohol [114], although conflicting results asported in the literature (Table 4). The

pretreatment with SB334867 decreased operant rdsgprior alcohol under a fixed

ratio 3 schedule in alcohol preferring rats [11®fhile no effect of this Hcrtr-1
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antagonist was observed on water responding. Suesegstudies confirmed the
involvement of Hcrtr-1 in the reinforcing effects alcohol. Thus, SB334867 also
reduced alcohol, but not sucrose, self-administnain Long-Evans rats [116]. The
same Hcrtr-1 antagonist reduced ethanol preferemtea two-bottle free-choice

paradigm in rats [117]. In addition, a recent répas revealed a role for Hcrtr-1 in the
motivation to self-administer alcohol since SB33A8fretreatment reduced the
breaking point for alcohol, but not for sucrose, amprogressive ratio schedule of
reinforcement [118]. Consistent with these behalidata, the infusion of hypocretin-1
in the hypothalamic paraventricular nucleus or thé, but not into the NAcc,

stimulated voluntary ethanol intake without sigruintly altering food and water intake
[119]. Chronic ethanol consumption in alcohol prefey rats increased the area of
expression of mRNA encoding preprohypocretin wittive LH [115], although a

reduction of hypocretin expression in the perifoahilateral hypothalamus has also
been observed following chronic ethanol intake ats r[120]. Interestingly, a recent
report has revealed a novel role for Hertr-2 in tamforcing effects of ethanol. Thus,
the specific Hcertr-2 antagonist JNJ-10397049 dasseddently reduced ethanol self-
administration without changing saccharin self-adstration in rats [121]. In addition,

the same antagonist attenuated the acquisitioreapikssion of ethanol-induced place
preference. Surprisingly, the Hcrtr-1 antagonisd@®BL24 was ineffective in reducing
the reinforcing effects of ethanol in this stud@2]] In agreement, blockade of Hcrtr-1
by SB334867 did not affect the acquisition and egpion of ethanol-induced
conditioned place preference in mice [122], sugggshat Hcrtr-1 does not influence
ethanol’'s primary or conditioned rewarding effecBifferences in experimental

procedures and animal species could explain treegiancies about the role of Hertr-1

in the ethanol rewarding responses, but additioes¢arch will be necessary to fully
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characterize and clarify the role of the hypocresiystem in these motivational
properties of ethanol.

Alcohol relapse induced by associated environmesttaluli is also modulated by
the hypocretin system. Thus, SB334867 preventedintweed reinstatement of
alcohol-seeking in alcohol preferring rats [115h Attenuation of alcohol relapse by
this Hcrtr-1 antagonist was also observed in thmeesanimal species after protracted
alcohol abstinence [123]. Moreover, context- [124d cue-induced alcohol-seeking
[125] was found to activate hypocretin-containingurons in the hypothalamus as
revealed by Fos protein expression studies. Neptmj®e S, an endogenous brain
peptide which promotes arousal and anxiolytic-lilesponses [126], seems to be
involved in the modulation that hypocretins exent ethanol-seeking behavior. Thus,
the activation of neuropeptide S receptors in the ihtensified relapse to ethanol-
seeking elicited by environmental conditioning @aet[127]. This increase of alcohol
seeking induced by neuropeptide S required alsadheation of the hypocretin system
[127]. Moreover, Hcrtr-1 signaling is involved irtress-induced reinstatement of
alcohol-seeking behavior. Accordingly, SB334867 ckkx the relapse to ethanol-
seeking induced by yohimbine, am noradrenergic antagonist that provokes a stress-
like response in both humans and laboratory aniniil$]. Consistent with the
preclinical data, recent studies in humans suggeshvolvement of hypocretins in the
affective dysregulation that appears in alcohol eshelgent patients during alcohol

withdrawal and craving [128, 129].
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Potential mechanisms involved in the modulation of the addictive properties of
drugs of abuse by hypocretins

The data described above suggest that the hypo@yttem plays a crucial role in
the addictive properties of several major drugslofise, including psychostimulants,
opioids, nicotine and alcohol. However, hypocrétamsmission regulates the primary
reinforcing effects of opioids, nicotine and alchHmut not those of psychostimulants.
The differential participation of the hypocretinsggm in the reinforcing properties of
psychostimulants could be explained by the differaction upon the mesolimbic
system. Although all drugs of abuse increase dopamxtracellular levels in the NAcc,
opioids, nicotine and alcohol increase dopamineogilt firing in the VTA whereas
psychostimulants directly inhibit dopamine uptake the NAcc. These differences
suggest that the VTA might be a crucial site ofaactfor hypocretins to mediate the
rewarding effects of different drugs of abuse [13}erefore, behavioral effects that
depend on increased VTA dopaminergic activation iofdfalcohol/nicotine
reinforcement) would be attenuated by Hcrtr-1 amtégjs because they may require
hypocretin transmission. However, behaviors whighiadependent of the activation of
VTA dopamine cells (primary cocaine reinforcemecauld avoid this critical site of
action of hypocretins. On the other hand, diffeteyiocretin neuron populations of the
hypothalamus seem to be involved in the moduladiothe rewarding processes [131].
Thus, LH hypocretin neurons that project to the V&duld be mainly activated by
reward-related stimuli [87] while those locatedtire PFA/DMH may have a more
important role in the regulation of arousal andpagse to stressful situations [99].
Further studies are required to confirm this ddferphysiological role of the diverse

hypocretin cell populations.
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Hypocretins also regulate the reinstatement of -de&king behaviors induced by
drug-associated cues as mainly described for ce@aid alcohol. The VTA seems to be
also a critical brain structure of hypocretin actior these effects. Thus, blockade of
VTA Hecrtr-1 signaling attenuates cue-induced ratenent of cocaine-seeking [95].
Notably, cocaine-induced glutamatergic synaptistuay in VTA dopamine neurons,
which is involved in relapse [132], depends on tyyptin inputs [50]. Consistent with
the implication of VTA as a major site of actionr foypocretins and its importance
shaping the association between drugs and envinotainstimuli, electrophysiological
studies have shown an increase of the excitalafity TA dopaminergic neurons by the
application of these neuropeptides to midbrainesli¢133]. Moreover, this brain
structure expresses both hypocretin receptor sabt}®6, 47] and receives substantial
projections from LH hypocretin neurons [134], aliigh a small proportion makes
synaptic contacts within the VTA [135]. The possilplarticipation of VTA hypocretin
transmission in cue-induced reinstatement of deekisig behavior of other substance
of abuse such as alcohol, nicotine and opioidshisot been elucidated.

Hypocretin projections are found throughout tharbend hypocretin receptors are
present in multiple brain regions. Accordingly, bgpetin signaling within brain areas
distinct from VTA have also been involved in thgukation of the addictive effects of
different drugs of abuse. Thus, Hcrtr-1 into theuliar cortex is critically involved in
the reinforcing properties of nicotine [109]. Mowveo, Hcrtr-1 activation into the
hypothalamic paraventricular nucleus [106] andltioeis coeruleus [100] regulates the
somatic signs of nicotine and morphine withdrawaldsomes, respectively. In addition
to the VTA, hypocretin transmission in other braiructures has also been suggested to
participate in the processes driving to relapseértay-seeking behavior. Accordingly,

the presentation of cues previously associatedhanel availability activates neurons
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of the thalamic paraventricular nucleus and it baen suggested that this effect is
mediated by hypocretin neurons [125]. In additiatthough different brain regions
could participate in the regulation of stress-iretliceinstatement of cocaine-seeking,
VTA is not involved in this behavioral response][92

The distribution of hypocretin receptors in theibre partially overlapping and
sometimes complementary, suggesting that theseptmgsecould regulate different
physiological functions. Indeed, the current knalgie of the pharmacology of the
hypocretin system points to a role for Hertr-1 iugitaking behaviors while Hcrtr-2
would be mainly involved in the regulation of slespke cycle [27]. However, so far
most of the hypocretin-addiction research has fedusn elucidating the function of
Hcrtr-1. In contrast, very little is known aboutetipossible role of Hcrtr-2 in these
processes due to the lack of available selectivérf2cantagonists. Thus, research in the
hypocretin field would largely benefit on the dey@ihent of new selective antagonists
for the different hypocretin receptors. Moreovée tise of very high doses of the Hcrtr-
1 antagonist SB334867 in soma vivo studies could have induced disruptive
behavioral effects and even block both hypocretceptor subtypes [136]. Therefore,
future research using genetically engineered nocee or both hypocretin receptors
will be crucial to clarify the specific contribunoof each receptor to the different stages
of drug addiction. Additionally, experiments usiagal vectors to knockdown or re-
express hypocretin receptors in time and spaceraltatt conditions will also be
important to determine the neural circuits undedyihypocretin signaling in drug

addiction.
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Conclusions

The findings reviewed in this article reveal stroemgjdence for a critical role of
hypocretin signaling in drug addiction. The avdiallata suggest that hypocretin
transmission not only participates in the primayforcing and motivational properties
of drugs of abuse but is also involved in the psses that drive relapse to drug-
seeking. Hence, hypocretin receptor antagonisthitnrigpresent a new generation of
compounds to treat a wide variety of addictive psses (Figure 2). However,
important questions regarding the functional rdié¢he hypocretin system remain to be
elucidated. Although the importance of VTA as dical site of hypocretin action is
well documented, future studies will be requireddentify other specific brain areas
underlying hypocretin activity. The precise conttibn of the different hypocretin
receptors in the regulation of behaviors associatigtd addiction needs to be clarified.
Several studies have evaluated the interactiondmiwannabinoids and hypocretins in
some physiological responses such as the regulatiorieeding [137,138 and
nociception[139. However, the possible role of the hypocretin exysin the addictive
properties of cannabis, which is one of the moatrmonly used illicit drugs, remains to
be demonstrated. Finally, the improvement of oudemstanding of the signaling
cascades activated by the stimulation of hypocreggeptors will be crucial for the

development of more specific drugs with differefficacy profiles.
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Figurelegends

Fig. 1. Schematic representation of the hypocretin syst®&laurons expressing

hypocretin (dots) project widely throughout theibranodulating diverse physiological

functions. PFC, prefrontal cortex; NAc, nucleuswambens; BNST, bed nucleus of the

stria terminalis; VTA, ventral tegmental area; Lateral hypothalamus.

Fig. 2. Diagram showing the potential therapeutic utility loypocretin receptor

antagonists on different stages of drug addictiderir-1, hypocretin receptor-1; Hcrtr-

2, hypocretin receptor-2.
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