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Abstract Relapse is a major clinical problem and

remains a major challenge in the treatment of addictions. A

goal of current research is to gain a greater understanding

of the neurochemistry underlying relapse to opiate use.

Factors which trigger relapse in humans such as stress,

exposure to opiates and/or drug-associated cues, can also

trigger opiate-seeking in animals. This review will over-

view preclinical studies relating to the neurochemistry of

opiate-seeking with a focus on studies published from 2005

to present.
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Opiate Use

Opiates as a drug class represent the single largest contri-

bution to illicit drug-related mortality and morbidity

worldwide and remain a major clinical problem for drug

treatment [1]. There are an estimated 15.6 million people

who abuse opiates globally, 11 million of which abuse

heroin [2]. It is not surprising, therefore, that opiates

account for some 60% of treatment demand in Asia and

Europe, heroin remaining the major problem drug in these

regions [2]. Countries experiencing increasing heroin

problems include those surrounding Afghanistan, as well as

Russia, India and parts of Africa [2].

In countries such as Australia and the United States

heroin use has decreased over the last decade, though in its

place has emerged a new problem in the form of illicit drug

markets for diverted pharmaceutical opiates such as mor-

phine, oxycodone and buprenorphine [3–5]. In Australia,

for example, the number of prison inmates testing positive

for heroin has decreased two-thirds in the last 6 years

whereas the percentage testing positive for opiates other

than heroin has increased by the approximately the same

amount [2, 6]. In the United States the situation is even

more concerning; results from the latest National Survey

on Drug Use and Health (NSDUH) show that 5.2 million

people over the age of 12 had abused prescription opiate

analgesics in the past month, making this drug category

2nd only to cannabis with respect to prevalence of use. The

opiate analgesic category also had the most number of

people who had recently begun using, with 2.2 million

people having initiated use in the past 12 months. Of

particular concern is the fact that 10% of 12th graders

reported having used a drug from this class [4].

In the U.S., prescriptions for opiates have escalated from

around 40 million in 1991 to nearly 180 million in 2007.

The U.S., absorbs 99% of the world’s hydrocodone and

71% of its oxycodone [7]. The problem is only predicted to

get worse, with one report estimating the baby boomers’

non-medical use of prescription medications to increase

190% by the year 2020 [8].
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Opiate Addiction

Any degree of non-medical opiate use carries with it a level

of risk as the dependence liability of opiates is very high. In

addition, there is a serious risk of overdose by respiratory

depression with this class of drugs. With repeated use,

opiates cause long-lasting chemical and neuronal adapta-

tions in the brain. These changes produce tolerance,

physical dependence and can ultimately result in the dis-

ease state known as addiction (for a recent review see [9]).

Addiction is a chronic, relapsing disorder characterised by

compulsive drug-taking and drug-seeking behaviour. In

addicted individuals this compulsive behaviour often takes

place at the expense of other activities and persists despite

potentially adverse consequences such as risk of HIV

infection and incarceration.

Though not everyone who uses opiates becomes addic-

ted, the numbers are substantial. One Australian report

found that *30% of people who try heroin become

addicted [10]. Of the 5.2 million people who had used

prescription opiates in the U.S., 1.7 million are classified as

dependent. Add to that the 213,000 heroin dependent

individuals and there are nearly two million opiate

dependent individuals in the U.S., alone [4].

Relapse

A central problem facing the treatment of opiate addiction

is the enduring vulnerability to relapse displayed by opiate

users irrespective of the time spent abstinent [11, 12]. Even

with successful detoxification and the most sincere of

intentions during abstinence, relapse can be an insur-

mountable challenge for many addicted individuals [13].

For example, relapse rates for heroin users in treatment

programs are approximately 60% after 3 months and

75–85% after 12 months of abstinence [14]. Craving and

relapse can be precipitated by a number of factors such as

stress, exposure to opiate associated stimuli, the aversive

and anxiogenic/dysphoric nature of both acute withdrawal

and protracted abstinence periods, and exposure to the drug

itself. Drug craving has been described as a subjective

affective state experienced by humans which motivates

them to seek out drugs [11].

Current preclinical research into potential treatments for

opiate addiction is focused on the prevention of relapse

through gaining a greater understanding of the neurobio-

logical processes underpinning this process. The aim of the

present work is to provide an updated overview of preclinical

studies relating to relapse to opiate-seeking. The literature up

to April 2005 has been comprehensively reviewed (for

example see [15–17]; hence the focus of this mini-review

will be studies published between April 2005 to present.

Animal Models of Relapse

In order to elucidate the neurobiology of relapse to opiate-

seeking in humans, animal models of relapse have been

established. The reinstatement model of drug seeking

has been a popular model and use of this model has

increased substantially in the past decade. The reinstate-

ment model has been applied in different paradigms—

operant responding and conditioned place preference. In

the operant paradigm the animal is trained to perform an

instrumental task to self-administer a drug (generally by

pressing a lever or via a nose-poke) for a period of time.

This is followed by extinction training where no drug is

administered despite the animal responding on the drug-

paired manipulandum. Responding will typically spike in

what has been termed an ‘extinction burst’ and then

gradually decline to a level whereby the behaviour is

deemed extinguished (extinction criteria are typically

applied). Reinstatement of drug-seeking behaviour as

measured by responding on the drug-paired manipulandum

can be precipitated in a number of ways: with non-con-

tingent ‘priming’ injections of the drug [18], stressors [19,

20], and drug associated cues [21]. The fact that in humans

drug craving and relapse have been shown to be triggered

by similar factors [22, 23] gives this model an element of

construct validity which is appealing to researchers (for

reviews see [15, 24]). This model also has some predictive

validity as naltrexone decreases both heroin-primed rein-

statement in rats [25] and relapse to heroin use in abstinent

opiate users [26].

The conditioned place preference (CPP) paradigm has

also been utilised to study reinstatement of drug seeking in

animals. CPP is based on classical Pavlovian conditioning

principles whereby animals are conditioned to associate a

distinct environment (US) with a drug experience (CS). A

place preference is obtained when the animal chooses to

spend more time in the drug-paired environment when

given the choice after the conditioning period. As with the

operant self-administration paradigm, this association can

be extinguished and then reinstatement can be induced

either by non-contingent ‘priming’ injections of the drug

[27] or stress [28].

Opiate-Priming Induced Reinstatement of Opiate

Seeking

The acute rewarding effects of opiates are primarily due to

their actions on l-opioid receptors [29]. While found

throughout the brain, these receptors are located on

interneurons containing the inhibitory neurotransmitter

c-aminobutyric acid (GABA) which synapse on the cell

bodies of dopaminergic neurons of the mesocorticolimbic
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dopamine (DA) pathway in the ventral tegmental area

(VTA). Activation of l-opioid receptors causes disinhibi-

tion of this pathway, ultimately resulting in increased

levels of extra-cellular dopamine in the nucleus accumbens

(NAc) [30]. It is this increase in accumbal DA which is

thought to mediate the reinforcing effects of opiates [31].

Not surprisingly, previous neuroanatomical studies sug-

gest that the mesocorticolimbic DA system plays a critical

role in opiate-induced reinstatement [for review see 15, 16].

Indeed, Robinson and Berridge [32] postulate that drug

priming reinstates drug-seeking behaviour by activating the

mesolimbic dopaminergic incentive motivation system.

Early studies showed that activation of midbrain DA neurons

by morphine infusions reinstates heroin-seeking [33]. More

recently, the same was shown with systemic cocaine and

amphetamine and reinstatement of extinguished morphine

CPP in mice [34]. Systemic injections of dopamine receptor

antagonists or opioid receptor antagonists, on the other hand,

have been found to block reinstatement in an operant para-

digm induced by priming injections of heroin [25]. Inter-

estingly, two of the same DA receptor antagonists, as well as

a DA release inhibitor did not prevent reinstatement of

morphine primed CPP in mice [35], possibly indicating

differences between these two reinstatement paradigms with

respect to the underlying neurochemistry involved.

Further evidence of the involvement of the mesocorti-

colimbic pathway in opiate-primed reinstatement is pro-

vided by the finding that lesions of the VTA or the NAc

shell (but not NAc as a whole, nor the NAc core) attenuate

morphine-induced reinstatement of morphine CPP [36]. In

addition, a potential role for noradrenaline (NA) released

from the prefrontal cortex (PFC) in opiate-induced rein-

statement was proposed by Ventura and colleagues [37].

They found that morphine-induced elevations in PFC NA

mediate morphine-induced DA release in the NAc and

morphine-induced reinstatement of drug CPP.

Two other stress-related mediators have been implicated

in opiate-primed reinstatement: a CRF1 antagonist injected

into the central amygdala (CeA) or NAc (but not BNST)

has been shown to block morphine induced reinstatement

of morphine CPP [38] and the selective vasopressin V1b

receptor antagonist SSR149415 was shown to block her-

oin-primed heroin-seeking in rats when injected systemi-

cally [39]. Another neuropeptide family has been

implicated in reinstatement of morphine-induced CPP:

orexins have been traditionally implicated in arousal and

sleep yet recently Harris and colleagues demonstrated a

role for orexins in reinstatement of morphine CPP in mice

[40]. They found that activation of orexin neurons in the

lateral hypothalamus (LH) or injection of orexin A into the

VTA reinstates morphine CPP similar to morphine. This

was found to be blocked by systemic administration of an

orexin1 receptor antagonist.

These findings suggest there are non-dopaminergic

components to opiate-induced opiate-seeking. Indeed, a

number of recent studies have implicated glutamatergic

mechanisms in this behaviour. Firstly, two independent

studies have found that N-methyl-D-aspartic acid (NMDA)

antagonists blocked reinstatement of morphine-induced

CPP in mice [35, 41], the former study also finding that DA

antagonists were not capable of doing the same. More

recently, Ma and colleagues demonstrated that systemic

administration of the NR2B subunit selective antagonist

ifenprodil attenuated the morphine-primed, but not stress-

induced, reinstatement of morphine CPP in rats [42].

Injections of ifenprodil into the NAc shell and CA1 region

of the hippocampus had the same effect, implicating these

structures within the circuitry behind the reinstatement of a

place preference.

The role of glutamate in both primed and cue-induced

heroin-seeking was confirmed with an elegant microdi-

alysis study which showed that increased glutamate in the

NAc core corresponded to the reinstatement behaviour

[43]. This increase in glutamate was blocked by tetrodo-

toxin (TTX) inhibition of glutamatergic afferents from the

prelimbic cortex and the behaviour was blocked by

antagonism of a-amino-3-hydroxyl-5-methyl-4-isoxazole-

propionate (AMPA)/kainate receptors by microinjections

of CNQX into the NAc core. Antagonism of DA D1 or D2

receptors in the accumbens core also blocked both heroin-

primed and cue-induced heroin-seeking, suggesting DA is

still implicated in these behaviours.

In terms of potential neuroanatomical substrates medi-

ating opiate-primed opiate-seeking, in addition to the

growing list (NAc core, shell, prefrontal cortex (PFC),

CeA, VTA, hippocampus) another suspect is the basolat-

eral amygdala (BLA). The BLA complex, which consists

of the basolateral, lateral, and basomedial amygdaloid

nuclei, has been postulated to mediate stimulus-reward

learning that allows drug-paired stimuli to acquire incen-

tive value and control over drug-seeking behaviour [44].

Thus, a role for the BLA was established in relation to cue-

induced opiate-seeking, though it is interesting that inac-

tivation of the BLA also attenuates heroin-primed

reinstatement as this is not the case with cocaine [45].

A comprehensive study involving the baclofen-muscimol

(BM) inactivation of multiple brain regions purported to be

involved in both drug-primed and cue-induced reinstate-

ment confirmed a role of the BLA in both of these forms of

reinstatement [46]. This indicates that the neuroanatomical

loci mediating reinstatement of opiate-seeking are not

identical to those mediating reinstatement of cocaine-seek-

ing. Indeed, many other regions not implicated in cocaine-

seeking were identified in this study. Other brain nuclei that

make up the circuitry of opiate-primed opiate-seeking

include the extended amygdala (CeA, NAc shell, bed
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nucleus of the stria terminalis (BNST)), both the dorsal and

ventral PFC, caudate putamen (CPu), ventral pallidum (VP)

and substantia nigra (SN). Of these it was the BNST,

NAc shell, ventral PFC which were not implicated in

cocaine-induced reinstatement, indicating the neurocircuit-

ry underlying opiate reinstatement is more diffuse than that

underlying cocaine reinstatement. The authors note that

these data are consistent with literature suggesting

that neuroadaptations produced by chronic psychostimulant

versus opiate administration show overlapping, yet diver-

gent properties [47, 48].

Despite the fact that previous studies have shown that

the effects of heroin and dopaminergic drugs on rein-

statement is highly correlated with their ability to induce

locomotor sensitization [48–50], a recent study using an

escalating model of heroin use found that rats on this

protocol displayed robust heroin-priming induced rein-

statement without a concurrent sensitization to the loco-

motor effects of heroin [51].

In terms of molecular mechanisms underlying opiate-

primed reinstatement, one study has shown that in rats

trained to self-administer heroin, infusion of antisense

oligonucleotides to knockdown expression of activator of

G protein signalling 3 (AGS3) in the NAc core, but not

shell, prevents reinstatement of heroin-priming induced

heroin-seeking yet has no effect on heroin self-adminis-

tration [52]. AGS3 regulates G protein signalling in the

NAc [53] and binds the Ga component of G proteins,

hence, in the case of opioid receptors; the bound form of

Ga does not inhibit adenylate cyclase. This finding is of

interest as it implicates the l-opioid receptor-mediated

inhibition of adenylate cyclase (hence protein kinase A

(PKA) signalling and CRE-mediated gene expression)

specifically in the reinstatement of heroin-seeking.

The same group 1 year later reported that l-opioid

receptors act synergistically with cannabinoid CB1 recep-

tors on cAMP/PKA signalling in striatal neurons and that

this synergy was dependent on adenosine A2A receptor

activation [54]. The observation was made that an adeno-

sine A2A receptor antagonist injected either systemically or

in the NAc, completely abolished heroin-priming induced

heroin seeking. This not only further demonstrates the

importance of the NAc in opiate-induced opiate-seeking

but implicates both adenosine and cannabinoid systems in

the neurobiology underlying this behaviour.

Both CB1 and A2A receptors are located in the NAc [55,

56], been shown to co-localise, form heterodimers in

expression systems and functionally interact both in vitro

and in vivo [57]. Not surprisingly, there are substantial data

implicating both these G protein coupled receptors in

opiate reward and plasticity. The CB1 agonist HU-210

reinstates heroin-seeking behaviour and the CB1 antago-

nist Rimonabant attenuates both opiate-primed and

cue-induced opiate seeking (reviewed by [58]). The liter-

ature on interactions between adenosinergic and opioider-

gic systems spans some 30 years (for review see [59]) and

recently a differential role for the A2A receptor was found

in opiate reinforcement versus opiate seeking behaviour in

A2A knockout mice [60]. Not only does adenosine appear

to interact with endogenous cannabinoids to facilitate

opiate-induced opiate-seeking but there is also the possi-

bility that adenosine A2A receptors functionally interact

with other receptors to modulate this behaviour. Presyn-

aptic adenosine A2A receptors also form heterodimers with

adenosine A1 receptors and regulate glutamate input into

the NAc [61], so given the proposed role of glutamate in

opiate-induced opiate-seeking suggested previously, the

proposed role of adenosine could be via this mechanism.

Interestingly, synergistic interactions between adenosine

A2A and glutamate mGlu5 receptors have recently been

demonstrated to regulate alcohol-seeking in rats [62].

Future studies should examine whether this interaction

extends to opiate-seeking.

A GABAergic mechanism to opiate-primed reinstate-

ment of opiate-seeking has also been proposed. Systemic

administration of the GABAB agonist baclofen has been

shown to dose-dependently attenuate heroin-primed her-

oin-seeking behaviour in rats [63]. The GABAergic system

is closely connected to the mesolimbic dopaminergic sys-

tem, particularly through GABAB receptors has been pos-

tulated to be involved the reinforcing effects of drugs of

abuse [64, 65]. Supporting these preclinical findings, clin-

ical trials have shown that baclofen has the capacity to

decrease craving for cocaine [66] as well as cocaine use in

non-opioid dependent cocaine users [67]. An additional

clinically relevant observation is that heroin-primed but not

stress-induced heroin-seeking is attenuated in buprenor-

phine maintained rats [68].

Table 1 and Fig. 1a summarise the various manipula-

tions of opiate-primed reinstatement described above.

Figure 1a provides a schematic of the potential neurocir-

cuitry underlying this behaviour as suggested by the liter-

ature to date (with a focus on studies published from 2005

onwards).

Stress-Induced Reinstatement of Opiate Seeking

Stress represents a substantial risk factor for opiate relapse

in humans [69]. For example, opiate dependent individuals

exposed to stress related imagery report increased craving

and anxiety as well as an increased cardiovascular response

[70]. In cocaine addicts, psychological stress increases drug

cravings [71] and stress-induced hypothalamic-pituitary-

adrenal (HPA) axis responses predict amounts of

subsequent drug use [72]. In attempting to model stress-
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Table 1 Summary table of the findings regarding various manipulations of reinstatement to opiate-seeking (both operant and CPP)

Reinstatement induced by

Manipulation Drug priming Stress Cues

Amphetamine ** – –

Cocaine ** – –

DA antagonists X (core & i.p.)

No effect*

No effect (selective)

X (mixed D1/D2)

X (core & i.p.)

X (shellc)

X (cored)

Opioid antagonists X No effect –

NMDA antagonists

NR2B selective antagonist

X (NAc & i.p.)*

X (shell, CA1 & i.p.)*

No effect* –

AMPA/Kainate antagonists X (core) – X (core)

mGlu2/3 R agonists X (i.p.d/c)

X(VTA, shellc)

X (cored)

CRF antagonist X

X (CeA & NAc)*

No effect (BNST)*

X

X (BNST)*

No effect (CeA, NAc)*

–

Orexin A * (VTA)* – –

a2 adrenoceptor agonist – X

X (BNST)*

No effect (LC)*

–

CB1 agonist * – –

Leptin No effect X (food deprivation)

No effect (footshock)

–

Vasopressin antagonist X X –

Adenosine A2A antagonist X (NAc & i.p.) – –

CB1 antagonist X – X

GABAB agonist X – –

Acetylcholinesterase

inhibitor

– – X (NAc)

N-Acetylcysteine – – X

Lesions X (VTA, CPu, SN, VP, PFC, core, shell)

X (BLA, CeA, BNST)

X (NAc, shell, VTA)*

No effect (core, CeA)*

X (PFC noradrenergic afferents)*

X (CeA, shell)*

No effect (VTA, NAc & core)*

X (VNAB)*

X (PFC, core, CPu, SN, VP, CPu)

X (BLA, CeA, ventral BNST)

No effect (VTA, shell, dorsal BNST)

Activation * (orexin neurons in LH)* – –

Knockdown of AGS3 X (NAc core)

No effect (shell)

– –

‘‘*’’ represents a positive effect on reinstatement, ‘‘X’’ represents attenuation of reinstatement, ‘‘–’’ indicates that that particular experiment has

not been performed, ‘‘no effect’’ means there was no effect from that manipulation. When no anatomical structure is specified then the effect is

from a systemic injection. Superscript ‘‘d’’ indicates the finding relates to discrete cue-induced opiate-seeking specifically. Superscript ‘‘c’’

indicates the finding relates to contextual cue-induced opiate seeking specifically. ‘‘core’’ = nucleus accumbens core, ‘‘shell’’ = nucleus

accumbens shell. An asterix (*) indicates the finding relates to CPP as opposed to operant reinstatement. AMPA a-amino-3-hydroxyl-5-methyl-4-

isoxazole-propionate, BLA basolateral amygdala, BNST bed nucleus of the stria terminalis, vBNST ventral BNST only, CBs cannabinoids, CeA
central nucleus of the amygdala, CPu caudate putamen, CRF corticotropin releasing factor, DA dopamine, LC locus coeruleus, LH lateral

hypothalamus, NAc nucleus accumbens, NMDA N-methyl-D-aspartic acid, PFC prefrontal cortex, SN substantia nigra, VNAB ventral norad-

renergic bundle, VTA ventral tegmental area
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induced relapse to opiate-seeking in humans, researchers

have established that laboratory animals will reliably

reinstate opiate-seeking behaviour in response to various

stressors such as footshock [20, 73] and acute food depri-

vation [73, 74], as well as central administration of the

stress neurohormone corticotrophin-releasing factor (CRF)

[75]. In addition, systemic injections of the a2-adrenoceptor

antagonist, yohimbine, can also reinstate extinguished

drug-seeking in primates [76] and rodents [77]; however, to

date this method has not been widely adopted to study

opiate-seeking. Using the CPP reinstatement paradigm, a

recent study has also demonstrated that social stress is

effective in reinstating morphine induced place preference

in mice [78].

Research prior to 2005 identified CRF and noradrenaline

(NA), as having a critical role in footshock stress-induced

reinstatement of heroin seeking (reviewed in [16, 79]).

Administration of selective CRF1 antagonists attenuate

footshock-induced reinstatement in rats in both operant and

CPP paradigms via a mechanism independent of their

effect on the hypothalamic-pituitary-adrenal (HPA) axis

[16, 79]. A recent study provided insight into the ana-

tomical specificity of this blockade: Wang and colleagues

found that injections of CP-154,526 (a selective CRF1

antagonist) into the BNST, but not the CeA or NAc,

attenuated footshock-stress-induced reinstatement of mor-

phine CPP [38]. In contrast, injections into the CeA or

NAc, but not the BNST, attenuated morphine-priming

induced reinstatement of morphine CPP.

The finding that the BNST appears to be an anatomical

substrate for stress-induced opiate seeking is in agreement

with a previous study which showed that injection of clo-

nidine, an a2-adrenoceptor agonist, into the BNST but not

locus coeruleus (LC) attenuated the re-activation of mor-

phine CPP by footshock [80]. Together these findings

suggest that an interaction between CRF and NA in the

Fig. 1 Schematics showing some broad differences between neuro-

circuitry underlying three different types of reinstatement to opiate-

seeking behaviour: opiate-primed reinstatement (a), cue-induced

reinstatement (b) and stress-induced reinstatement (c). One tick

indicates that lesioning of that area causes a decrease in opiate-

seeking behaviour. Two ticks indicates that activation of those

neurons causes reinstatement of opiate-seeking behaviour. An

upwards pointing arrow indicates increased levels of this neurotrans-

mitter are associated with reinstatement as shown by microdialysis

studies. Superscript ‘‘d’’ indicates the finding relates to discrete cue-

induced opiate-seeking specifically. Superscript ‘‘c’’ indicates the

finding relates to contextual cue-induced opiate seeking specifically.

BLA basolateral amygdala, BNST bed nucleus of the stria terminalis,

vBNST ventral BNST only, eCBs endocannabinoids, CeA central

nucleus of the amygdala, CPu caudate putamen, CRF corticotropin

releasing factor, DA dopamine, Glu glutamate, IEG immediate early

genes, LH lateral hypothalamus, NA noradrenaline, NAc nucleus

accumbens, PFC prefrontal cortex, SN substantia nigra, VNAB ventral

noradrenergic bundle, VTA ventral tegmental area

c
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BNST mediates stress-induced reinstatement of opiate-

seeking. The involvement of the noradrenergic system in

this process has been confirmed further by studies showing

that a2-adrenoceptor agonists block footshock-induced

reinstatement in an operant paradigm for both heroin and

speedball (heroin and cocaine combination) [79, 81].

The anterolateral BNST receives one of the densest

noradrenergic inputs in the brain, being a major target of

the ventral noradrenergic bundle (VNAB) [82]. The VNAB

is one of the two main sources of NA in the brain and thus

VNAB lesioning results in the attenuation of footshock-

induced reactivation of morphine CPP [80], as well as

decreased conditioned place aversion induced by opiate

withdrawal [83].

Egli and colleagues provided further insight into how

NA may act in the BNST [82]. They showed that activation

of a- and b-adrenoceptors can robustly modulate synaptic

transmission in the BNST, with differential effects on

glutamate transmission in ventral and dorsal regions.

Recently, another group found that in the dorsal BNST,

low concentrations of dopamine enhance excitatory trans-

mission through activation of endogenous CRF signalling

[84]. Additionally, they showed that cocaine can enhance

NMDA receptor-dependent potentiation transiently in the

dorsal BNST through recruitment of endogenous dopamine

and CRF signalling. It was also found that the actions of

dopamine are activity-dependent and require intact CRF

receptor 1 signalling, suggesting that dopamine is causing

release of CRF in the BNST. Combined these data dem-

onstrate an interaction of the dopamine and CRF systems at

a circuit level that involves VTA dopaminergic regulation

of CRF function rather than the converse.

Previous research yields little data implicating dopamine

in stress-induced reinstatement of opiate-seeking, though in

light of the above findings we cannot rule out a role for

dopamine. Indeed a study by Wang and colleagues found

footshock stress increased VTA levels of dopamine, CRF

and glutamate [85]. A direct role for dopamine does not

seem likely though, as stress-induced reinstatement of

opiate-seeking is not blocked by selective dopamine

receptor antagonists or by naltrexone [25]. This is in con-

trast to opiate-primed reinstatement where both dopamine

and opioid systems have been implicated (see [16]). It

seems more likely therefore that in the case of stress-

induced reinstatement of opiate-seeking, the dopaminergic

system is indirectly involved; supporting this footshock-

induced reinstatement of heroin-seeking can be attenuated

by systemic administration a mixed D1/D2 receptor

antagonist [25].

A recent study implicates another stress-responsive

neurohormone in the neurochemistry of stress-induced

reinstatement. A selective antagonist of vasopressin V1b

receptors (SSR149415) was found to attenuate both

heroin-priming and footshock induced reinstatement of

heroin-seeking when injected systemically in rats [39].

This drug also blocked HPA axis activation by footshock

stress, and increased arginine vasopressin mRNA in the

amygdala of heroin withdrawn rats. These data suggest a

role for this neurohormone in the neurochemistry under-

lying stress-induced reinstatement. It is possible, therefore,

that not only CRF but also vasopressin could interact with

NA in the extended amygdala to regulate this behaviour.

Indeed, infusions of NA into the amygdala have been

shown to increase local vasopressin release [86].

As reviewed previously [16, 87] in contrast to the lit-

erature on footshock, there is relatively less on reinstate-

ment induced by food deprivation. Ventricular infusions of

leptin [88] attenuate food deprivation induced, but not

heroin priming or footshock induced reinstatement of

heroin seeking [74], via a corticosterone-independent CRF

mechanism [89]. The anatomical substrate is suggested to

be the prelimbic cortex [90].

Please refer to Table 1 and Fig. 1c for a summary and

visual depiction of the literature discussed above pertain-

ing to stress-induced reinstatement of opiate seeking

behaviour.

Drug-Associated Cues

Learned associations that develop between opiate users for

the drug and the environment in which they are consumed

are engendered through Pavlovian conditioning processes

[91]. This conditioned response is long-lasting and can

occur despite years of abstinence after drug use [22].

Opiate–associated stimuli can be divided into two main

categories: discrete cues such as drug paraphernalia which

are paired with the acute rewarding effects of the drug and

contextual cues such as a specific environment (e.g. an

injecting room) which predicts drug availability.

In the laboratory setting, discrete cues generally come

in the form of a stimulus light or tone which is paired

with a drug infusion, whereas contextual cues consist of

the ‘background setting’ such as the sound of the infusion

pump, the time of day of the session etc. Discriminative

cues are also used which indicate drug availability (S?),

hence ‘setting the occasion’ for engaging in drug-taking

behaviour e.g. the presence of an olfactory cue under the

active lever. Extinction training is performed in the

absence of cues (in the case of contextual cues, there

will be a different context for extinction training) so

that the association with the drug-paired cues is lost.

After extinction training or an appropriate withdrawal

period the cues are represented and drug-seeking mea-

sured operationally as responding on the drug-paired

manipulandum.
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Cue-Induced Reinstatement of Opiate-Seeking

The BLA plays a critical role in the acquisition of condi-

tioned responses to stimuli with motivational value [92, 93]

hence it is not surprising that converging evidence suggests

that the BLA is a key brain region that mediates cue-induced

reinstatement of drug-seeking behaviour [45, 94–97].

As discussed earlier, a comprehensive study involving

the temporary chemical inactivation of brain regions pur-

ported to be involved in both cue and drug-primed rein-

statement confirmed a role of the BLA in both these forms

of reinstatement. Other regions implicated by this study in

cue-induced opiate-seeking included the dorsal and ventral

PFC, NAc core, CeA, ventral BNST, CPu and SN, some-

what less than that involved in opiate-primed reinstatement

[46]. Despite this, the results from this study indicate that a

common neural circuit (limbic-cortical-striatal) does exist

for both these forms of reinstatement (see Fig. 1a, b).

Findings regarding the PFC and striatum are consistent

with a study showing increased levels of immediate early

genes in these brain regions that correlate with heroin-

seeking [98]. Moreover, the observations regarding the

PFC are in agreement with imaging studies in humans

which suggest that aberrant function of prefrontal areas are

critically involved in relapse [99].

The glutamatergic corticostriatal pathway [100] has been

proposed to be part of a final common pathway in relapse to

drug-seeking [101]. As with opiate-primed reinstatement of

opiate-seeking, mounting evidence implicates glutamatergic

mechanisms in cue-induced reinstatement of opiate-seeking.

Bossert and colleagues found that systemic injections of the

mGlu2/3 agonist LY379268 attenuated discrete-cue induced

reinstatement of heroin-seeking [102]. Another study con-

firmed the role of the glutamatergic pathway from the PFC to

the striatum. Inhibition of these corticostriatal afferents

prevented glutamate release in the NAc core associated with

cue-induced heroin-seeking. In addition, inhibition of iono-

tropic glutamate receptors in the NAc core was also shown to

block cue-induced reinstatement of opiate-seeking [43].

Other non-dopaminergic mechanisms by which cue-

induced opiate seeking is attenuated include the CB1

antagonist Rimonabant [103]; local administration of the

acetylcholinesterase inhibitor physostigmine into the NAc

[104], as well as the pro-drug N-acetylcysteine which is

proposed to restore glutamate-cysteine exchange. In the

latter case, the authors posit this restores presynaptic

glutamatergic tone, hence decreasing the elevated gluta-

mate release associated with reinstatement [104]. Despite

the growing focus on non-dopaminergic mechanisms of

cue-induced reinstatement, one recent study demonstrated

differential effects of the D1 antagonist SCH23390 in

context versus discrete cue-induced reinstatement of opi-

ate-seeking [105]. NAc core injections of the D1 receptor

antagonist SCH23390 attenuated discrete-cue induced

reinstatement whereas lateral and medial NAc shell injec-

tions attenuated context-induced reinstatement. This find-

ing demonstrates a dislocation of the neural substrates

underlying different forms of cue-induced reinstatement.

Context-Induced Reinstatement of Opiate-Seeking

It is well established that environmental contexts previ-

ously associated with drug intake can provoke relapse to

drug use in humans [22]. Context-induced reinstatement

paradigms (e.g. the ABA renewal procedure) have been

established, which take into account the observation that

contexts strongly influence extinction and resumption of

learned behaviours [106].

Similar to standard reinstatement, self-administration

training occurs in context ‘‘A’’ where the drug infusion is

paired with a discrete drug cue. The difference is that

extinction is performed in a new context ‘‘B’’, which, as

with CPP, is distinct from context ‘‘A’’ in its tactile, visual,

auditory and olfactory or circadian features or ‘background

setting’. A new discrete cue is introduced which is paired

with the drug-paired lever but no drug is infused. After the

behaviour learned in context ‘‘A’’ is extinguished in con-

text ‘‘B’’, the animal is then returned to context ‘‘A’’ where

drug-seeking is measured by responses on the drug-paired

lever (as with standard reinstatement). Context-induced

renewal or reinstatement of opiate-seeking has been dem-

onstrated [105, 107–109].

To date, only two studies exist apart from the one dis-

cussed previously implicating DA [105] which can help

elucidate the neurochemistry underlying context-induced

opiate-seeking. As with discrete-cue induced opiate-seek-

ing systemic injections of an mGlu2/3 agonist attenuate

context-induced heroin-seeking [108]. Intra-VTA injec-

tions yielded the same result, implicating glutamatergic

transmission in the VTA in this behaviour. In a subsequent

study, the terminal field of these DA neurons was investi-

gated and a role for the NAc shell was also established

[109]. This finding is anatomically consistent with the data

discussed previously, that injection of the D1 antagonist

SCH23390 into the NAc shell attenuates context-induced

opiate-seeking [105]. A recent review specifically on the

role of context as a precipitant of relapse to drug-seeking

has been published [110].

The findings discussed above regarding cue and context-

induced reinstatement of opiate-seeking are summarised in

Table 1 and Fig. 1b.

Incubation of Opiate Craving

In 1986 it was suggested that in humans craving induced by

drug cues actually increases over the first several weeks of
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the withdrawal period and remains elevated over extended

periods of abstinence [111]. Scientists have since discov-

ered an analogous phenomenon in laboratory animals

which has been termed an ‘incubation of craving’. It has

been demonstrated with both opiates [112] and psycho-

stimulants [77, 113] that drug associated cue-induced drug-

seeking increases over time over the first months of

withdrawal.

Despite much literature detailing incubation of cocaine

craving (for review see [114]), as yet there is a relative

paucity of data relating to the neurobiology underlying

incubation of opiate craving. An operant study in mice has

established a lack of role for the A2A receptor in cue-

induced morphine-seeking after a period of abstinence [60]

and another study has examined the gene expression fol-

lowing cue-induced heroin-seeking behaviour after 14 days

abstinence [98]. Genes such as ania-3, MKP-1, c-fos,

Nr4a3 were shown to be up-regulated in the mPFC, ania-3

only in the orbitofrontal cortex and NAc core. More

recently, Li and colleagues demonstrated a time-dependent

progressive increase or ‘incubation’ in the expression of

morphine CPP up to 14 days from the previous drug

exposure [115]. The progressive increase in morphine CPP

was found to be associated with increased phosphorylation

of extracellular signal-related kinase (ERK) and cAMP

response element binding protein (CREB) within the CeA.

When this phosphorylation was inhibited in the CeA the

progressive enhancement of CPP no longer occurred. The

same was not found when ERK and CREB phosphorylation

was inhibited in the BLA. These findings indicate that

unlike cue-induced reinstatement, the neural substrate

underlying opiate-seeking behaviour following a period of

abstinence is the CeA as opposed to the BLA. In addition,

ERK and CREB signalling is strongly implicated in this

behaviour, suggesting a degree of commonality exists

between incubation of craving for opiates and cocaine

[115].

Summary and Conclusion

Relapse is a major clinical problem and remains a major

challenge in the treatment of opiate addiction. The goal of

current research is to gain a greater understanding of the

neural mechanisms underlying relapse to opiate use so that

potential therapeutic targets can be identified. In order to

do this, scientists have employed animal models such as

the reinstatement model. The intuitive appeal of this model

lies in the observation that factors which trigger relapse in

humans such as stress, exposure to opiates and opiate-

associated cues, also trigger reinstatement of opiate-

seeking in animals (for a more detailed review of this issue

see [16]).

This review has given a brief update of the preclinical

studies relating to opiate-seeking from April 2005 to Jan-

uary 2009. The main findings from this review are an

apparently common circuitry involving limbic-cortical-

striatal structures, especially regarding opiate-primed and

cue-induced reinstatement of opiate-seeking. CRF and NA

interactions in the extended amygdala seemed most critical

for stress-induced reinstatement of opiate-seeking, while

DA and glutamate in the NAc, PFC and BLA seemed most

pertinent to drug-primed and cue-induced opiate-seeking.

Further studies investigating the neurochemistry associated

with incubation of opiate craving are warranted, although

ERK signalling in the CeA appears to be a key factor.

Finally, the neurobiology of opiate-seeking, though similar,

is not identical to that which underlies cocaine-seeking, so

generalisations across drugs of abuse should be avoided

where possible.
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