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Abstract

Cocaine addiction is a global public health and socioeconomic issue that requires
pharmacological and cognitive therapies. Currently there are no FDA-approved med-
ications to treat cocaine addiction. However, in preclinical studies, interventions
ranging from herbal medicine to deep-brain stimulation have shown promise for
the therapy of cocaine addiction. Recent developments in molecular biology, phar-
macology, and medicinal chemistry have enabled scientists to identify novel molec-
ular targets along the pathways involved in drug addiction. In 1994, a receptor that
showed a great deal of homology to the traditional opioid receptors was character-
ized. However, endogenous and exogenous opioids failed to bind to this receptor,
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which led scientists to name it opioid receptor-like receptor, now referred to as the
nociceptin receptor. The endogenous ligand of NOPr was identified a year later and
named orphanin FQ/nociceptin. Nociceptin and NOPr are widely distributed through-
out the CNS and are involved in many physiological responses, such as food intake,
nociceptive processing, neurotransmitter release, etc. Furthermore, exogenous noci-
ceptin has been shown to regulate the activity of mesolimbic dopaminergic neurons,
glutamate, and opioid systems, and the stress circuit. Importantly, exogenous noci-
ceptin has been shown to reduce the rewarding and addictive actions of a number of
drugs of abuse, such as psychostimulants, alcohol, and opioids. This paper reviews the
existing literature on the role of endogenous nociceptin in the rewarding and addic-
tive actions of cocaine. The effect of exogenous nociceptin on these processes is also
reviewed. Furthermore, the effects of novel small-molecule NOPr ligands on these
actions of cocaine are discussed. Overall, a review of the literature suggests that NOPr
could be an emerging target for cocaine addiction pharmacotherapy.

1. INTRODUCTION

Addiction to cocaine and other addictive substances is a chronic and

relapsing brain disorder brought about by neuronal adaptive changes along

numerous brain circuits and is characterized by uncontrollable drug-taking

and drug-seeking behaviors in spite of adverse consequences (such as loss of

family, friendship, productivity, and most importantly risk of sudden death

due to cocaine overdose) associated with continuation of such behaviors.

Cocaine addiction is a major public health issue and places a tremendous

burden on the person, relationships, productivity and society as a whole.

Estimates show that about 1.2 million people consumed cocaine for the very

first time in the United States in 2001.1 Furthermore, in 2007, it was

estimated that more than 2 million people over the age of 12 were current

cocaine users and females were found to be more sensitive to the addictive

actions of cocaine than males.2 Estimates show that the lifetime prevalence of

cocaine use in 2013 was 14.3% (http://www.drugabuse.gov/drugs-abuse/

cocaine) in adults aged 12 and older. Despite these alarming estimates and

negative consequences, there is no FDA-approved pharmacotherapy to treat

cocaine addiction. Thus, further research is needed to characterize novel

targets to develop new pharmacotherapy and effectively curb this chronic

and relapsing brain disorder. Most drugs of abuse, such as cocaine, nicotine,

opioids, and amphetamines increase dopamine levels in the nucleus accum-

bens albeit through different mechanisms. Cocaine enhances accumbal
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dopamine levels by blocking the dopamine transporter. Therefore, the dopa-

mine receptor and dopamine transporter have been the conventional targets

for medication development for cocaine addiction. However, this strategy

has failed to yield clinically useful cocaine dependence medications. Several

other receptor systems that affect different phases of cocaine addiction are

now being investigated. Among these, opioidergic, γ-amino butyric acid3

-ergic,4 endocannabinoid,5 serotonergic, and cholinergic agonists have been

investigated for their inhibition of cocaine reward. A growing body of

evidence suggests that the nociceptin receptor6 could be a potential target

for novel medications to treat cocaine addiction. This review discusses the

existing literature around this molecular target showing that NOPr agonists

could potentially provide beneficial effects in curbing cocaine addiction.

2. ORPHANIN FQ/NOCICEPTIN/NOPr SYSTEM

In 1994, several laboratories7–10 cloned a receptor that showed a

great deal of homology to the classical opioid receptors, namely mu, delta,

and kappa, in particular in the transmembrane domains, yet neither endog-

enous opioids nor exogenous opioid ligands (except a few) showed appre-

ciable affinity toward this receptor. Therefore, this receptor was named the

opioid receptor-like (ORL) receptor. Later on, the International Union of

Pharmacology (IUPHAR) in agreement with the scientific community

renamed it nociceptin/orphanin FQ receptor (NOR) and then nociceptin

receptor (NOPr). In 1995, two laboratories independently identified a

heptadecapeptide as the endogenous ligand of this receptor.11,12 One

group named this peptide nociceptin because intracerebroventricular

administration of the peptide shortened hot-plate latency, indicative of

pain in rodents;11 while the other group called it orphanin FQ because

the peptide was the endogenous ligand of an orphan receptor, and F and Q

stand for the first (phenylalanine) and last (glutamine) amino acid of the

peptide sequence.12 Orphanin FQ/nociceptin (OFQ/N) is a heptadeca-

peptide that shows similarities to the endogenous opioid peptides and in

particular to dynorphin 1–17.11,13 Interestingly, the NOPr and classical

opioid receptors also share common signaling mechanisms. Activation of

the opioid receptors and the NOPr leads to inhibition of adenylyl

cyclase,11,12,14 decrease in calcium currents,15,16 activation of potassium

channels17,18 and mitogen-activated protein kinase.19–22
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Nociceptin and its receptor (NOPr) are widely distributed throughout

the CNS23,24 and have been implicated in many physiological responses

ranging from modulation of pain to learning and memory, food intake,

and drug reward (for review see Ref. [25]). Importantly, exogenously applied

OFQ/N has been shown to reduce the activity of the mesolimbic dopami-

nergic neurons,26–28 glutamatergic neurons,29 opioidergic neurons,30 and

the stress circuit.31–37 Interestingly, these neurons and circuits are involved in

motivated behaviors, reward, learning and memory, anxiety and stress

response, processes that play a major role in the development and mainte-

nance of addictive behaviors. Therefore, the OFQ/N–NOPr system could

be a potential target to develop small-molecule NOPr agonists to treat

cocaine addiction because OFQ/N and other NOPr agonists have multiple

effects that are opposite of cocaine’s action at these molecular targets (for

details see Section 3).

2.1 Effects of Exogenous OFQ/N on the Actions of Cocaine
The discovery of NOPr and its endogenous ligand, and the demonstration

that OFQ/N exerts antiopioid effects in the brain, prompted Murphy and

coworkers (1996) to assess the effect of this peptide on extracellular dopa-

mine in the nucleus accumbens.26 These authors found that intracerebro-

ventricular administration of OFQ/N reduced accumbal dopamine in the

microdialysate in anesthetized rats in a concentration-dependent manner,26

suggesting that OFQ/N acts as a brake to regulate the function of the

mesolimbic dopaminergic neurons. Subsequent studies demonstrated that

local OFQ/N administration in the ventral tegmental area (VTA) reduced

extracellular levels of dopamine in the nucleus accumbens (NAc),27 suggest-

ing that the VTA may be at least one of the sites where OFQ/N exerts its

regulatory action on extracellular accumbal dopamine. Consistent with this

notion, other investigators reported the presence of NOPr on dopaminergic

neurons in the VTA.38,39 Furthermore, exogenously administered OFQ/N

was found to regulate the activity of dopaminergic neurons in the VTA.40

The regulatory action of OFQ/N on extracellular dopamine in the NAc was

later shown in freely moving mice.41 These authors also showed the selec-

tivity of OFQ/N’s action in this regard, as OFQ/N failed to reduce the level

of accumbal dopamine in mice lacking NOPr.41 OFQ/N has also been

shown to decrease synthesis of dopamine in synaptosomes obtained from

rat NAc and striatum, as OFQ/N reduced phosphorylation of tyrosine

hydroxylase, the rate-limiting enzyme in the synthesis of catecholamines.42

The action of OFQ/N on extracellular dopamine is reminiscent of the effect
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of dynorphin, which is structurally similar to OFQ/N. However, unlike

dynorphin and related κ-opioid receptor agonists, OFQ/N does not

induce aversion in rats,43 although Sakoori and Murphy have found a modest

aversive response following OFQ/N administration in mice.44 Nevertheless,

it is not entirely clear why, even though the two peptides reduce extracellular

accumbal dopamine, only dynorphin elicits aversion.45,46 Thus, further

research is needed in this area to delineate the underlying mechanism of this

divergent effect of dynorphin and nociceptin on hedonic homeostasis.

While there is moderate to high density of NOPr expression in the

mesolimbic areas, few studies have examined the effect of exogenous NOPr

stimulation on cocaine-elevated extracellular dopamine in the NAc. Given

that cocaine elevates extracellular dopamine by blocking the dopamine trans-

porter and that this action of cocaine is impulse-dependent, OFQ/N might

also reduce the ability of cocaine to elevate extracellular dopamine in the NAc.

We tested this hypothesis first and showed that intracerebroventricular OFQ/

N administration prior to systemic cocaine treatment reduced cocaine-ele-

vated accumbal dopamine levels in anesthetized rats.47 Recently, Vazquez-

DeRose and coworkers demonstrated that this action of OFQ/N could also be

mediated locally in the NAc, as they showed that retrodialysis of OFQ/N into

the NAc shell abolished cocaine-elevated extracellular dopamine in the

NAc.48 Given that the ability of cocaine to elevate extracellular dopamine

levels in the NAc plays an essential role in the motor stimulatory action of

cocaine,49 we tested whether OFQ/N could also reduce hyperlocomotion

induced by cocaine. Our results revealed that intracerebroventricular admin-

istration of OFQ/N dose-dependently reduced cocaine-induced motor stim-

ulation.47 OFQ/N may exert its action, at least in part, in the VTA because

local injection of OFQ/N in this brain region blunted cocaine-stimulated

locomotor activity in rats.50

The effect of OFQ/N has also been studied on the rewarding actions of

cocaine and other psychostimulants. In these studies, the conditioned place

preference (CPP) paradigm has been used as an animal model of drug reward

or drug-seeking behavior.51 The first study reporting the effect of OFQ/N

on the expression of CPP was by Kotlinska and coworkers, who showed that

intracerebroventricular OFQ/N administration suppressed the expression of

cocaine-induced CPP in rats.52 This group also studied the effect of OFQ/N

on the acquisition of amphetamine-induced CPP.53 Rats treated with

OFQ/N prior to each amphetamine injection during the acquisition phase

of CPP were found to exhibit a significant reduction in amphetamine-

induced CPP compared to their vehicle-treated controls. These authors also
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showed that while OFQ/N did not affect the acute stereotypic effect of

amphetamine, it was able to reduce the sensitized response that developed to

this effect of amphetamine following its repeated administration, suggesting

that OFQ/N affects the neuronal adaptive changes that develop following

repeated drug administration.53 In a similar experimental paradigm, using

methamphetamine instead of amphetamine, Zhao and coworkers reported

that OFQ/N reduced the rewarding action of methamphetamine in rats.54

The effect of OFQ/N on the rewarding action of cocaine was also studied.44

These authors demonstrated that intracerebroventricular administration of

OFQ/N prior to cocaine administration on each conditioning day attenu-

ated the CPP response, showing that OFQ reduced the rewarding action of

cocaine.44

Repeated cocaine treatment causes neuronal adaptive changes along the

mesolimbic dopaminergic and glutamatergic neurons (for a review see Ref.

[55]). Along with these neuroadaptive alterations, the motor stimulatory,

rewarding, and other behavioral effects of cocaine are enhanced, a phenom-

enon known as behavioral sensitization. Bebawy and coworkers showed that

repeated cocaine treatment enhanced the rewarding action of cocaine and

this conditioned rewarding effect of cocaine was reduced in mice treated

with OFQ/N before each cocaine injection.56

The effect of exogenous OFQ/N on cocaine-induced locomotor sen-

sitization has been studied.50,56,57 The phenomenon of locomotor sensiti-

zation is referred to as an enduring increase in the motor-stimulatory action

of cocaine that develops following its repeated intermittent treatment.

Neuronal adaptive changes develop along the mesolimbic dopaminergic

and corticolimbic glutamatergic neurons in animals sensitized to cocaine

and other addictive drugs. Interestingly, similar alterations have been

reported in human addicts and these changes are thought to mediate the

motivational behavioral changes observed in drug addicts, such as craving

and relapse. Therefore, the phenomenon of behavioral sensitization in

rodents has been proposed to mimic some aspects of addiction in

humans.55,58–65 An earlier report failed to show any effect of OFQ/N

on cocaine sensitization.57 These authors used the same concentration of

OFQ/N during the induction of sensitization (i.e., on days 1–3) and found

that the inhibitory effect of OFQ/N on cocaine-induced motor stimula-

tion was evident only on day 1 but not on days 2 and 3 of the cocaine-

sensitizing regimen, raising the possibility that the lack of effect of OFQ/N

might have been due to the development of tolerance. Interestingly, a rapid

tolerance develops toward the motor suppressant effect of OFQ/N.66
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However, using escalating doses of OFQ/N during the induction of sen-

sitization, Lutfy et al., demonstrated that intracerebroventricular as well as

intra-VTA injection of OFQ/N blocked the development of locomotor

sensitization in rats.50 These results were replicated in C57BL/6 mice,56

showing the generality of the inhibitory action of OFQ/N on this phe-

nomenon. These authors also demonstrated that OFQ/N failed to alter

cocaine-induced locomotor sensitization in mice lacking NOPr, showing

that OFQ/N exerts its inhibitory action on cocaine sensitization via NOPr.

An intriguing observation from these studies was that OFQ/N not only

blocked the development of locomotor sensitization but also reversed the

time course of an established sensitized response.56 The reversal of cocaine

sensitization suggests that OFQ/N may facilitate the process leading to

extinction of the conditioned response. Interestingly, we recently discov-

ered that extinction of cocaine-induced CPP was facilitated in mice treated

with a novel small-molecule NOPr agonist (Lutfy and Zaveri, unpublished

data), whereas the opposite was evident in mice lacking nociceptin as well

as in wild-type mice treated with a NOPr antagonist, J-113397 (Marquez

and Lutfy, unpublished data). Thus, the OFQ/N–NOPr system appears to

alter behaviors induced by cocaine in mice, and may be a potential target to

develop medications to treat cocaine addiction.

While OFQ/N clearly reduces the rewarding effects of psychostimulant

drugs as measured in the place-conditioning paradigm, it does not appear to

affect cocaine-seeking behavior after extinction in rats.67 However, OFQ/N is

able to attenuate stress-induced ethanol-seeking behavior. These results are in

line with the previous observations that OFQ/N failed to affect heroin self-

administration in rats at any dose, even though the higher doses (10 μg) caused

suppression of spontaneous locomotor activity.68 It is possible that the reinfor-

cing properties of a drug, measured by the operant self-administration  para-

digm are different than the rewarding, hedonic effects of a drug, as measured in

the place-conditioning paradigm, and that OFQ/N affects the rewarding

effects but has no effect on the reinforcing properties of an abused drug.

Alternatively, the OFQ/N–NOPr system may become overwhelmed follow-

ing repeated drug administration in the operant conditioning paradigm, which

involves more dosing with the drugs of abuse. Clearly, further studies using

more aggressive OFQ/N treatment would be needed to understand these

differences. Furthermore, studies with small-molecule NOPr agonists, which

are expected to mimic NOPr activation by the neuropeptide OFQ/N, would

be useful to determine the potential of NOPr agonism as a novel pharmaco-

logic approach to treat the various aspects of substance abuse disorders.
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2.2 Endogenous OFQ/N as a Brake to the Rewarding
and Addictive Actions of Cocaine
While there is a clear indication that exogenous OFQ/N regulates the

activity of the mesolimbic dopaminergic neurons, the role of the endog-

enous OFQ/N is not entirely clear although some research has been

performed in this area. Koizumi et al. showed that while intracerebroven-

tricular OFQ/N administration suppressed extracellular dopamine in the

NAc, the NOPr antagonist peptide, [Nphe1, Arg14, Lys15] nociceptin-

NH(2), known as UFP-101, failed to alter the levels of dopamine, suggest-

ing that endogenous OFQ/N may not regulate the activity of mesolimbic

dopaminergic neurons.41 However, in a different report, these authors

showed that basal level of dopamine was mildly higher (but not significant)

in mice lacking NOPr compared to their wild-type controls.69 These

authors also showed that administration of Compound B (1-[(3R, 4R)-

1-cyclooctylmethyl-3-hydroxymethyl-4-piperidyl]-3-ethyl-1,3-dihydro-

2H-benzimidazol-2-one), a small-molecule NOPr antagonist, increased

extracellular dopamine in the NAc. However, this response was not

affected by prior administration of OFQ/N. Also, the increase in dopamine

induced by Compound B was not altered in mice lacking NOPr, suggest-

ing that receptors other than NOPr may be involved in the action of

Compound B. Thus, further research with selective NOP antagonists is

needed to fully characterize whether endogenous OFQ/N regulates the

activity of mesolimbic dopaminergic neurons.

The endogenous OFQ/N also plays a role in the rewarding and addictive

actions of cocaine. Likewise, acute and chronic cocaine treatment each appears

to modulate the level of endogenous OFQ/N. For instance, Romualdi and

coworkers showed that the level of OFQ/N was reduced in the medial region

of the caudate putamen as well as in the NAc shell and substantia nigra

following chronic cocaine administration.70 Furthermore, Lutfy et al. showed

that the level of OFQ/N-immunoreactivity (OFQ/N-IR) was reduced in the

midbrain area 1 h after a single cocaine (20 mg/kg) administration.

Reductions were also seen in the striatum and prefrontal cortex but these

changes were not significantly different from the saline-treated controls.71

However, tissue content does not provide information about the release,

metabolism, and/or synthesis of the peptide. Additionally, given that these

changes were measured 1 h after cocaine administration, future studies using

microdialysis in freely moving animals are needed to assess the dose–-response

and time course effect of single and repeated cocaine administration on the

releaseofendogenousOFQ/N.Interestingly,however, the levelofOFQ/N-IR
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was found to be increased in the hippocampus of rats that received repeated

intermittent cocaine treatment and showed locomotor sensitization.71 These

results suggest that the endogenous OFQ/N may be involved in the acute and

chronic actions of cocaine.

Consistent with these findings, Marquez and coworkers showed that the

rewarding action of acute cocaine was enhanced in mice lacking NOPr

compared to their wild-type littermates/controls.72 In addition, cocaine-

induced locomotor sensitization induced by repeated intermittent cocaine

administration was enhanced in these mice compared to their wild-type

controls.73 This response appeared to be selective for the action of cocaine

since locomotor sensitization induced by repeated amphetamine treatment

was not altered in mice lacking NOPr.

2.3 Effect of Small-Molecule NOPr Agonists on Actions
of Cocaine
Relatively little is known about the effect of small-molecule NOPr ligands

on the rewarding and addictive effects of cocaine and other psychostimulants

such as amphetamines. A number of laboratories have developed NOPr

ligands that are relatively selective and have shown promise to reduce the

rewarding action of morphine74,75 and alcohol.76,77 However, small-mole-

cule NOPr agonists have not been extensively evaluated for their effects on

cocaine-induced reward or other effects of cocaine. The few studies pub-

lished with nonpeptide small-molecule NOPr agonists showed equivocal

results regarding the effects of these compounds on cocaine-induced reward.

Ro 65-6570, an NOPr agonist that belongs to the same class of NOPr

agonists as Ro 64-619878 but has higher affinity at the μ-opioid receptor

than Ro 64-6198, showed no effect on the expression of cocaine-induced

place preference in rats52 or on the acquisition of cocaine-induced place

preference in rats,79 although Ro 64-6198 itself was not investigated for these

effects. It is possible that lower selectivity of this compound for NOPr versus

the μ-opioid receptor (MOPr) may be responsible for the lack of any effect of

this compound. Thus, a combination of a mu antagonist with such nonse-

lective NOPr agonists may reduce the rewarding effect of cocaine more

strongly than the nonselective compounds administered alone. The potential

of such an approach is highlighted in a recent report by Cordery and cow-

orkers, who used a combination of low doses of buprenorphine (which has

higher affinity for MOPr than NOPr) and naltrexone, a nonselective opioid

receptor antagonist, that elicited neither CPP nor aversion but completely

blocked cocaine-primed reinstatement of an extinguished CPP in rats.80
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Given the inhibitory effect of exogenous OFQ/N on cocaine-induced

elevation of dopamine in the NAc and on the expression and acquisition of

cocaine CPP, it is possible that selective small-molecule NOP agonists may

decrease the rewarding effects of cocaine in these paradigms. Indeed, we

found that AT-202, a selective NOP agonist which has a much higher affinity

and selectivity for the NOPr over MOPr compared to buprenorphine,

blocked drug- and stress-induced reinstatement of extinguished CPP in

ICR mice.81 However, AT-202 did not reduce the acquisition of cocaine

CPP in these mice,81 raising the possibility that following repeated admin-

istration of these drugs, for example, during the acquisition phase of CPP, as

opposed to one time application of these compounds, that is, prior to

reinstatement of CPP, the mu-mediated effect of these compounds may

interfere with their NOPr-mediated actions, thereby leading to lack of a

significant effect of these drugs on the development of cocaine CPP. Clearly,

further studies with newer and more selective small-molecule NOPr agonists

are warranted to establish the potential of NOPr agonism as an approach to

treat cocaine (and possibly other psychostimulant) addiction.

3. MOLECULAR MECHANISMS OF COCAINE ADDICTION

Chronic cocaine use causes neuroadaptive changes along a number of

brain circuits, leading to uncontrollable drug-taking and drug-seeking beha-

viors. However, there is no FDA-approved pharmacotherapy to treat cocaine

addiction. The lack of approved treatment may be due to the fact that different

neurochemicals contribute to different stages of cocaine addiction. The meso-

limbic dopaminergic neurons and the corticolimbic glutamatergic neurons

have been implicated in the initiation and maintenance of addictive behaviors

to cocaine and other addictive drugs, respectively.55,82–91 Furthermore, the

endogenous opioid system has been implicated in cocaine addiction although

the role of each opioid peptide and its receptor is distinct. For example,

activation of the μ- and δ-opioid receptors is known to be proaddictive while

stimulation of the κ-opioid receptor appears antiaddictive.77,92–110 Recent

evidence suggests that the dynorphin/κ-opioid receptor system may also

mediate the negative-affective states associated with drug withdrawal.93,111–117

Stress and anxiety have been reported to be among the leading causes of

craving, relapse, and compulsive cocaine use and abuse.114,118–128 Therefore,

a drug that reduces anxiety and has antistress and antiopioid effects on the

brain, decreases cocaine-mediated elevation of dopamine in the NAc, and
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attenuates neuronal plasticity mediated by glutamate would have a broader

spectrum of activity to reduce cocaine reward and reinforcement,  and be a

more effective pharmacotherapeutic agent to treat cocaine addiction. A grow-

ing body of literature suggests that OFQ/N possesses all of the previously

mentioned characteristics (for review see Refs [5,35]) and the OFQ/N–NOPr

system may be a potential target for medication development to treat cocaine

addiction. The possible mechanism(s) through which OFQ/N could reduce

the rewarding and addictive actions of cocaine have been discussed later in the

chapter.

3.1 OFQ/N Alters the Positive Reinforcing Action of Cocaine
The primary mechanism of action of cocaine is to block the dopamine

transporter129–131 and elevate extracellular dopamine in the NAc.132 The

cocaine-elevated extracellular dopamine in the NAc is thought to mediate

the motor stimulatory, rewarding, and motivational effects of cocaine. A

number of studies using pharmacologic tools130,131,133–135 or neurotoxins

to cause lesion of the dopaminergic neurons133,136–138 showed that dopa-

mine plays an important role in the motor-stimulatory action of cocaine.

The observation that mice lacking the dopamine transporter were hyper-

active compared to their wild-type counterparts and that cocaine-induced

hyperlocomotion was blunted in these mice, confirms that the site of action

of cocaine to induce its motor-stimulatory action is the dopamine trans-

porter. Interestingly, OFQ/N has been shown to decrease cocaine-elevated

extracellular dopamine in the NAc and also reduce the motor-stimulatory

action of cocaine.47 Although a causal relationship has not been established

between the two effects, they appeared to correlate with each other. The

rise in extracellular dopamine in the NAc is also thought to mediate the

acute pleasurable effects of cocaine as well as is proposed to be important in

the initiation of cocaine addiction.132 However, recent evidence suggests

that dopamine may be involved in drug “wanting” than “liking.”139

Dopamine is also implicated in long-term potentiation (LTP) in the hip-

pocampus and amygdala,3,140–142 error prediction and aversion.143–147

Nevertheless, dopamine-deficient mice exhibit a robust aversive response

following administration of a κ-opioid receptor agonist,148 raising concern

about the importance of dopamine in the aversive effect of kappa agonists.

Similarly, the role of dopamine in the rewarding and addictive actions of

cocaine has been debated. For example, mice lacking the dopamine trans-

porter and their wild-type controls exhibit a comparable cocaine-induced

CPP, showing that cocaine retains its rewarding action in mice lacking the

The Nociceptin Receptor as an Emerging Molecular Target for Cocaine Addiction 159



dopamine transporter.149 Similarly, cocaine was able to induce CPP in

dopamine-deficient mice although the response was attenuated in dopa-

mine-deficient mice compared to their wild-type controls. Nevertheless,

cocaine CPP was blunted in wild-type mice treated with SCH-23390, a

dopamine D1 receptor antagonist, suggesting that dopamine D1 receptor

activation is necessary for the CPP response in wild-type mice.150

Additionally, neither dopamine transporter knockout nor dopamine-defi-

cient mice have been tested in the CPP paradigm following a single

conditioning with cocaine, a measure of acute rewarding action of

cocaine.72,151 As an example, we have shown that the rewarding action

of acute morphine was blunted in mice lacking the pituitary adenylyl

cyclase activating polypeptide (PACAP) compared to their wild-type con-

trols. However, following repeated conditioning, a comparable morphine-

induced CPP was observed in mice of the two genotypes.152 Thus, it is

possible that dopamine is still important in the acute rewarding action of

cocaine but the CPP paradigm used is unable to capture that. Clearly, in the

orthodox CPP paradigm, where repeated conditioning is used, other

mechanisms become engaged in the rewarding actions of cocaine, as

we observed regarding the role of PACAP in morphine-induced CPP.152

Indeed, Sora and coworkers used mice lacking not only the dopamine

transporter but also the serotonin transporter and their wild-type controls

and discovered that cocaine was no longer able to induce CPP in these

mice, suggesting that in the absence of the dopamine transporter, the

serotonin transporter compensates and, therefore, the absence of both

transporters was necessary for the abolishment of the rewarding action of

cocaine.153 Thus, drugs that target both transporters, such as some of the

currently used antidepressants with dual inhibitory action on dopamine and

serotonin transportersmayalsobepotential candidates to treat cocaineaddiction.

The dopamine system has been implicated in the early phases of cocaine

addiction, as shown in preclinical studies.154–156 However, as stated earlier,

targeting only the dopamine system has not been a fruitful approach to treat

cocaine addiction since dopamine may be involved in the initiation phase of

addiction. The OFQ/N–NOPr system, on the other hand, is an attractive

target for medication development to treat cocaine addiction because OFQ/

N has been shown to alter the activity of the mesolimbic dopaminergic

neurons and the effect of addictive drugs on extracellular dopamine in the

NAc26,47,48,157 via a broader effect on multiple neurotransmitter systems

involved in drug reward. As discussed later in the chapter, the beneficial

effects of OFQ/N on cocaine reward do not appear to be solely due to its

160 Kabirullah Lutfy and Nurulain T. Zaveri



ability to reduce extracellular dopamine in the NAc. OFQ/N has other

actions that make it a unique peptide with the potential to reduce the

rewarding and addictive actions of cocaine and other addictive drugs.

Interestingly, OFQ/N has also been shown to alter the activity of seroto-

nergic neurons.33,158–163 Notably, OFQ/N may be devoid of any rewarding

or aversive effects, as injection of OFQ/N into the lateral ventricles failed to

induce CPP or aversion43 although the same treatment reduced basal motor

activity.66 Thus, the OFQ/N–NOPr system may be a potentially better

target to develop pharmacotherapy for cocaine addiction without inducing

aversion. This also has a potential advantage for treatment of substance abuse

in general, since OFQ/N has also been shown to reduce the rewarding

action of other addictive drugs.164–167 However, further research is needed

to define the underlying mechanism of OFQ/N’s action in reducing the

rewarding action of cocaine and other addictive drugs. OFQ/N not only

affects the dopamine and serotonin systems but also other mechanisms that

could contribute to its antiaddictive properties. One such mechanism is the

ability of OFQ/N to regulate the action of endogenous opioid peptides to

exert its antirewarding actions (see below).

3.2 OFQ/N as an Antiopioid Peptide in the Brain to Reduce
Actions of Cocaine
The endogenous opioid system has long been known as a major regulator of

the mesolimbic dopaminergic neuronal activity. In particular, beta-endor-

phin and enkephalins have been shown to increase the activity of the meso-

limbic dopaminergic neurons and stimulate the release of dopamine in the

NAc.94,100 The endogenous opioid system has also been implicated in the

rewarding and addictive actions of cocaine and other addictive drugs. For

example, naloxone, a nonselective opioid receptor antagonist, has been

shown to reduce the motor stimulatory and rewarding actions of cocaine.101

Similar observations have been reported using selective μ-opioid receptor

antagonists168 and antisense oligonucleotides against the μ-opioid recep-

tor,103 suggesting that cocaine may exert some of its action via the endog-

enous opioid system. The observation that beta-endorphin induces reward4

and that it has higher affinity for the mu compared to the δ- and κ-opioid
receptors prompted us to hypothesize that cocaine may exert its effects via

the release of beta-endorphin. Indeed, using microdialysis in freely moving

rats, Olive and coworkers showed that the level of beta-endorphin increases

following systemic administration of cocaine.169 Later studies showed that

the increase in the level of beta-endorphin is also observed in animals
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engaged in cocaine self-administration170–172 as well as in the incubation of

cocaine-seeking behaviors.173 Using the CPP paradigm as an animal model

of reward,51 we demonstrated that beta-endorphin may be involved in the

rewarding action of acute cocaine, as mice lacking beta-endorphin exhibited

blunted CPP compared to their wild-type littermates/controls.151,174

Changes in the level of opioid peptides and their mRNA have also been

reported following chronic cocaine treatment.175–181 Given that OFQ/N is

considered an antiopioid peptide in the brain25,182 and that it regulates the

activity of beta-endorphin-containing neurons in the hypothalamic arcuate

nucleus,30 which provide opioidergic inputs to the VTA and NAc,183,184 we

propose that OFQ/N may exert some of its inhibitory action on cocaine

reward by blocking the action of beta-endorphin. Interestingly, we have

observed that the rewarding action of acute cocaine was enhanced in mice

lacking NOPr,72 which is opposite of what is observed in mice lacking beta-

endorphin, that is, reduced rewarding action of acute cocaine.151 The two

peptides (beta-endorphin and OFQ/N) exert opposite effects on the meso-

limbic dopaminergic neurons causing, respectively, an increase185 or

decrease26 in extracellular accumbal dopamine. Further investigation is

needed to examine if OFQ/N exerts its action on cocaine reward via

blocking the effect of endogenous opioid peptide(s), which may yield other

potential targets and approaches to treat opioid and other forms of addiction.

3.3 OFQ/N as an Antistress Peptide in the Brain
Stress is known to increase the risk of drug use, abuse, and relapse (for review

see Ref. [186]). Indeed, a positive correlation has been reported between

negative-affective life events and drug abuse. For example, child abuse in the

form of sexual or physical abuse has been linked to an earlier onset of

substance use and abuse and other forms of mental illnesses.187–190 In such

individuals, a heightened responsiveness of the hypothalamic–pituitary–

adrenal (HPA) axis may be induced by chronic stress or drug use, resulting

in a greater sensitivity of these individuals to the reinforcing properties of

drugs of abuse, thereby contributing to compulsive drug use (for review see

Refs [114,191]). The acquisition of cocaine self-administration has been

facilitated by different forms of stress, such as isolation192 or social defeat123

(for reviews see Refs [114,120–122,191,193]).

The initial step in activation of the HPA axis is the release of corticotro-

pin-releasing hormone (CRH) or corticotropin-releasing factor (CRF)

from the paraventricular nucleus of the hypothalamus. Interestingly, CRH
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is one of the major neuropeptides that play a prominent role in the devel-

opment of addiction by inducing negative-affective states, such as anxiety

and reward deficit via an action in the amygdala (for a review see Ref. [194]).

Interestingly, OFQ/N has been shown to act as an antistress peptide and a

physiologic CRF antagonist in the amygdala.31,35,195 OFQ/N has been

shown to reduce stress-mediated reinstatement of alcohol- (but not that of

cocaine-) seeking behaviors.67 Furthermore, AT-202, a small-molecule

NOPr agonist has been shown to reduce stress-induced reinstatement of

cocaine-induced CPP in mice.81

The negative reinforcing actions of cocaine also contribute to the

maintenance of cocaine addiction. Indeed, the theory of the “dark side

of addiction” suggests that occasional drug use leads to neuroadaptive

changes along numerous neuronal circuits, in particular the mesolimbic

dopaminergic neurons, the corticolimbic glutamatergic neurons, the stress

and fear circuits involving CRH, dynorphin, and other peptides, leading

to negative-affective states. For example, research in the past decade has

shown that the level of CRH and dynorphin is altered following repeated

cocaine administration, making the drug users experience negative-affec-

tive states in the absence of the drug, and forcing them to compulsively

seek and take cocaine to reduce dysphoria, anxiety, and depression elicited

by drug withdrawal. Thus, drugs that reduce these negative-affective states

that develop following drug withdrawal may be useful to treat addiction to

cocaine and other addictive drugs. It is important to note that OFQ/N has

been shown to possess anti-CRF properties.31,196,197 OFQ/N has also

been shown to exert anxiolytic effects in a number of animal models of

anxiety. For example, low concentration of OFQ/N as well as small-

molecule NOPr agonists elicited anxiolytic effects in rats.34,196–199

Consistent with these observations, mice lacking NOPr exhibit greater

anxiety-like phenotype compared to their wild-type control in the ele-

vated plus maze test.200 Thus, activation of the OFQ/N–NOPr system

has the potential to reduce negative-affective states following cocaine

withdrawal and reduce craving, and this may be an additional mechanism

through which small-molecule NOPr agonists may exert their beneficial

effects on actions of cocaine and other addictive drugs. Interestingly,

OFQ/N has been found to exert greater anxiolytic effects in animals with

prior alcohol experience compared to their alcohol-naive controls.201

However, in the same study, OFQ/N failed to reduce anxiety in

alcohol-naive rats.201 Thus, further studies are needed to determine if
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OFQ/N would exert an anxiolytic effect in subjects with prior cocaine

experience. This is particularly important because there are some reports

showing that OFQ/N could be anxiogenic under certain experimental

conditions.196,197 Nevertheless, these studies highlight another potentially

advantageous molecular mechanism and pharmacologic profile of NOPr

agonists as drug addiction pharmacotherapy.

3.4 OFQ/N Alters Glutamate-Mediated Neuronal Plasticity
Earlier studies showed that glutamate neurotransmission is involved in

behavioral changes observed following repeated cocaine administration.

For example, Karler etal. showed that MK-801 (dizocilpine), which blocks

the N-methyl-D-aspartate (NMDA) subtype of glutamate receptors,

reduced cocaine sensitization.202 Neurotransmission at the excitatory syn-

apses through the release of glutamate is now implicated in a number of

neuropsychiatric disorders, including drug addiction.85,203,204 In particu-

lar, neuronal plastic changes have been shown to occur in the NAc core

following cocaine withdrawal. For example, calcium permeable α-amino-

3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor accu-

mulates in the NAc, and mediates the intensified cue-induced craving

following withdrawal from long-access cocaine self-administration.205

Additionally, glutamate may mediate the effect of neutral environmental

stimuli that gain saliency once they are associated with drug administration

and can serve as cues in the absence of the drug to elicit craving. Indeed,

previous studies have shown that relapse to drug-seeking behavior occurs

following exposure to drug-related cues and the motivation to self-admin-

ister drugs of abuse increases over the course of abstinence.206–211 One of

the major problems in the pharmacotherapy of drug addiction is the high

frequency of relapse.212,213 However, if the drug is unavailable (cue but no

drug) during this critical period, these repeated cue-no-drug associations

could lead to a decrease in the strength of the conditioned response or

consolidation of new memory, thereby resulting in extinction of the con-

ditioned response.

Research has shown that the level of basal glutamate is reduced in the

NAc following repeated cocaine administration, raising the possibility that

the activity of glutamate transporters is altered following cocaine treat-

ment.214 Indeed, the expression of glutamate transporter 1 is decreased in

animals that underwent withdrawal, leading to increased glutamatergic neu-

rotransmission in this brain region.215 Therefore, drugs that reduce gluta-

matergic neurotransmission in this brain region may have potential to reduce
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cue-induced cocaine-seeking behaviors. Interestingly, Li and Markou have

recently proposed that a viable approach to reduce glutamatergic neurotrans-

mission is via activation of the metabotropic glutamate 7 receptors

(mGluR7), which are located presynaptically.216 These authors showed that

systemic or local administration of an allosteric modulator of mGluR7,

AMN082, into the NAc reduced cocaine self-administration and cue-

induced cocaine-seeking behaviors.216 Administration of an mGluR1

receptor allosteric modulator is another useful approach since this treatment

has been shown to reduce the accumulation of calcium permeable AMPA

receptors in the NAc that occur following cocaine withdrawal.217,218 These

studies show that a drug that can reduce glutamate release or reverse neuronal

adaptive changes induced by repeated cocaine administration may have

potential to reduce cocaine-seeking behaviors. Interestingly, OFQ/N has

been shown to reduce potassium-evoked glutamate release in cortical

slices.29 OFQ/N has also been shown to reverse cocaine-induced behavioral

sensitization.56 The glutamate system has been implicated in mnemonic

processes and OFQ/N exerts inhibitory effects on learning and memory

and these mnemonic effects of OFQ/N may involve the NMDA

receptor.219–223 Thus, this may be another mechanism through which

OFQ/N and related NOPr agonists reduce the rewarding and addictive

actions of cocaine and other addictive drugs (see later in the chapter).

However, studies are needed to assess whether OFQ/N can affect changes

in glutamate neurotransmission in the NAc that occur in response to cocaine

treatment and withdrawal.

3.5 Mnemonic Effects of OFQ/N and Cocaine Addiction
The transition from occasional drug use to compulsive drug intake or abuse

involves instrumental and classical conditioning processes (for reviews see

Refs [63,82,91,224,225]). Thus, when administration of cocaine or another

drug of abuse is repeatedly associated with a distinct environment, the

context serves as a cue and this cue-drug association can elicit positive

subjective feelings even in the absence of the drug. Once this conditioned

response is acquired and consolidated, it can last for months and even years,

due to its persistent nature.226 The reason for this may be that compulsive

drug taking can further lead to overlearning and “automatic” compulsive

behavior (for reviews see Refs [91,224,226]). Importantly, subsequent expo-

sure to the same surroundings, even in the absence of drugs, brings up old

memories in abstinent addicts, thereby leading to drug-seeking behaviors

and relapse.63,224,225,227,228
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A growing body of evidence suggests that OFQ/N and other NOPr

agonists impair learning and memory. The first electrophysiologic study by

Yu and coworkers showed that bath application of OFQ/N reduced LTP in

the CA1 region of the hippocampus.229 Subsequently, these authors dem-

onstrated a similar inhibitory effect of OFQ/N in the dentate gyrus.223

Behavioral studies also demonstrated that local injection of OFQ/N in the

CA3 region of the hippocampus caused memory impairment in the water

maze test.230,231 This effect of OFQ/N was mediated via NOPr because it

was blocked by UFP-101, a NOPr antagonist.230 Exogenous OFQ/N has

also been shown to reduce learning and memory in the passive avoidance and

contextual fear tests.219,232–234 The inhibitory effect of OFQ/N on mne-

monic processes has been replicated using small-molecule NOPr agonists, as

Ro64-6198 reduced contextual but not cued fear learning in C57BL/6N

mice.219 Considering that behavioral sensitization and place preference each

involves conditioned learning, that is, association between subjective effects

of addictive drugs and contextual cues, that LTP and other forms of neuronal

plasticity, such as long-term depression (LTD), are the basis of memory

formation, and that OFQ/N reduces LTP223,229 and impairs spatial and

other forms of memory,231,235,236 it is possible that OFQ/N may selectively

reduce the learning and remembrance of reward-related behaviors because

OFQ/N failed to reduce naloxone-induced conditioned place aversion.44

However, as stated earlier, OFQ/N has been shown to regulate potassium-

evoked glutamate release in cortical slices,29 suggesting that OFQ/N may

exert its effects on the rewarding and addictive actions of cocaine via more

than regulation of learning and memory in the hippocampus. Further studies

are definitely needed to assess the impact of OFQ/N, locally injected into the

hippocampal regions compared to its administration in the lateral ventricles,

on the rewarding and addictive effects of cocaine.

Not only the exogenous but also endogenous OFQ/N regulates mnemonic

processes, as mice lacking NOPr exhibit enhanced memory.221,233,235,236

Additionally, these mice have also been reported to show heightened cocaine-

induced CPP72 and behavioral sensitization,73 raising the possibility that the

amplified response observed in NOPr knockout mice was due to enhanced

memory in these mice. However, morphine-induced CPP72 and amphet-

amine-induced locomotor sensitization73 were comparable between mice

lacking NOPr and their wild-type littermates/controls. Thus, further studies

are needed to delineate the exact mechanisms of regulatory action of endoge-

nous OFQ/N on process of memory, as related to drug reward.
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3.6 The OFQ/N–NOPr System and Gene Expression
A number of studies have shown that epigenetic mechanisms play an

important role in the development and maintenance of addictive behaviors.

It has been well documented that the effect of addictive drugs, contextual

cues, and other environmental stimuli are translated through gene expres-

sion/repression and involve chromatin remodeling.237 Chromatin is made

of DNA tightly wrapped around by a protein called histone. Different

forms of histone proteins exist, such as H2A, H2B, H3, and H4.

Chemical modifications of the N-terminus of histones make the DNA

sequence accessible or inaccessible for translation. Acetylation of histones is

shown to increase gene expression.238 On the other hand, deacetylation or

methylation (but not in all cases) of histone proteins leads to tight wrapping

of DNA around the histone protein and unavailability of the DNA

sequence for translation.239

An overwhelming body of evidence suggests that drugs of abuse increase

or decrease plasticity at different synapses and induce structural and behav-

ioral changes through epigenetic mechanisms in different brain areas (for

reviews see Refs [237,240]). Chronic cocaine treatment, for example, has

been shown to increase histone (H3) acetylation of cyclin-dependent kinase

5 (CDK5) and brain-derived neurotrophic factor (BDNF) at their promo-

ters.241 Interestingly, inhibitors of histone deacetylase 5 (HDAC5), an

enzyme responsible for deacetylation of histone proteins has been shown

to enhance the rewarding action of cocaine,241 suggesting that HDAC5-

derived genes are involved in the rewarding actions of cocaine. Indeed,

cocaine has been shown to alter the activity of HDAC5 in the NAc.

Additionally, overexpression of HDAC5 in the NAc has been shown to

reduce the rewarding action of cocaine.242 HDAC has also been implicated

in the reinstatement process, as an HDAC inhibitor has been shown to

reduce reinstatement of cocaine-induced CPP.243 However, the role of

HDAC5 in cocaine self-administration is not yet clear (for a review see

Ref. [240]).

While there is a great deal of interest in epigenetic mechanisms, a survey

of the literature revealed only a single report, which studied the effect of

cocaine on gene expression at the promoter regions of OFQ/N and

NOPr.6 The authors of this study showed that continuous subcutaneous

cocaine infusion reduced pOFQ/N gene expression in the NAc and

lateral, but not medial, caudate. Concomitantly, they showed increased

NOPr gene expression in the NAc and reduced expression in the lateral,
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but not medial, caudate. These changes were associated with methylation

of tyrosine 4 and 27 of H3 protein.6 However, further studies are needed to

delineate the effect of cocaine on expression of genes encoding for OFQ/

N and NOPr, because the previously mentioned study utilized subcuta-

neous cocaine infusion, which does not mimic cocaine regimens of cocaine

addicts. In addition, further studies are needed to understand the role of

endogenous OFQ/N on gene expression induced by cocaine treatment.

Similarly, the effect of exogenous OFQ/N on cocaine-induced gene

expression needs to be studied. OFQ/N reduces the level of phosphory-

lated CREB (pCREB, cAMP response element-binding protein), a tran-

scriptional factor involved in gene expression. We propose that OFQ/N

may possibly alter chromatin remodeling via reducing the level of pCREB.

Interestingly, mice lacking the CREB-binding protein showed reduced

cocaine-induced locomotor activity and attenuated locomotor sensitiza-

tion.244 Given that OFQ/N not only blocked the development of behav-

ioral sensitization but also reversed its time course, we hypothesize that

exogenous OFQ/N would also reverse chromatin remodeling induced by

repeated cocaine treatment. Future studies are thus needed to enhance our

understanding of the role of endogenous OFQ/N and the effect of exog-

enous OFQ/N on changes in chromatin remodeling induced by cocaine

treatment.

4. CONCLUSIONS

Molecular targets of cocaine addiction involve a number of neuro-

transmitter and neuropeptide systems and therefore it is difficult, if not

impossible, to treat this chronic and relapsing brain disorder. Drugs that

affect more than one of these molecular targets and neurotransmitter systems

may be useful to reduce the rewarding and addictive actions of cocaine.

OFQ/N has been shown to possess antistress, anxiolytic, and antiopioid

effects as well as to reduce the activity of dopaminergic and glutamatergic

neurons. Thus, the OFQ/N–NOPr system is a promising target to develop

medications to treat cocaine addiction. The development of nonpeptide

small-molecule NOPr agonists and investigation of their efficacies on the

various aspects of cocaine addiction will provide further validation of this

approach for cocaine addiction treatment. Indeed, this approach has been

proven useful for other drug addictions, as small-molecule NOPr agonists

have been shown to reduce the rewarding action of morphine and alcohol
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(Lutfy and Zaveri, unpublished data). We therefore expect that small-

molecule NOPr agonists would also attenuate the rewarding and possibly

addictive effects of cocaine.

REFERENCES
1. O’Brien MS, Anthony JC. Risk of becoming cocaine dependent: epidemiological

estimates for the United States, 2000–2001. Neuropsychopharmacology. 2005;30(5):
1006–1018.

2. Kasperski SJ, Vincent KB, Caldeira KM, Garnier-Dykstra LM, O’Grady KE, Arria AM.
College students’ use of cocaine: results from a longitudinal study. AddictBehav. 2011;36
(4):408–411.

3. Bissiere S, Humeau Y, Luthi A. Dopamine gates LTP induction in lateral amygdala by
suppressing feedforward inhibition. NatNeurosci. 2003;6(6):587–592.

4. Amalric M, Cline EJ, Martinez Jr JL, Bloom FE, Koob GF. Rewarding properties of
beta-endorphin as measured by conditioned place preference. Psychopharmacology(Berl).
1987;91(1):14–19.

5. Heilig M, Egli M. Pharmacological treatment of alcohol dependence: target symptoms
and target mechanisms. PharmacolTher. 2006;111(3):855–876.

6. Caputi FF, Di Benedetto M, Carretta D, et al. Dynorphin/KOP and nociceptin/NOP
gene expression and epigenetic changes by cocaine in rat striatum and nucleus accum-
bens. Prog NeuropsychopharmacolBiol Psychiatry. 2014;49:36–46.

7. Bunzow JR, Saez C, Mortrud M, et al. Molecular cloning and tissue distribution of a
putative member of the rat opioid receptor gene family that is not a mu, delta or kappa
opioid receptor type. FEBS Lett. 1994;347(2–3):284–288.

8. Chen Y, Fan Y, Liu J, et al. Molecular cloning, tissue distribution and chromosomal
localization of a novel member of the opioid receptor gene family. FEBSLett. 1994;347
(2–3):279–283.

9. Fukuda K, Kato S, Mori K, et al. cDNA cloning and regional distribution of a novel
member of the opioid receptor family. FEBS Lett. 1994;343(1):42–46.

10. Mollereau C, Parmentier M, Mailleux P, et al. ORL1, a novel member of the opioid
receptor family. Cloning, functional expression and localization. FEBSLett. 1994;341(1):
33–38.

11. Meunier JC, Mollereau C, Toll L, et al. Isolation and structure of the endogenous
agonist of opioid receptor-like ORL1 receptor. Nature. 1995;377(6549):532–535.

12. Reinscheid RK, Nothacker HP, Bourson A, et al. Orphanin FQ: a neuropeptide
that activates an opioidlike G protein-coupled receptor. Science. 1995;270(5237):
792–794.

13. Julius D. Pharmacology. Home for an orphan endorphin. Nature. 1995;377(6549):476.
14. Meis S. Nociceptin/orphanin FQ: actions within the brain. Neuroscientist. 2003;9

(2):158–168.
15. Connor M, Yeo A, Henderson G. The effect of nociceptin on Ca2+ channel current and

intracellular Ca2+ in the SH-SY5Y human neuroblastoma cell line. Br J Pharmacol.
1996;118(2):205–207.

16. Knoflach F, Reinscheid RK, Civelli O, Kemp JA. Modulation of voltage-gated calcium
channels by orphanin FQ in freshly dissociated hippocampal neurons. J Neurosci.
1996;16(21):6657–6664.

17. Matthes H, Seward EP, Kieffer B, North RA. Functional selectivity of orphanin FQ for
its receptor coexpressed with potassium channel subunits in Xenopuslaevis oocytes. Mol
Pharmacol. 1996;50(3):447–450.

The Nociceptin Receptor as an Emerging Molecular Target for Cocaine Addiction 169



18. Vaughan CW, Christie MJ. Increase by the ORL1 receptor (opioid receptor-like1)
ligand, nociceptin, of inwardly rectifying K conductance in dorsal raphe nucleus neu-
rones. BrJ Pharmacol. 1996;117(8):1609–1611.

19. Fawzi AB, Zhang H, Weig B, Hawes B, Graziano MP. Nociceptin activation of the
human ORL1 receptor expressed in Chinese hamster ovary cells: functional homology
with opioid receptors. Eur J Pharmacol. 1997;336(2–3):233–242.

20. Fukuda K, Shoda T, Morikawa H, Kato S, Mori K. Activation of mitogen-activated
protein kinase by the nociceptin receptor expressed in Chinese hamster ovary cells.
FEBS Lett. 1997;412(2):290–294.

21. Huang P, Kehner GB, Cowan A, Liu-Chen LY. Comparison of pharmacological
activities of buprenorphine and norbuprenorphine: norbuprenorphine is a potent opi-
oid agonist. J Pharmacol ExpTher. 2001;297(2):688–695.

22. Lutfy K, Eitan S, Bryant CD, et al. Buprenorphine-induced antinociception is mediated
by mu-opioid receptors and compromised by concomitant activation of opioid recep-
tor-like receptors. JNeurosci. 2003;23(32):10331–10337.

23. Neal Jr CR, Mansour A, Reinscheid R, et al. Opioid receptor-like (ORL1) receptor
distribution in the rat central nervous system: comparison of ORL1 receptor mRNA
expression with (125)I-[(14)Tyr]-orphanin FQ binding. J Comp Neurol. 1999;412(4):
563–605.

24. Neal Jr CR, Mansour A, Reinscheid R, Nothacker HP, Civelli O, Watson Jr SJ.
Localization of orphanin FQ (nociceptin) peptide and messenger RNA in the central
nervous system of the rat. JCompNeurol. 1999;406(4):503–547.

25. Mogil JS, Pasternak GW. The molecular and behavioral pharmacology of the orphanin
FQ/nociceptin peptide and receptor family. Pharmacol Rev. 2001;53(3):381–415.

26. Murphy NP, Ly HT, Maidment NT. Intracerebroventricular orphanin FQ/nociceptin
suppresses dopamine release in the nucleus accumbens of anaesthetized rats.
Neuroscience. 1996;75(1):1–4.

27. Murphy NP, Maidment NT. Orphanin FQ/nociceptin modulation of mesolimbic
dopamine transmission determined by microdialysis. JNeurochem. 1999;73(1):179–186.

28. Murphy NP, Tan AM, Lam HA, Maidment NT. Nociceptin/orphanin FQ modulation
of rat midbrain dopamine neurons in primary culture. Neuroscience. 2004;127(4):
929–940.

29. Nicol B, Lambert DG, Rowbotham DJ, Smart D, McKnight AT. Nociceptin induced
inhibition of K+ evoked glutamate release from rat cerebrocortical slices. BrJPharmacol.
1996;119(6):1081–1083.

30. Wagner EJ, Ronnekleiv OK, Grandy DK, Kelly MJ. The peptide orphanin FQ inhibits
beta-endorphin neurons and neurosecretory cells in the hypothalamic arcuate nucleus
by activating an inwardly-rectifying K+ conductance. Neuroendocrinology. 1998;67(2):
73–82.

31. Ciccocioppo R, Biondini M, Antonelli L, Wichmann J, Jenck F, Massi M. Reversal of
stress- and CRF-induced anorexia in rats by the synthetic nociceptin/orphanin FQ
receptor agonist, Ro 64-6198. Psychopharmacology(Berl). 2002;161(2):113–119.

32. Ciccocioppo R, Cippitelli A, Economidou D, Fedeli A, Massi M. Nociceptin/orpha-
nin FQ acts as a functional antagonist of corticotropin-releasing factor to inhibit its
anorectic effect. PhysiolBehav. 2004;82(1):63–68.

33. Filaferro M, Ruggieri V, Novi C, et al. Functional antagonism between nocicep-
tin/orphanin FQ and corticotropin-releasing factor in rat anxiety-related
behaviors: involvement of the serotonergic system. Neuropeptides. 2014;48(4):
189–197.

34. Jenck F, Moreau JL, Martin JR, et al. Orphanin FQ acts as an anxiolytic to attenuate
behavioral responses to stress. ProcNatl AcadSci USA. 1997;94(26):14854–14858.

170 Kabirullah Lutfy and Nurulain T. Zaveri



35. Witkin JM, Statnick MA, Rorick-Kehn LM, et al. The biology of Nociceptin/
Orphanin FQ (N/OFQ) related to obesity, stress, anxiety, mood, and drug dependence.
PharmacolTher. 2014;141(3):283–299.

36. Devine DP, Hoversten MT, Ueda Y, Akil H. Nociceptin/orphanin FQ content is
decreased in forebrain neurones during acute stress. J Neuroendocrinol. 2003;15
(1):69–74.

37. Devine DP, Watson SJ, Akil H. Nociceptin/orphanin FQ regulates neuroendocrine
function of the limbic-hypothalamic-pituitary-adrenal axis. Neuroscience. 2001;102
(3):541–553.

38. Maidment NT, Chen Y, Tan AM, Murphy NP, Leslie FM. Rat ventral midbrain
dopamine neurons express the orphanin FQ/nociceptin receptor ORL-1.
Neuroreport. 2002;13(9):1137–1140.

39. Norton CS, Neal CR, Kumar S, Akil H, Watson SJ. Nociceptin/orphanin FQ and
opioid receptor-like receptor mRNA expression in dopamine systems. JComp Neurol.
2002;444(4):358–368.

40. Zheng F, Grandy DK, Johnson SW. Actions of orphanin FQ/nociceptin on rat ventral
tegmental area neurons invitro. BrJPharmacol. 2002;136(7):1065–1071.

41. Koizumi M, Midorikawa N, Takeshima H, Murphy NP. Exogenous, but not endog-
enous nociceptin modulates mesolimbic dopamine release in mice. J Neurochem.
2004;89(1):257–263.

42. Olianas MC, Dedoni S, Boi M, Onali P. Activation of nociceptin/orphanin FQ-NOP
receptor system inhibits tyrosine hydroxylase phosphorylation, dopamine synthesis, and
dopamine D(1) receptor signaling in rat nucleus accumbens and dorsal striatum. J
Neurochem. 2008;107(2):544–556.

43. Devine DP, Reinscheid RK, Monsma Jr FJ, Civelli O, Akil H. The novel neuropeptide
orphanin FQ fails to produce conditioned place preference or aversion. Brain Res.
1996;727(1–2):225–229.

44. Sakoori K, Murphy NP. Central administration of nociceptin/orphanin FQ blocks the
acquisition of conditioned place preference to morphine and cocaine, but not condi-
tioned place aversion to naloxone in mice. Psychopharmacology (Berl). 2004;172(2):
129–136.

45. Chefer VI, Backman CM, Gigante ED, Shippenberg TS. Kappa opioid receptors
on dopaminergic neurons are necessary for kappa-mediated place aversion.
Neuropsychopharmacology. 2013;38(13):2623–2631.

46. Spanagel R, Almeida OF, Bartl C, Shippenberg TS. Endogenous kappa-opioid systems
in opiate withdrawal: role in aversion and accompanying changes in mesolimbic dopa-
mine release. Psychopharmacology(Berl). 1994;115(1–2):121–127.

47. Lutfy K, Do T, Maidment NT. Orphanin FQ/nociceptin attenuates motor stimulation
and changes in nucleus accumbens extracellular dopamine induced by cocaine in rats.
Psychopharmacology(Berl). 2001;154(1):1–7.

48. Vazquez-DeRose J, Stauber G, Khroyan TV, Xie XS, Zaveri NT, Toll L. Retrodialysis of
N/OFQ into the nucleus accumbens shell blocks cocaine-induced increases in extra-
cellular dopamine and locomotor activity. Eur JPharmacol. 2013;699(1–3):200–206.

49. Giros B, Jaber M, Jones SR, Wightman RM, Caron MG. Hyperlocomotion and
indifference to cocaine and amphetamine in mice lacking the dopamine transporter.
Nature. 1996;379(6566):606–612.

50. Lutfy K, Khaliq I, Carroll FI, Maidment NT. Orphanin FQ/nociceptin blocks cocaine-
induced behavioral sensitization in rats. Psychopharmacology (Berl). 2002;164(2):
168–176.

51. Bardo MT, Bevins RA. Conditioned place preference: what does it add to our preclin-
ical understanding of drug reward? Psychopharmacology(Berl). 2000;153(1):31–43.

The Nociceptin Receptor as an Emerging Molecular Target for Cocaine Addiction 171



52. Kotlinska J, Wichmann J, Legowska A, Rolka K, Silberring J. Orphanin FQ/nociceptin
but not Ro 65-6570 inhibits the expression of cocaine-induced conditioned place
preference. BehavPharmacol. 2002;13(3):229–235.

53. Kotlinska J, Rafalski P, Biala G, Dylag T, Rolka K, Silberring J. Nociceptin inhibits
acquisition of amphetamine-induced place preference and sensitization to stereotypy in
rats. Eur JPharmacol. 2003;474(2–3):233–239.

54. Zhao RJ, Woo RS, Jeong MS, Shin BS, Kim DG, Kim KW. Orphanin FQ/nociceptin
blocks methamphetamine place preference in rats. Neuroreport. 2003;14
(18):2383–2385.

55. Thomas MJ, Kalivas PW, Shaham Y. Neuroplasticity in the mesolimbic dopamine
system and cocaine addiction. BrJ Pharmacol. 2008;154(2):327–342.

56. Bebawy D, Marquez P, Samboul S, Parikh D, Hamid A, Lutfy K. Orphanin FQ/
nociceptin not only blocks but also reverses behavioral adaptive changes induced by
repeated cocaine in mice. BiolPsychiatry. 2010;68(3):223–230.

57. Narayanan S, Maidment NT. Orphanin FQ and behavioral sensitization to cocaine.
Pharmacol Biochem Behav. 1999;63(2):271–277.

58. Kalivas PW, Lalumiere RT, Knackstedt L, Shen H. Glutamate transmission in addiction.
Neuropharmacology. 2009;56(suppl 1):169–173.

59. Kalivas PW, O’Brien C. Drug addiction as a pathology of staged neuroplasticity.
Neuropsychopharmacology. 2008;33(1):166–180.

60. Kalivas PW, Pierce RC, Cornish J, Sorg BA. A role for sensitization in craving and
relapse in cocaine addiction. J Psychopharmacol. 1998;12(1):49–53.

61. Kalivas PW, Sorg BA, Hooks MS. The pharmacology and neural circuitry of sensitiza-
tion to psychostimulants. BehavPharmacol. 1993;4(4):315–334.

62. Kalivas PW, Stewart J. Dopamine transmission in the initiation and expression of drug-
and stress-induced sensitization of motor activity. Brain Res Brain Res Rev. 1991;16(3):
223–244.

63. Kelley AE. Memory and addiction: shared neural circuitry and molecular mechanisms.
Neuron. 2004;44(1):161–179.

64. Robinson TE, Berridge KC. The neural basis of drug craving: an incentive-sensitiza-
tion theory of addiction. BrainResBrainResRev. 1993;18(3):247–291.

65. Robinson TE, Berridge KC. The psychology and neurobiology of addiction: an incen-
tive-sensitization view. Addiction. 2000;95(suppl 2):S91–S117.

66. Devine DP, Taylor L, Reinscheid RK, Monsma Jr FJ, Civelli O, Akil H. Rats rapidly
develop tolerance to the locomotor-inhibiting effects of the novel neuropeptide orpha-
nin FQ. NeurochemRes. 1996;21(11):1387–1396.

67. Martin-Fardon R, Ciccocioppo R, Massi M, Weiss F. Nociceptin prevents stress-
induced ethanol—but not cocaine-seeking behavior in rats. Neuroreport. 2000;11(9):
1939–1943.

68. Walker JR, Spina M, Terenius L, Koob GF. Nociceptin fails to affect heroin self-
administration in the rat. Neuroreport. 1998;9(10):2243–2247.

69. Koizumi M, Sakoori K, Midorikawa N, Murphy NP. The NOP (ORL1) receptor
antagonist Compound B stimulates mesolimbic dopamine release and is rewarding in
mice by a non-NOP-receptor-mediated mechanism. Br J Pharmacol. 2004;143(1):
53–62.

70. Romualdi P, Di Benedetto M, D’Addario C, et al. Chronic cocaine produces decreases
in N/OFQ peptide levels in select rat brain regions. JMolNeurosci. 2007;31(2):159–164.

71. Lutfy K, Lam H, Narayanan S. Alterations in the level of OFQ/N-IR in rat brain
regions by cocaine. Neuropharmacology. 2008;55(2):198–203.

72. Marquez P, Nguyen AT, Hamid A, Lutfy K. The endogenous OFQ/N/ORL-1 recep-
tor system regulates the rewarding effects of acute cocaine. Neuropharmacology. 2008;54
(3):564–568.

172 Kabirullah Lutfy and Nurulain T. Zaveri



73. Marquez P, Hamid A, Lutfy K. The role of NOP receptors in psychomotor stimulation
and locomotor sensitization induced by cocaine and amphetamine in mice. Eur J
Pharmacol. 2013;707(1–3):41–45.

74. Shoblock JR, Wichmann J, Maidment NT. The effect of a systemically active ORL-
1 agonist, Ro 64-6198, on the acquisition, expression, extinction, and reinstate-
ment of morphine conditioned place preference. Neuropharmacology. 2005;49(4):
439–446.

75. Toll L, Khroyan TV, Polgar WE, Jiang F, Olsen C, Zaveri NT. Comparison of the
antinociceptive and antirewarding profiles of novel bifunctional nociceptin receptor/
mu-opioid receptor ligands: implications for therapeutic applications. J Pharmacol Exp
Ther. 2009;331(3):954–964.

76. Ciccocioppo R, Stopponi S, Economidou D, et al. Chronic treatment with novel brain-
penetrating selective NOP receptor agonist MT-7716 reduces alcohol drinking and
seeking in the rat. Neuropsychopharmacology. 2014;39(11):2601–2610.

77. Kuzmin AV, Semenova S, Gerrits MA, Zvartau EE, Van Ree JM. Kappa-opioid recep-
tor agonist U50,488H modulates cocaine and morphine self-administration in drug-
naive rats and mice. Eur J Pharmacol. 1997;321(3):265–271.

78. Zaveri N. Peptide and nonpeptide ligands for the nociceptin/orphanin FQ receptor
ORL1: research tools and potential therapeutic agents. Life Sci. 2003;73(6):
663–678.

79. Rutten K, De Vry J, Bruckmann W, Tzschentke TM. Effects of the NOP receptor
agonist Ro65-6570 on the acquisition of opiate- and psychostimulant-induced condi-
tioned place preference in rats. Eur J Pharmacol. 2010;645(1–3):119–126.

80. Cordery SF, Taverner A, Ridzwan IE, et al. A non-rewarding, non-aversive buprenor-
phine/naltrexone combination attenuates drug-primed reinstatement to cocaine and
morphine in rats in a conditioned place preference paradigm. Addict Biol. 2014;19(4):
575–586.

81. Khroyan TV, Polgar W, Toll L, Jiang F, Zaveri NT. AT-202, a nociceptin receptor
agonist, blocks drug- and stress-induced reinstatement of extinguished cocaine condi-
tioned place preference. Society for Neuroscience; 2013. Program No. 733.24. 2013
Neuroscience Meeting Planner

82. Koob G. Drug addiction. Neurobiol Dis. 2000;7(5):543–545.
83. Koob GF. Hedonic homeostatic dysregulation as a driver of drug-seeking behavior.

Drug DiscovTodayDisModels. 2008;5(4):207–215.
84. Koob GF, Volkow ND. Neurocircuitry of addiction. Neuropsychopharmacology. 2010;35

(1):217–238.
85. Tsai G. Glutamatergic neurotransmission in alcoholism. J Biomed Sci. 1998;5(5):

309–320.
86. Tsai G, Coyle JT. The role of glutamatergic neurotransmission in the pathophysiology

of alcoholism. AnnuRev Med. 1998;49:173–184.
87. Tsai GE, Ragan P, Chang R, Chen S, Linnoila VM, Coyle JT. Increased glutamatergic

neurotransmission and oxidative stress after alcohol withdrawal. Am J Psychiatry.
1998;155(6):726–732.

88. Vanderschuren LJ, Kalivas PW. Alterations in dopaminergic and glutamatergic trans-
mission in the induction and expression of behavioral sensitization: a critical review of
preclinical studies. Psychopharmacology(Berl). 2000;151(2–3):99–120.

89. Volkow ND, Wang GJ, Fowler JS, Tomasi D, Telang F, Baler R. Addiction: decreased
reward sensitivity and increased expectation sensitivity conspire to overwhelm the
brain’s control circuit. BioEssays. 2010;32(9):748–755.

90. Wise RA. Dopamine, learning and motivation. NatRevNeurosci. 2004;5(6):483–494.
91. Wolf ME. Addiction: making the connection between behavioral changes and neuronal

plasticity in specific pathways. Mol Interv. 2002;2(3):146–157.

The Nociceptin Receptor as an Emerging Molecular Target for Cocaine Addiction 173



92. Chartoff EH, Potter D, Damez-Werno D, Cohen BM, Carlezon Jr WA. Exposure to
the selective kappa-opioid receptor agonist salvinorin A modulates the behavioral and
molecular effects of cocaine in rats. Neuropsychopharmacology. 2008;33(11):
2676–2687.

93. Chefer VI, Kieffer BL, Shippenberg TS. Contrasting effects of mu opioid receptor and
delta opioid receptor deletion upon the behavioral and neurochemical effects of
cocaine. Neuroscience. 2004;127(2):497–503.

94. Di Chiara G, Imperato A. Opposite effects of mu and kappa opiate agonists on dopa-
mine release in the nucleus accumbens and in the dorsal caudate of freely moving rats. J
Pharmacol ExpTher. 1988;244(3):1067–1080.

95. Doyon WM, Howard EC, Shippenberg TS, Gonzales RA. Kappa-opioid receptor
modulation of accumbal dopamine concentration during operant ethanol self-admin-
istration. Neuropharmacology. 2006;51(3):487–496.

96. Gerrits MA, Patkina N, Zvartau EE, van Ree JM. Opioid blockade attenuates acqui-
sition and expression of cocaine-induced place preference conditioning in rats.
Psychopharmacology(Berl). 1995;119(1):92–98.

97. Goeders NE, Lane JD, Smith JE. Self-administration of methionine enkephalin into the
nucleus accumbens. Pharmacol BiochemBehav. 1984;20(3):451–455.

98. Heidbreder C, Shoaib M, Shippenberg TS. Differential role of delta-opioid receptors in
the development and expression of behavioral sensitization to cocaine. EurJPharmacol.
1996;298(3):207–216.

99. Heidbreder CA, Goldberg SR, Shippenberg TS. The kappa-opioid receptor agonist U-
69593 attenuates cocaine-induced behavioral sensitization in the rat. Brain Res.
1993;616(1–2):335–338.

100. Herz A. Opioid reward mechanisms: a key role in drug abuse? CanJ Physiol Pharmacol.
1998;76(3):252–258.

101. Houdi AA, Bardo MT, Van Loon GR. Opioid mediation of cocaine-induced hyper-
activity and reinforcement. BrainRes. 1989;497(1):195–198.

102. Hummel M, Ansonoff MA, Pintar JE, Unterwald EM. Genetic and pharmacological
manipulation of mu opioid receptors in mice reveals a differential effect on behavioral
sensitization to cocaine. Neuroscience. 2004;125(1):211–220.

103. Hummel M, Schroeder J, Liu-Chen LY, Cowan A, Unterwald EM. An antisense
oligodeoxynucleotide to the mu opioid receptor attenuates cocaine-induced behavioral
sensitization and reward in mice. Neuroscience. 2006;142(2):481–491.

104. Kuzmin AV, Gerrits MA, van Ree JM, Zvartau EE. Naloxone inhibits the reinforcing
and motivational aspects of cocaine addiction in mice. Life Sci. 1997;60(18). PL-257-
264.

105. Menkens K, Bilsky EJ, Wild KD, Portoghese PS, Reid LD, Porreca F. Cocaine place
preference is blocked by the delta-opioid receptor antagonist, naltrindole. Eur J
Pharmacol. 1992;219(2):345–346.

106. Shippenberg TS, Heidbreder C. The delta-opioid receptor antagonist naltrindole pre-
vents sensitization to the conditioned rewarding effects of cocaine. Eur J Pharmacol.
1995;280(1):55–61.

107. Shippenberg TS, Heidbreder C. Sensitization to the conditioned rewarding effects of
cocaine: pharmacological and temporal characteristics. J Pharmacol ExpTher. 1995;273
(2):808–815.

108. Shippenberg TS, LeFevour A, Heidbreder C. kappa-opioid receptor agonists prevent
sensitization to the conditioned rewarding effects of cocaine. J Pharmacol ExpTher.
1996;276(2):545–554.

109. Shippenberg TS, Zapata A, Chefer VI. Dynorphin and the pathophysiology of drug
addiction. PharmacolTher. 2007;116(2):306–321.

174 Kabirullah Lutfy and Nurulain T. Zaveri



110. Simmons D, Self DW. Role of mu- and delta-opioid receptors in the nucleus accumbens
in cocaine-seeking behavior. Neuropsychopharmacology. 2009;34(8):1946–1957.

111. Carey AN, Borozny K, Aldrich JV, McLaughlin JP. Reinstatement of cocaine place-
conditioning prevented by the peptide kappa-opioid receptor antagonist arodyn. Eur J
Pharmacol. 2007;569(1–2):84–89.

112. Chartoff E, Sawyer A, Rachlin A, Potter D, Pliakas A, Carlezon WA. Blockade of kappa
opioid receptors attenuates the development of depressive-like behaviors induced by
cocaine withdrawal in rats. Neuropharmacology. 2012;62(1):167–176.

113. Chefer VI, Shippenberg TS. Paradoxical effects of prodynorphin gene deletion on basal
and cocaine-evoked dopaminergic neurotransmission in the nucleus accumbens. Eur J
Neurosci. 2006;23(1):229–238.

114. Koob G, Kreek MJ. Stress, dysregulation of drug reward pathways, and the transition to
drug dependence. AmJ Psychiatry. 2007;164(8):1149–1159.

115. Land BB, Bruchas MR, Lemos JC, Xu M, Melief EJ, Chavkin C. The dysphoric
component of stress is encoded by activation of the dynorphin kappa-opioid system.
J Neurosci. 2008;28(2):407–414.

116. McLaughlin JP, Land BB, Li S, Pintar JE, Chavkin C. Prior activation of kappa opioid
receptors by U50,488 mimics repeated forced swim stress to potentiate cocaine place
preference conditioning. Neuropsychopharmacology. 2006;31(4):787–794.

117. McLaughlin JP, Marton-Popovici M, Chavkin C. Kappa opioid receptor antagonism
and prodynorphin gene disruption block stress-induced behavioral responses. JNeurosci.
2003;23(13):5674–5683.

118. Bruchas MR, Land BB, Lemos JC, Chavkin C. CRF1-R activation of the dynorphin/
kappa opioid system in the mouse basolateral amygdala mediates anxiety-like behavior.
PloSOne. 2009;4(12):e8528.

119. Cador M, Ahmed SH, Koob GF, Le Moal M, Stinus L. Corticotropin-releasing factor
induces a place aversion independent of its neuroendocrine role. Brain Res. 1992;597
(2):304–309.

120. Goeders NE. The HPA axis and cocaine reinforcement. Psychoneuroendocrinology.
2002;27(1–2):13–33.

121. Goeders NE. Stress and cocaine addiction. JPharmacolExpTher. 2002;301(3):785–789.
122. Goeders NE, Clampitt DM. Potential role for the hypothalamo–pituitary–adrenal axis

in the conditioned reinforcer-induced reinstatement of extinguished cocaine seeking in
rats. Psychopharmacology(Berl). 2002;161(3):222–232.

123. Haney M, Maccari S, Le Moal M, Simon H, Piazza PV. Social stress increases the
acquisition of cocaine self-administration in male and female rats. Brain Res. 1995;698
(1–2):46–52.

124. Koob GF, Le Moal M. Addiction and the brain antireward system. Annu Rev Psychol.
2008;59:29–53.

125. Shaham Y, Erb S, Stewart J. Stress-induced relapse to heroin and cocaine seeking in rats:
a review. BrainResBrain ResRev. 2000;33(1):13–33.

126. Smith JS, Schindler AG, Martinelli E, Gustin RM, Bruchas MR, Chavkin C. Stress-
induced activation of the dynorphin/kappa-opioid receptor system in the amygdala
potentiates nicotine conditioned place preference. J Neurosci. 2012;32(4):1488–1495.

127. Sorg BA, Kalivas PW. Effects of cocaine and footshock stress on extracellular dopamine
levels in the ventral striatum. BrainRes. 1991;559(1):29–36.

128. Stohr T, Almeida OF, Landgraf R, Shippenberg TS, Holsboer F, Spanagel R. Stress- and
corticosteroid-induced modulation of the locomotor response to morphine in rats.
BehavBrainRes. 1999;103(1):85–93.

129. Kuhar MJ, Ritz MC, Sharkey J. Cocaine receptors on dopamine transporters mediate
cocaine-reinforced behavior. NIDA ResMonogr. 1988;88:14–22.

The Nociceptin Receptor as an Emerging Molecular Target for Cocaine Addiction 175



130. Ritz MC, Lamb RJ, Goldberg SR, Kuhar MJ. Cocaine receptors on dopamine trans-
porters are related to self-administration of cocaine. Science. 1987;237
(4819):1219–1223.

131. Ritz MC, Lamb RJ, Goldberg SR, Kuhar MJ. Cocaine self-administration appears to be
mediated by dopamine uptake inhibition. Prog Neuropsychopharmacol Biol Psychiatry.
1988;12(2–3):233–239.

132. Di Chiara G, Imperato A. Drugs abused by humans preferentially increase synaptic
dopamine concentrations in the mesolimbic system of freely moving rats. ProcNatlAcad
Sci USA. 1988;85(14):5274–5278.

133. Amalric M, Koob GF. Functionally selective neurochemical afferents and efferents of
the mesocorticolimbic and nigrostriatal dopamine system. Prog Brain Res.
1993;99:209–226.

134. Delfs JM, Schreiber L, Kelley AE. Microinjection of cocaine into the nucleus accum-
bens elicits locomotor activation in the rat. J Neurosci. 1990;10(1):303–310.

135. Pijnenburg AJ, Honig WM, Van der Heyden JA, Van Rossum JM. Effects of chemical
stimulation of the mesolimbic dopamine system upon locomotor activity. Eur J
Pharmacol. 1976;35(1):45–58.

136. Kelley AE, Berridge KC. The neuroscience of natural rewards: relevance to addictive
drugs. J Neurosci. 2002;22(9):3306–3311.

137. Kelly PH, Seviour PW, Iversen SD. Amphetamine and apomorphine responses in the rat
following 6-OHDA lesions of the nucleus accumbens septi and corpus striatum. Brain
Res. 1975;94(3):507–522.

138. Kelsey JE, Carlezon Jr WA, Falls WA. Lesions of the nucleus accumbens in rats reduce
opiate reward but do not alter context-specific opiate tolerance. Behav Neurosci.
1989;103(6):1327–1334.

139. Berridge KC. The debate over dopamine’s role in reward: the case for incentive
salience. Psychopharmacology(Berl). 2007;191(3):391–431.

140. Lemon N, Manahan-Vaughan D. Dopamine D1/D5 receptors gate the acquisition of
novel information through hippocampal long-term potentiation and long-term depres-
sion. J Neurosci. 2006;26(29):7723–7729.

141. Swant J, Wagner JJ. Dopamine transporter blockade increases LTP in the CA1 region of
the rat hippocampus via activation of the D3 dopamine receptor. LearnMem. 2006;13
(2):161–167.

142. Thompson AM, Swant J, Wagner JJ. Cocaine-induced modulation of long-term poten-
tiation in the CA1 region of rat hippocampus. Neuropharmacology. 2005;49(2):185–194.

143. Berridge KC, Kringelbach ML. Pleasure systems in the brain. Neuron. 2015;86(3):
646–664.

144. Guarraci FA, Frohardt RJ, Young SL, Kapp BS. A functional role for dopamine
transmission in the amygdala during conditioned fear. Ann NYAcad Sci. 1999;877:
732–736.

145. Guarraci FA, Kapp BS. An electrophysiological characterization of ventral tegmental
area dopaminergic neurons during differential Pavlovian fear conditioning in the awake
rabbit. BehavBrainRes. 1999;99(2):169–179.

146. Horvitz JC. Mesolimbocortical and nigrostriatal dopamine responses to salient non-
reward events. Neuroscience. 2000;96(4):651–656.

147. Joshua M, Adler A, Mitelman R, Vaadia E, Bergman H. Midbrain dopaminergic
neurons and striatal cholinergic interneurons encode the difference between reward
and aversive events at different epochs of probabilistic classical conditioning trials. J
Neurosci. 2008;28(45):11673–11684.

148. Land BB, Bruchas MR, Schattauer S, et al. Activation of the kappa opioid receptor in
the dorsal raphe nucleus mediates the aversive effects of stress and reinstates drug
seeking. ProcNatl Acad SciUSA. 2009;106(45):19168–19173.

176 Kabirullah Lutfy and Nurulain T. Zaveri



149. Sora I, Wichems C, Takahashi N, et al. Cocaine reward models: conditioned place
preference can be established in dopamine- and in serotonin-transporter knockout
mice. ProcNatl AcadSci USA. 1998;95(13):7699–7704.

150. Hnasko TS, Sotak BN, Palmiter RD. Cocaine-conditioned place preference by dopa-
mine-deficient mice is mediated by serotonin. JNeurosci. 2007;27(46):12484–12488.

151. Marquez P, Baliram R, Dabaja I, Gajawada N, Lutfy K. The role of beta-endorphin
in the acute motor stimulatory and rewarding actions of cocaine in mice.
Psychopharmacology(Berl). 2008;197(3):443–448.

152. Marquez P, Bebawy D, Lelievre V, et al. The role of endogenous PACAP in motor
stimulation and conditioned place preference induced by morphine in mice.
Psychopharmacology(Berl). 2009;204(3):457–463.

153. Sora I, Hall FS, Andrews AM, et al. Molecular mechanisms of cocaine reward: com-
bined dopamine and serotonin transporter knockouts eliminate cocaine place prefer-
ence. ProcNatl AcadSci USA. 2001;98(9):5300–5305.

154. Khroyan TV, Barrett-Larimore RL, Rowlett JK, Spealman RD. Dopamine D1- and
D2-like receptor mechanisms in relapse to cocaine-seeking behavior: effects of selective
antagonists and agonists. JPharmacol ExpTher. 2000;294(2):680–687.

155. Koob GF, Le HT, Creese I. The D1 dopamine receptor antagonist SCH 23390 increases
cocaine self-administration in the rat. NeurosciLett. 1987;79(3):315–320.

156. Self DW, Barnhart WJ, Lehman DA, Nestler EJ. Opposite modulation of cocaine-
seeking behavior by D1- and D2-like dopamine receptor agonists. Science. 1996;271
(5255):1586–1589.

157. Di Giannuario A, Pieretti S, Catalani A, Loizzo A. Orphanin FQ reduces morphine-
induced dopamine release in the nucleus accumbens: a microdialysis study in rats.
Neurosci Lett. 1999;272(3):183–186.

158. Gavioli EC, Calo G. Nociceptin/orphanin FQ receptor antagonists as innovative
antidepressant drugs. PharmacolTher. 2013;140(1):10–25.

159. Le Maitre E, Dourmap N, Vilpoux C, et al. Acute and subchronic treatments with
selective serotonin reuptake inhibitors increase Nociceptin/Orphanin FQ (NOP)
receptor density in the rat dorsal raphe nucleus; interactions between nociceptin/
NOP system and serotonin. BrainRes. 2013;1520:51–60.

160. Lu N, Han M, Yang ZL, Wang YQ, Wu GC, Zhang YQ. Nociceptin/Orphanin FQ in
PAG modulates the release of amino acids, serotonin and norepinephrine in the rostral
ventromedial medulla and spinal cord in rats. Pain. 2010;148(3):414–425.

161. Mela F, Marti M, Ulazzi L, et al. Pharmacological profile of nociceptin/orphanin FQ
receptors regulating 5-hydroxytryptamine release in the mouse neocortex. Eur J
Neurosci. 2004;19(5):1317–1324.

162. Nazzaro C, Marino S, Barbieri M, Siniscalchi A. Inhibition of serotonin outflow by
nociceptin/orphanin FQ in dorsal raphe nucleus slices from normal and stressed rats:
role of corticotropin releasing factor. Neurochem Int. 2009;54(5–6):378–384.

163. Tao R, Ma Z, Thakkar MM, McCarley RW, Auerbach SB. Nociceptin/orphanin FQ
decreases serotonin efflux in the rat brain but in contrast to a kappa-opioid has no
antagonistic effect on mu-opioid-induced increases in serotonin efflux. Neuroscience.
2007;147(1):106–116.

164. Ciccocioppo R, Angeletti S, Sanna PP, Weiss F, Massi M. Effect of nociceptin/orphanin
FQ on the rewarding properties of morphine. EurJPharmacol. 2000;404(1–2):153–159.

165. Kuzmin A, Kreek MJ, Bakalkin G, Liljequist S. The nociceptin/orphanin FQ receptor
agonist Ro 64-6198 reduces alcohol self-administration and prevents relapse-like alco-
hol drinking. Neuropsychopharmacology. 2007;32(4):902–910.

166. Kuzmin A, Sandin J, Terenius L, Ogren SO. Acquisition, expression, and reinstatement
of ethanol-induced conditioned place preference in mice: effects of opioid receptor-like
1 receptor agonists and naloxone. JPharmacolExpTher. 2003;304(1):310–318.

The Nociceptin Receptor as an Emerging Molecular Target for Cocaine Addiction 177



167. Murphy NP, Lee Y, Maidment NT. Orphanin FQ/nociceptin blocks acquisition of
morphine place preference. BrainRes. 1999;832(1–2):168–170.

168. Rademacher DJ, Steinpreis RE. Effects of the selective mu(1)-opioid receptor antag-
onist, naloxonazine, on cocaine-induced conditioned place preference and locomotor
behavior in rats. Neurosci Lett. 2002;332(3):159–162.

169. Olive MF, Koenig HN, Nannini MA, Hodge CW. Stimulation of endorphin neuro-
transmission in the nucleus accumbens by ethanol, cocaine, and amphetamine. J
Neurosci. 2001;21(23):RC184.

170. Roth-Deri I, Mayan R, Yadid G. A hypothalamic endorphinic lesion attenuates acqui-
sition of cocaine self-administration in the rat. Eur Neuropsychopharmacol. 2006;16(1):
25–32.

171. Roth-Deri I, Schindler CJ, Yadid G. A critical role for beta-endorphin in cocaine-
seeking behavior. Neuroreport. 2004;15(3):519–521.

172. Roth-Deri I, Zangen A, Aleli M, et al. Effect of experimenter-delivered and self-
administered cocaine on extracellular beta-endorphin levels in the nucleus accumbens.
J Neurochem. 2003;84(5):930–938.

173. Dikshtein Y, Barnea R, Kronfeld N, et al. beta-endorphin via the delta opioid receptor
is a major factor in the incubation of cocaine craving. Neuropsychopharmacology. 2013;38
(12):2508–2514.

174. Nguyen AT, Marquez P, Hamid A, Kieffer B, Friedman TC, Lutfy K. The rewarding
action of acute cocaine is reduced in beta-endorphin deficient but not in mu opioid
receptor knockout mice. Eur J Pharmacol. 2012;686(1–3):50–54.

175. Bailey A, Yuferov V, Bendor J, et al. Immediate withdrawal from chronic “binge”
cocaine administration increases mu-opioid receptor mRNA levels in rat frontal cortex.
BrainResMol BrainRes. 2005;137(1–2):258–262.

176. Fagergren P, Smith HR, Daunais JB, Nader MA, Porrino LJ, Hurd YL. Temporal
upregulation of prodynorphin mRNA in the primate striatum after cocaine self-admin-
istration. Eur J Neurosci. 2003;17(10):2212–2218.

177. Hurd YL, Svensson P, Ponten M. The role of dopamine, dynorphin, and CART systems
in the ventral striatum and amygdala in cocaine abuse. Ann NYAcad Sci. 1999;877:
499–506.

178. Schlussman SD, Zhang Y, Yuferov V, LaForge KS, Ho A, Kreek MJ. Acute ‘binge’
cocaine administration elevates dynorphin mRNA in the caudate putamen of C57BL/
6J but not 129/J mice. BrainRes. 2003;974(1–2):249–253.

179. Turchan J, Maj M, Przewlocka B, Przewlocki R. Effect of cocaine and amphetamine on
biosynthesis of proenkephalin and prodynorphin in some regions of the rat limbic
system. PolJ Pharmacol. 2002;54(4):367–372.

180. Werme M, Thoren P, Olson L, Brene S. Running and cocaine both upregulate dynor-
phin mRNA in medial caudate putamen. Eur J Neurosci. 2000;12(8):2967–2974.

181. Zhang Y, Schlussman SD, Butelman ER, Ho A, Kreek MJ. Effects of withdrawal from
chronic escalating-dose binge cocaine on conditioned place preference to cocaine and
striatal preproenkephalin mRNA in C57BL/6J mice. Neuropharmacology. 2012;63(2):
322–329.

182. Mogil JS, Grisel JE, Reinscheid RK, Civelli O, Belknap JK, Grandy DK. Orphanin FQ
is a functional anti-opioid peptide. Neuroscience. 1996;75(2):333–337.

183. Zakarian S, Smyth D. Distribution of active and inactive forms of endorphins in rat
pituitary and brain. ProcNatl Acad SciUSA. 1979;76(11):5972–5976.

184. Zakarian S, Smyth DG. Distribution of beta-endorphin-related peptides in rat pituitary
and brain. BiochemJ. 1982;202(3):561–571.

185. Spanagel R, Herz A, Shippenberg TS. Identification of the opioid receptor types
mediating beta-endorphin-induced alterations in dopamine release in the nucleus
accumbens. Eur J Pharmacol. 1990;190(1–2):177–184.

178 Kabirullah Lutfy and Nurulain T. Zaveri



186. Koob GF, Le Moal M. Drug abuse: hedonic homeostatic dysregulation. Science.
1997;278(5335):52–58.

187. Dembo R, Dertke M, Borders S, Washburn M, Schmeidler J. The relationship between
physical and sexual abuse and tobacco, alcohol, and illicit drug use among youths in a
juvenile detention center. IntJAddict. 1988;23(4):351–378.

188. Dembo R, Williams L, Berry E, et al. The relationship between physical and sexual
abuse and illicit drug use: a replication among a new sample of youths entering a juvenile
detention center. IntJAddict. 1988;23(11):1101–1123.

189. Harrison PA, Fulkerson JA, Beebe TJ. Multiple substance use among adolescent phys-
ical and sexual abuse victims. ChildAbuseNegl. 1997;21(6):529–539.

190. Widom CS. Posttraumatic stress disorder in abused and neglected children grown up.
AmJPsychiatry. 1999;156(8):1223–1229.

191. Kreek MJ, Koob GF. Drug dependence: stress and dysregulation of brain reward path-
ways. Drug Alcohol Depend. 1998;51(1–2):23–47.

192. Kosten TA, Miserendino MJ, Kehoe P. Enhanced acquisition of cocaine self-adminis-
tration in adult rats with neonatal isolation stress experience. Brain Res. 2000;875
(1–2):44–50.

193. Sinha R. How does stress increase risk of drug abuse and relapse? Psychopharmacology
(Berl). 2001;158(4):343–359.

194. Zorrilla EP, Logrip ML, Koob GF. Corticotropin releasing factor: a key role in the
neurobiology of addiction. FrontNeuroendocrinol. 2014;35(2):234–244.

195. Ciccocioppo R, Martin-Fardon R, Weiss F, Massi M. Nociceptin/orphanin FQ inhi-
bits stress- and CRF-induced anorexia in rats. Neuroreport. 2001;12(6):1145–1149.

196. Fernandez F, Misilmeri MA, Felger JC, Devine DP. Nociceptin/orphanin FQ increases
anxiety-related behavior and circulating levels of corticosterone during neophobic tests
of anxiety. Neuropsychopharmacology. 2004;29(1):59–71.

197. Green MK, Barbieri EV, Brown BD, Chen KW, Devine DP. Roles of the bed nucleus of
stria terminalis and of the amygdala in N/OFQ-mediated anxiety and HPA axis acti-
vation. Neuropeptides. 2007;41(6):399–410.

198. Jenck F, Wichmann J, Dautzenberg FM, et al. A synthetic agonist at the orphanin FQ/
nociceptin receptor ORL1: anxiolytic profile in the rat. ProcNatlAcadSciUSA. 2000;97
(9):4938–4943.

199. Wichmann J, Adam G, Rover S, et al. Synthesis of (1S,3aS)-8-(2,3,3a, 4,5, 6-hexahy-
dro-1H-phenalen-1-yl)-1-phenyl-1,3,8-triaza-spiro[4. 5]decan-4-one, a potent and
selective orphanin FQ (OFQ) receptor agonist with anxiolytic-like properties. Eur J
Med Chem. 2000;35(9):839–851.

200. Gavioli EC, Rizzi A, Marzola G, Zucchini S, Regoli D, Calo G. Altered anxiety-related
behavior in nociceptin/orphanin FQ receptor gene knockout mice. Peptides. 2007;28
(6):1229–1239.

201. Aujla H, Nedjadrasul D. Low-dose Nociceptin/Orphanin FQ reduces anxiety-like
performance in alcohol-withdrawn, but not alcohol-naive, male Wistar rats.
Neuropharmacology. 2015;93:1–6.

202. Karler R, Calder LD, Chaudhry IA, Turkanis SA. Blockade of “reverse tolerance” to
cocaine and amphetamine by MK-801. LifeSci. 1989;45(7):599–606.

203. Hemby SE, Horman B, Tang W. Differential regulation of ionotropic glutamate recep-
tor subunits following cocaine self-administration. BrainRes. 2005;1064(1–2):75–82.

204. Koob GF, Nestler EJ. The neurobiology of drug addiction. J Neuropsychiatry Clin
Neurosci. 1997;9(3):482–497.

205. Purgianto A, Scheyer AF, Loweth JA, Ford KA, Tseng KY, Wolf ME. Different
adaptations in AMPA receptor transmission in the nucleus accumbens after short vs
long access cocaine self-administration regimens. Neuropsychopharmacology. 2013;38(9):
1789–1797.

The Nociceptin Receptor as an Emerging Molecular Target for Cocaine Addiction 179



206. Bouton ME. Context, ambiguity, and unlearning: sources of relapse after behavioral
extinction. Biol Psychiatry. 2002;52(10):976–986.

207. Bouton ME. The other learning process in substance abuse: comment on Alessi, Roll,
Reilly, and Johanson (2002). Exp Clin Psychopharmacol. 2002;10(2):84–86. discussion
101–103..

208. Childress AR, Mozley PD, McElgin W, Fitzgerald J, Reivich M, O’Brien CP. Limbic
activation during cue-induced cocaine craving. AmJ Psychiatry. 1999;156(1):11–18.

209. Fuchs RA, Branham RK, See RE. Different neural substrates mediate cocaine seeking
after abstinence versus extinction training: a critical role for the dorsolateral caudate-
putamen. J Neurosci. 2006;26(13):3584–3588.

210. McLaughlin J, See RE. Selective inactivation of the dorsomedial prefrontal cortex and
the basolateral amygdala attenuates conditioned-cued reinstatement of extinguished
cocaine-seeking behavior in rats. Psychopharmacology(Berl). 2003;168(1–2):57–65.

211. O’Brien CP, Childress AR, McLellan T, Ehrman R. Integrating systemic cue exposure
with standard treatment in recovering drug dependent patients. Addict Behav. 1990;15
(4):355–365.

212. Hunt WA, Barnett LW, Branch LG. Relapse rates in addiction programs. JClinPsychol.
1971;27(4):455–456.

213. Oslin D, Liberto JG, O’Brien J, Krois S, Norbeck J. Naltrexone as an adjunctive
treatment for older patients with alcohol dependence. AmJ Geriatr Psychiatry. 1997;5
(4):324–332.

214. Wydra K, Golembiowska K, Zaniewska M, et al. Accumbal and pallidal dopamine,
glutamate and GABA overflow during cocaine self-administration and its extinction in
rats. Addict Biol. 2013;18(2):307–324.

215. Fischer KD, Houston AC, Rebec GV. Role of the major glutamate transporter GLT1 in
nucleus accumbens core versus shell in cue-induced cocaine-seeking behavior. J
Neurosci. 2013;33(22):9319–9327.

216. Li X, Markou A. Metabotropic Glutamate Receptor 7 (mGluR7) as a target for the
treatment of psychostimulant dependence. CNS Neurol Disord DrugTargets. 2015;14
(6):738–744.

217. Loweth JA, Scheyer AF, Milovanovic M, et al. Synaptic depression via mGluR1 positive
allosteric modulation suppresses cue-induced cocaine craving. Nat Neurosci. 2014;17
(1):73–80.

218. Loweth JA, Tseng KY, Wolf ME. Adaptations in AMPA receptor transmission in the
nucleus accumbens contributing to incubation of cocaine craving. Neuropharmacology.
2014;76 Pt B:287–300.

219. Goeldner C, Reiss D, Wichmann J, Kieffer BL, Ouagazzal AM. Activation of noci-
ceptin opioid peptide (NOP) receptor impairs contextual fear learning in mice through
glutamatergic mechanisms. NeurobiolLearnMem. 2009;91(4):393–401.

220. Goeldner C, Reiss D, Wichmann J, Meziane H, Kieffer BL, Ouagazzal AM. Nociceptin
receptor impairs recognition memory via interaction with NMDA receptor-dependent
mitogen-activated protein kinase/extracellular signal-regulated kinase signaling in the
hippocampus. J Neurosci. 2008;28(9):2190–2198.

221. Mamiya T, Yamada K, Miyamoto Y, et al. Neuronal mechanism of nociceptin-induced
modulation of learning and memory: involvement of N-methyl-D-aspartate receptors.
Mol Psychiatry. 2003;8(8):752–765.

222. Wei WZ, Xie CW. Orphanin FQ suppresses NMDA receptor-dependent long-term
depression and depotentiation in hippocampal dentate gyrus. Learn Mem. 1999;6(5):
467–477.

223. Yu TP, Xie CW. Orphanin FQ/nociceptin inhibits synaptic transmission and long-term
potentiation in rat dentate gyrus through postsynaptic mechanisms. J Neurophysiol.
1998;80(3):1277–1284.

180 Kabirullah Lutfy and Nurulain T. Zaveri



224. Hyman SE, Malenka RC, Nestler EJ. Neural mechanisms of addiction: the role of
reward-related learning and memory. AnnuRev Neurosci. 2006;29:565–598.

225. Nestler EJ, Landsman D. Learning about addiction from the genome. Nature. 2001;409
(6822):834–835.

226. Hyman SE, Malenka RC. Addiction and the brain: the neurobiology of compulsion and
its persistence. Nat Rev Neurosci. 2001;2(10):695–703.

227. Foltin RW, Haney M. Conditioned effects of environmental stimuli paired with smoked
cocaine in humans. Psychopharmacology(Berl). 2000;149(1):24–33.

228. Grant S, London ED, Newlin DB, et al. Activation of memory circuits during cue-
elicited cocaine craving. ProcNatl AcadSci USA. 1996;93(21):12040–12045.

229. Yu TP, Fein J, Phan T, Evans CJ, Xie CW. Orphanin FQ inhibits synaptic transmission
and long-term potentiation in rat hippocampus. Hippocampus. 1997;7(1):88–94.

230. Redrobe JP, Calo G, Guerrini R, Regoli D, Quirion R. [Nphe(1)]-Nociceptin (1-13)-
NH(2), a nociceptin receptor antagonist, reverses nociceptin-induced spatial memory
impairments in the Morris water maze task in rats. Br J Pharmacol. 2000;131(7):
1379–1384.

231. Sandin J, Georgieva J, Schott PA, Ogren SO, Terenius L. Nociceptin/orphanin FQ
microinjected into hippocampus impairs spatial learning in rats. Eur J Neurosci. 1997;9
(1):194–197.

232. Fornari RV, Soares JC, Ferreira TL, Moreira KM, Oliveira MG. Effects of nociceptin/
orphanin FQ in the acquisition of contextual and tone fear conditioning in rats. Behav
Neurosci. 2008;122(1):98–106.

233. Higgins GA, Kew JN, Richards JG, et al. A combined pharmacological and genetic
approach to investigate the role of orphanin FQ in learning and memory. EurJNeurosci.
2002;15(5):911–922.

234. Roozendaal B, Lengvilas R, McGaugh JL, Civelli O, Reinscheid RK. Orphanin FQ/
nociceptin interacts with the basolateral amygdala noradrenergic system in memory
consolidation. LearnMem. 2007;14(1–2):29–35.

235. Mamiya T, Noda Y, Nishi M, Takeshima H, Nabeshima T. Enhancement of spatial
attention in nociceptin/orphanin FQ receptor-knockout mice. Brain Res. 1998;783
(2):236–240.

236. Manabe T, Noda Y, Mamiya T, et al. Facilitation of long-term potentiation and memory
in mice lacking nociceptin receptors. Nature. 1998;394(6693):577–581.

237. Renthal W, Nestler EJ. Histone acetylation in drug addiction. Semin Cell Dev Biol.
2009;20(4):387–394.

238. Kurdistani SK, Tavazoie S, Grunstein M. Mapping global histone acetylation patterns to
gene expression. Cell. 2004;117(6):721–733.

239. Strahl BD, Allis CD. The language of covalent histone modifications. Nature. 2000;403
(6765):41–45.

240. Schmidt HD, McGinty JF, West AE, Sadri-Vakili G. Epigenetics and psychostimulant
addiction. ColdSpring HarbPerspectMed. 2013;3(3):a012047.

241. Kumar A, Choi KH, Renthal W, et al. Chromatin remodeling is a key mechanism
underlying cocaine-induced plasticity in striatum. Neuron. 2005;48(2):303–314.

242. Renthal W, Maze I, Krishnan V, et al. Histone deacetylase 5 epigenetically controls
behavioral adaptations to chronic emotional stimuli. Neuron. 2007;56(3):517–529.

243. Malvaez M, Sanchis-Segura C, Vo D, Lattal KM, Wood MA. Modulation of chromatin
modification facilitates extinction of cocaine-induced conditioned place preference.
Biol Psychiatry. 2010;67(1):36–43.

244. Levine AA, Guan Z, Barco A, Xu S, Kandel ER, Schwartz JH. CREB-binding protein
controls response to cocaine by acetylating histones at the fosB promoter in the mouse
striatum. ProcNatlAcadSci USA. 2005;102(52):19186–19191.

The Nociceptin Receptor as an Emerging Molecular Target for Cocaine Addiction 181


	The Nociceptin Receptor as�an�Emerging Molecular Target�for Cocaine Addiction
	Abstract
	1 Introduction
	2 Orphanin FQ/Nociceptin/NOPr System
	2.1 Effects of Exogenous OFQ/N on the Actions of Cocaine
	2.2 Endogenous OFQ/N as a Brake to the Rewarding �and Addictive Actions of Cocaine
	2.3 Effect of Small-Molecule NOPr Agonists on Actions of�Cocaine

	3 Molecular Mechanisms of Cocaine Addiction
	3.1 OFQ/N Alters the Positive Reinforcing Action of Cocaine
	3.2 OFQ/N as an Antiopioid Peptide in the Brain to Reduce Actions of Cocaine
	3.3 OFQ/N as an Antistress Peptide in the Brain
	3.4 OFQ/N Alters Glutamate-Mediated Neuronal Plasticity
	3.5 Mnemonic Effects of OFQ/N and Cocaine Addiction
	3.6 The OFQ/N&ndash;NOPr System and Gene Expression

	4 Conclusions
	References




