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Abstract

Background and rationale Results from many clinical stud-
ies suggest that drug relapse and craving are often provoked
by acute exposure to the self-administered drug or related
drugs, drug-associated cues or contexts, or certain stressors.
During the last two decades, this clinical scenario has been
studied in laboratory animals by using the reinstatement
model. In this model, reinstatement of drug seeking by drug
priming, drug cues or contexts, or certain stressors is
assessed following drug self-administration training and
subsequent extinction of the drug-reinforced responding.
Objective In this review, we first summarize recent (2009—
present) neurobiological findings from studies using the
reinstatement model. We then discuss emerging research
topics, including the impact of interfering with putative
reconsolidation processes on cue- and context-induced rein-
statement of drug seeking, and similarities and differences in
mechanisms of reinstatement across drug classes. We con-
clude by discussing results from recent human studies that
were inspired by results from rat studies using the reinstate-
ment model.

Conclusions Main conclusions from the studies reviewed
highlight: (1) the ventral subiculum and lateral hypothala-
mus as emerging brain areas important for reinstatement of
drug seeking, (2) the existence of differences in brain mech-
anisms controlling reinstatement of drug seeking across
drug classes, (3) the utility of the reinstatement model for
assessing the effect of reconsolidation-related manipulations
on cue-induced drug seeking, and (4) the encouraging phar-
macological concordance between results from rat studies
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Introduction

A main problem in the treatment of drug addiction is relapse
to drug use after periods of abstinence (Hunt et al. 1971;
O'Brien 2005). In drug addicts, drug relapse and craving
during abstinence are often triggered by acute re-exposure to
the self-administered drug (de Wit 1996), drug-associated
cues and contexts (O'Brien et al. 1992), or certain stressors
(Sinha et al. 2011). This clinical scenario has been studied
over the last two decades by using a reinstatement model
(Shaham et al. 2003) in laboratory animals tested for rein-
statement of drug seeking induced by drug priming (de Wit
and Stewart 1981), discrete cues (Meil and See 1996),
discriminative cues (Weiss et al. 2000), contextual cues
(Crombag and Shaham 2002), or exposure to certain
stressors (Shaham and Stewart 1995) (see Table 1 for glos-
sary of terms). This phenomenological similarity or face
validity, as well as the reliability of the reinstatement model
in detecting reinstatement induced by these stimuli, has led
to a dramatic increase in the use of this model in the
addiction field (Fig. 1).

Face validity alone is not a sufficient condition for a
valid animal model (Geyer and Markou 1995; Sarter
and Bruno 2002). Importantly, evidence is emerging
supporting the predictive validity of the reinstatement
model for the treatment of relapse to heroin, alcohol,
and nicotine: naltrexone, acamprosate, buprenorphine,
methadone, or varenicline, which decrease drug relapse
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Table 1 Glossary of terms

Context-induced reinstatement

Discrete cue-induced
reinstatement

Discriminative cue-induced
reinstatement

Drug priming-induced
reinstatement

Reinstatement model

Stress-induced reinstatement

Laboratory animals are first trained to self-administer a drug in an environment (termed context A) associated
with a specific set of “background” stimuli (e.g., operant conditioning chamber fan, time of day, visual cues,
tactile cues). Lever pressing is then extinguished in a different environment (termed context B) with a different
set of “background” stimuli. During reinstatement testing under extinction conditions, exposure to context A
previously paired with the drug reinstates lever responding. The procedure is based on a “renewal” procedure
that has been used to assess the role of contexts in resumption of conditioned responses to aversive and
appetitive cues after extinction (Bouton and Swartzentruber 1991).

Laboratory animals are first trained to self-administer a drug; each drug delivery is temporally paired with a
discrete cue (e.g., tone, light). Lever pressing is then extinguished in the absence of the drug and the cue.
During reinstatement testing, exposure to the discrete cue, which is earned contingently during testing,
reinstates lever responding.

Laboratory animals are trained to self-administer a drug in the presence of distinct discriminative stimuli (e.g.,
visual cues, olfactory cues); one set of stimuli signals drug availability (S+) and the other signals unavailability
(S—). Lever pressing is then extinguished in the absence of the discriminative stimuli and the drug. During the
reinstatement test, re-exposure to the S+, but not S—, reinstates lever responding.

Laboratory animals are first trained to self-administer a drug; typically each drug delivery is paired with a discrete
cue. Lever pressing is then extinguished in the presence of the discrete cue. During reinstatement testing under
extinction conditions (typically in the presence of the discrete cue), pre-session non-contingent priming
injections of the previously self-administered drug or related drugs reinstate lever responding.

An animal model of drug relapse in which laboratory animals are tested for reinstatement of drug seeking induced
by drug-priming, discrete cues, discriminative cues, contextual cues, or certain stressors, following drug self-
administration training (typically lever-press or nose-poke for drug infusions) and subsequent extinction of the
drug-reinforced responding. Less common procedural variations of the reinstatement model are operant-
conditioning-based runway (Ettenberg et al. 1996) and Pavlovian-conditioning-based conditioned place
preference (Mueller and Stewart 2000) procedures’.

Laboratory animals are first trained to self-administer a drug; typically each drug delivery is temporally paired
with a discrete cue. Lever pressing is then extinguished in the presence of the discrete cue. During reinstatement
testing under extinction conditions (in the presence of the discrete cue), pre-session exposure to certain stressors
(typically intermittent footshock or yohimibine injection) reinstates lever responding.
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in humans, also decrease drug-priming or cue-induced
reinstatement of drug seeking in rats (Bachteler et al.
2005; Le et al. 1999; Leri et al. 2004; Liu and Weiss
2002; O'Connor et al. 2010; Sorge et al. 2005); but see
Liu et al. (2008) for a negative finding with bupropion,
a medication for nicotine addiction. However, the pre-
o dictive validity of the reinstatement model for relapse to
cocaine and methamphetamine has not been estab-
lished, primarily because effective medications for
psychostimulant addiction and relapse are yet to be
identified.’

In this review, we first summarize recent neurobio-
logical findings from preclinical studies using the rein-
statement model. Due to space limitations, we discuss
only selected mechanistic studies on brain sites and
circuits that mediate the different types of reinstatement
as assessed in the operant conditioning version of the
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Fig. 1 Cumulative number of reinstatement/relapse studies from 1971
to 2012 (source: PubMed). Also included in the figure are a much
smaller number of studies on incubation of drug craving (Pickens et al.
2011), a phenomenon originally demonstrated in studies using the
reinstatement model (Grimm et al. 2001; Neisewander et al. 2000),
and studies on reinstatement of palatable food seeking that are based on
the adaptation of the drug reinstatement model for the study of relapse
to food seeking during dieting (Calu et al. 2013; Nair et al. 2009)
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' We do not provide a lengthy discussion on the validity of the
reinstatement model, a topic which we and others have discussed in
detail in previous reviews (Epstein et al. 2006; Epstein and Preston
2003; Katz and Higgins 2003; Shaham et al. 2003).
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reinstatement model (Shaham et al. 2003; Shalev et al.
2002). We then discuss the impact of interfering with
putative reconsolidation processes on cue- and context-
induced reinstatement of drug seeking, summarize sim-
ilarities and differences in mechanisms of reinstatement
across drug classes, and conclude by discussing recent
translational human studies based on results from the
reinstatement model.

Recent neurobiological findings

Below we discuss recent neurobiological findings from
studies using the reinstatement model. Table 2 provides
a summary of the main findings since 2009. Figure 2
provides a more general historical summary of brain
areas involved in relapse to drug seeking, as assessed
in studies using the reinstatement model since 1984
(Stewart 1984).

Drug priming
Summary of main findings prior to 2009

Early pioneering studies of Stewart and colleagues (Stewart
1984; Stewart and Vezina 1988) and subsequent studies
(Anderson et al. 2003; Bachtell et al. 2005) indicate that
dopamine neurons in the ventral tegmental area (VTA) that
project to the nucleus accumbens shell play a critical role in
the reinstatement of drug seeking induced by cocaine prim-
ing and possibly heroin priming as well (Schmidt et al.
2005; Shalev et al. 2002). Over the last 12 years, Kalivas
and colleagues have identified a critical role of glutamate
projections from the dorsal (prelimbic, anterior cingulate)
medial prefrontal cortex (mPFC) to the accumbens core in
reinstatement induced by both cocaine priming (Cornish and
Kalivas 2000; Kalivas and McFarland 2003) and heroin
priming (LaLumiere and Kalivas 2008). Previous studies
using reversible inactivation methods and local injections
of dopamine receptor antagonists have also identified a
role of other brain areas in cocaine-priming-induced re-
instatement, including the ventral subiculum (Sun and
Rebec 2003), ventral pallidum (McFarland and Kalivas
2001), and central and basolateral amygdala (Alleweireldt
et al. 2006). A previous study by Rogers et al. (2008) in
which the authors used a muscimol-baclofen reversible
inactivation procedure (McFarland and Kalivas 2001),
indicates a role of many brain areas in heroin-priming-
induced reinstatement, including all of the above men-
tioned areas, as well as the substantia nigra, bed nucleus
of the stria terimalis (BNST), and mediodorsal thalamus.
More recent studies (since 2009) have expanded on the
above findings.

Cocaine priming

Glutamate-related mechanisms in the nucleus accumbens
and ventral pallidum Kalivas and colleagues further explored
glutamatergic mechanisms in the accumbens core that mediate
cocaine-priming-induced reinstatement. In previous studies,
they reported that cocaine self-administration decreases basal
glutamate levels in the accumbens and that reversing this effect
by systemic injections of N-acetylcysteine (NAC), a cystine
prodrug that increases extracellular glutamate by stimulating
the glial cystine/glutamate exchanger, decreases cocaine-
priming-induced synaptic glutamate release in the accumbens
and reinstatement of drug seeking (Baker et al. 2003). Kupchik
et al. (2012) replicated this effect and also reported that
accumbens injections of NAC mimic the systemic effect of
the drug on basal glutamate levels and cocaine-priming-
induced reinstatement. These authors performed additional in
vivo and in vitro mechanistic studies, which point towards a
role for both mGluR2/3 and mGIuRS in the effect of NAC on
accumbens glutamate transmssion and reinstatement.

Mabhler et al. (2012a) provided additional support for a
role of accumbens glutamate in cocaine-priming-induced
reinstatement. They reported that systemic injections of
modafinil, a cognitive enhancer that increases extracellular
dopamine (Madras et al. 2006), decreases cocaine-priming-
induced reinstatement. This is an unexpected finding be-
cause systemic injections of dopamine reuptake blockers
typically reinstate cocaine seeking (De Vries et al. 1998;
Schmidt et al. 2005; Spealman et al. 1999). However, Mah-
ler et al. (2012a) also reported that, like NAC, modafinil
prevents the reduction in basal levels of glutamate in the
accumbens after withdrawal from cocaine, which, as
discussed above, is the mechanism underlying NAC’s effect
on cocaine-priming-induced reinstatement. The authors
suggested that the similar effect of NAC and modafinil on
cocaine-priming-induced reinstatement is due to the fact that
both drugs normalize tonic extrasynaptic glutamate trans-
mission, controlled by the glial glutamate-cystine exchang-
er, leading to stimulation of mGIuR2 located on presynaptic
neurons, a cellular event that prevents the acute effect of
cocaine priming on synaptic glutamate release, which me-
diates cocaine-priming-induced reinstatement (Kupchik et
al. 2012; Mahler et al. 2012a).

There is also evidence for a role of the accumbens core
mGluR5 and mGluR7, and ventral pallidum mGIluR7 in
cocaine-priming-induced reinstatement. Injections of
mGIuRS antagonists into the accumbens core (Wang et
al. 2013) or shell (Kumaresan et al. 2009) decrease
cocaine-priming-induced reinstatement. In a comprehen-
sive study, Li et al. (2010) found that injections of an
mGluR7 allosteric agonist into the accumbens core or
ventral pallidum decrease cocaine-priming-induced rein-
statement. The mGIluR7 agonist also caused a slow-
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Table 2 Summary of main neurobiological findings from reinstatement studies conducted from 2009 to 2012

Cocaine

Heroin

Alcohol

Methamphetamine Nicotine

Drug
priming

mGluR2/3, mGluRS,
mGIuR7, GluA2 in
accumbens core

CREB, adenosine A(2A)
and mu opioid receptors in
accumbens

mGluR7 in ventral pallidum

Glutamatergic and
cholinergic projections
from PPTg/LDTg to VTA

Dorsolateral striatum
neuronal activity

Discrete
cues

BNST neuronal activity

mGIluR2/3, mGIluRS5 in
accumbens core;
mGIuRS5 in basolateral
amygdala

mTOR signaling in
accumbens core

Hypocretin 1 and glutamate
receptors in VTA

S-HT2A, 5-HT2C
receptors in ventral mPFC

Acute cue-induced
synaptic strength and
dendritic spine changes
in accumbens core

Discrim-
inative
cues

Hypocretin 1 receptors in
VTA

NPS in lateral hypothalamus
and perifornical area

Context Glutamate receptors in

accumbens core and shell

mGluR1 in the dorsal
hippocampus

Ventral hippocampus activity

Reciprocal projections from
lateral OFC to basolateral
amygdala

Projection from dorsal
hippocampus to VTA via
caudal lateral septum

Stress
(footshock)
VTA kappa opioid receptors
(cold swim stress)
BNST neuronal activity
(yohimbine)

D1 dopamine receptor in dorsal
mPFC

NR2B NMDA receptors in
accumbens core

D1 dopamine receptor in dorsal
mPFC

Ventral mPFC neuronal activity

Projections from ventral mPFC to
accumbens shell

Ventral subiculum neuronal
activity

VTA CRF and CRF1 receptors Glutamate receptors in VTA

(footshock)

D1 dopamine receptor in
accumbens shell,
dorsal mPFC, and basolateral
amygdala (1 d food deprivation)

NPS in lateral
hypothalamus

Mu opioid receptors in
basolateral amygdala

D1 dopamine receptors
and neuronal activity in
accumbens core and
shell

PVT and LH

Projections from PVT to
accumbens shell and
accumbens shell to LH

CREF receptors in median
raphe Glucorticoid
receptors in central
amygdala (yohimbine)

Dorsal mPFC and  Granular insular
accumbens core  cortex activity
neuronal activity

Dorsal and ventral Granular insular
mPFC neuronal cortex activity
activity

Accumbens core
neuronal activity

Alpha-2 adreno-
ceptors
in central
amygdala
(footshock)

onset long-lasting increase in extracellular glutamate in
the accumbens and blocked both cocaine-priming-
induced increases in accumbens glutamate release and
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cocaine-induced reinstatement; these effects were re-
versed by an mGluR7 antagonist or an mGluR2/3 an-
tagonist. Thus, it appears that the effect of the mGIluR7
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A. Drug Priming B. Stress
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Fig. 2 Brain areas involved in reinstatement of drug secking. Coronal
sections of the rat brain (Paxinos and Watson 2005) depicting brain areas
implicated in reinstatement of drug seeking induced by drug priming (a),
certain stressors (b), and discrete (c), discriminative (d), and contextual cues
(e). Data only include studies using the operant self-administration variation
of the reinstatement model in which brain lesions, reversible inactivation,
and intracranial drug injection methods were used. The drug label indicates
the self-administered drug (4 alcohol; C cocaine; H heroin; M metham-
phetamine. The citation list is limited to original empirical findings within a
given drug class and reinstating stimulus. BLA4 basolateral nucleus of the
amygdala, BNST bed nucleus of the stria terminalis, Ce4 central nucleus of
the amygdala, cd-LS lateral septum, caudodorsal lateral septum, DH dorsal
hippocampus, DLS dorsolateral striatum, dmPFC and vmPFC dorsal and
ventral medial prefrontal cortex, G/ granular insular cortex, LH lateral
hypothalamus, /OFC lateral orbitofrontal cortex, MnR median raphe, PPTg
pedunculopontine tegmental nucleus, PVT paraventricular thalamus, SN
substantia nigra, VH ventral hippocampus, vSUB ventral subiculum, VP
ventral pallidum, V'74 ventral tegmental area, 4 alcohol, C cocaine, H heroin,
M methamphetamine, N nicotine, FD food deprivation, FS footshock, CS
cold swim, Y yohimbine. a Drug priming: dorsal mPFC: cocaine
(McFarland and Kalivas 2001), heroin (Rogers et al. 2008), methamphet-
amine (Rocha and Kalivas 2010). Ventral mPFC: cocaine (Pentkowski et al.
2010), heroin (Rogers et al. 2008). Dorsolateral striatum: cocaine (Gabriele
and See 2011), heroin (Rogers et al. 2008). Accumbens: cocaine (Self et al.
1998), heroin (Stewart and Vezina 1988). Accumbens core: cocaine
(Comnish et al. 1999), heroin (Rogers et al. 2008), methamphetamine (Rocha
and Kalivas 2010). Accumbens shell: cocaine (Anderson et al. 2003), heroin
(Rogers et al. 2008). BNST: heroin (Rogers et al. 2008). Granular insular
cortex: cocaine (Alleweireldt et al. 2006), nicotine (Forget et al. 2010).
Ventral pallidum: cocaine (McFarland and Kalivas 2001), heroin (Rogers
et al. 2008). Central amygdala: cocaine (Alleweireldt et al. 2006), heroin
(Rogers et al. 2008). Basolateral amygdala: cocaine (Alleweireldt et al.
2006), heroin (Rogers et al. 2008). Substantia nigra: heroin (Rogers et al.
2008). VTA: cocaine (McFarland and Kalivas 2001; Stewart 1984), heroin
(Stewart 1984). Ventral subiculum: cocaine (Sun and Rebec 2003; Vorel et
al. 2001). PPTg/LDT: cocaine (Schmidt et al. 2009). b Stress: dorsal mPFC:
Jootshock: cocaine (Capriles et al. 2003; McFarland et al. 2004); Food
deprivation: heroin (Tobin et al. 2013). Lateral OFC: footshock: cocaine
(Capriles et al. 2003). Accumbens: footshock: cocaine (Xi et al. 2004).
Accumbens core: footshock: cocaine (McFarland et al. 2004). Accumbens
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shell: footshock: cocaine (McFarland et al. 2004). Food deprivation: heroin
(Tobin et al. 2013). BNST: footshock: cocaine (Erb and Stewart 1999),
heroin (Shaham et al. 2000b); Yohimbine: cocaine (Buffalari and See
2011). Ventral pallidum: footshock: cocaine (McFarland et al. 2004). Central
amygdala: footshock: cocaine (Erb and Stewart 1999), heroin (Shaham et al.
2000a), nicotine (Yamada and Bruijnzeel 2011); yohimbine: alcohol (Simms
et al. 2012). Basolateral amygdala: food deprivation: heroin (Tobin et al.
2013). VTA: footshock: cocaine (McFarland et al. 2004; Wang et al. 2005),
heroin (Wang et al. 2012); swim stress: (Graziane et al. 2013). Median raphe:
Jfootshock: alcohol (Le et al. 2002); yohimbine: alcohol (Le et al. 2012). ¢
Discrete cues: dorsal mPFC: cocaine: (McLaughlin and See 2003), heroin
(Rogers et al. 2008), methamphetamine (Rocha and Kalivas 2010). Ventral
mPFC: cocaine: (Pentkowski et al. 2010), heroin (Rogers et al. 2008),
methamphetamine (Rocha and Kalivas 2010). Lateral OFC: cocaine: (Fuchs
et al. 2004b). Dorsolateral striatum: heroin (Rogers et al. 2008). Accumbens
core: alcohol (Sinclair et al. 2012), cocaine (Fuchs et al. 2004a), heroin
(Bossert et al. 2007), methamphetamine (Rocha and Kalivas 2010). BNST:
cocaine (Buffalari and See 2011). Granular insular cortex: nicotine (Forget et
al. 2010). Ventral pallidum: heroin (Rogers et al. 2008). Central amygdala:
cocaine (Kruzich and See 2001), heroin (Rogers et al. 2008). Basolateral
amygdala: alcohol (Sinclair et al. 2012), cocaine (Meil and See 1996), heroin
(Rogers et al. 2008). Substantia nigra: heroin (Rogers et al. 2008). VTA:
cocaine (Mahler et al. 2012b), heroin (Rogers et al. 2008). Ventral
subiculum: cocaine (Sun and Rebec 2003). d Discriminative cues: ventral
mPFC: heroin (Alvarez-Jaimes et al. 2008). Accumbens core: heroin
(Alvarez-Jaimes et al. 2008). Basolateral amygdala: cocaine (Yun and Fields
2003). Lateral hypothalamus: cocaine (Kallupi et al. 2012). VTA: cocaine
(James et al. 2011). e Contextual cues: Dorsal mPFC: alcohol (Willcocks
and McNally 2013), cocaine (Fuchs et al. 2005). Ventral mPFC: heroin
(Bossert et al. 2011). Lateral OFC: cocaine (Lasseter et al. 2011).
Dorsolateral striatum: heroin (Bossert et al. 2009). Accumbens: cocaine
(Fuchs et al. 2008). Accumbens core: alcohol (Chaudhri et al. 2009).
Accumbens shell: alcohol (Chaudhri et al. 2009), heroin (Bossert et al.
2007). Caudo-dorsal lateral septum: cocaine (Luo et al. 2011). Dorsal
hippocampus: cocaine (Luo et al. 2011). Paraventricular thalamus: alcohol
(Hamlin et al. 2009). Basolateral amygdala: alcohol (Marinelli et al. 2010),
cocaine (Fuchs et al. 2005). Lateral hypothalamus: alcohol (Marchant et al.
2009). VTA: cocaine (Luo et al. 2011), heroin (Bossert et al. 2004). Ventral
hippocampus: cocaine (Lasseter et al. 2010). Ventral subiculum: heroin
(Bossert and Stern 2013).
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allosteric agonist on cocaine-priming-induced reinstate-
ment is mediated by a mechanism similar to the one
mediating the effect of NAC on this reinstatement.

Two other molecular mechanisms associated with gluta-
mate receptor signaling and trafficking have been implicated
in cocaine-priming-induced reinstatement. Wang et al. (2013)
reported that accumbens core injections of a compound that
block Homer binding with mGIuRS5 receptors, which normal-
ly promote signaling at this receptor, decreases this reinstate-
ment. Wiggins et al. (2011) reported that activation of
accumbens core integrins signaling, which is associated with
GluA2-containing AMPA receptor trafficking, decreases
cocaine-priming-induced reinstatement. A question for future
research is whether the two findings are mechanistically
connected to each other or to the glutamatergic mechanism
normalized by NAC that mediates cocaine-priming-induced
reinstatement (Baker et al. 2003).

Other mechanisms in the nucleus accumbens
Mu opioid receptors

Simmons and Self (2009) provided evidence implicating
accumbens mu opioid receptors (MORs) in cocaine-
priming-induced reinstatement. They reported that local in-
jections of the selective MOR agonist DAMGO or beta-
endorphin (which preferentially binds to MOR (Akil et al.
1984)) reinstated cocaine seeking while local injections of
the selective MOR antagonist CTAP decreased cocaine-
priming-induced reinstatement.

Adenosine A2A receptors

O'Neill et al. (2012) provided evidence implicating accumbens
adenosine A2A receptors, which co-localize with D2-family
dopamine receptors in the striatum (Ferre et al. 1997), in
cocaine-priming-induced reinstatement. They reported that lo-
cal injections of the A2A receptor antagonist MSX-3 reinstated
cocaine seeking while the A2A receptor agonist CGS 21680
decreased cocaine-priming-induced reinstatement. These data
extend earlier results of Bachtell and Self (2009) on the inhib-
itory effect of systemic injections of CGS 21680 on this
reinstatement.

cAMP response element binding protein

There is evidence that cAMP response element binding pro-
tein (CREB) activity in the accumbens shell negatively mod-
ulates cocaine reward, as assessed in the conditioned place
preference (CPP) procedure (Carlezon et al. 2005). Recently,
Larson et al. (2011) assessed the effect of viral-mediated
CREB overexpression or downregulation in the accumbens
on cocaine self-administration and reinstatement induced by

@ Springer

drug priming, discrete cues, and intermittent footshock. They
found that CREB overexpression increases the rewarding
effects of cocaine (indicated by a shift to the left in the
dose-response curve and increased progressive ratio
responding) while CREB downregulation has the opposite
effect. However, while CREB overexpression potentiated
cocaine-priming-induced reinstatement at a higher (10 mg/kg)
but not a lower (5 mg/kg) dose, overexpression had no effect
on discrete cue- or footshock-induced reinstatement. Addi-
tionally, downregulation of accumbens CREB, which de-
creases endogenous CREB activity, had no effect on
reinstatement induced by cocaine priming, discrete cues, or
footshock. Taken together, the results of this comprehensive
study established a critical role of accumbens CREB activity
in ongoing cocaine self-administration but not cocaine-
induced reinstatement. This conclusion is in agreement with
results from previous studies demonstrating dissociable mech-
anisms of cocaine self-administration versus reinstatement
(Kalivas and McFarland 2003; Shalev et al. 2002). The Larson
et al. (2011) study is also of general interest to the addiction
field because, to our knowledge, the study provides the first
demonstration of opposite modulation of drug reward in the
same brain area by an intracellular protein in the two most
widely used behavioral procedures to assess drug reward: CPP
and drug self-administration.

Glutamate transmission in VTA and PPTg/LDTg

Schmidt et al. (2009) reported that injections of the
AMPA/kainate receptor antagonist CNQX into the
pedunculopontine tegmental nucleus (PPTg) and laterodorsal
tegmental nucleus (LDTg) decrease cocaine-priming-induced
reinstatement; PPTg and LDTg nuclei send glutamatergic and
cholinergic projections to VTA (Geisler et al. 2007). These
authors also found that VTA injections of CNQX, as well as
scopolamine and mecamylamine, muscarinic and nicotinic
acetylcholine receptor antagonists, respectively, decrease
cocaine-priming-induced reinstatement (Schmidt et al.
2009). These findings suggest that the PPTg/LDTg pro-
jection to VTA plays a role in cocaine-priming-induced
reinstatement.

5-HT transmission in mPFC

Pentkowski et al. (2010) reported that injections of the 5-HT2C
receptor agonist MK212 into the prelimbic or infralimbic mPFC
decreased cocaine-priming-induced reinstatement, an effect re-
versed by local injections of the 5-HT2C receptor antagonist
SB242084. In contrast, MK212 injections into the anterior cin-
gulate area (part of the dorsal mPFC) were ineffective. To our
knowledge these data are the first to implicate ventral mPFC
areas (infralimbic and ventral part of the prelimbic) in cocaine-
priming-induced reinstatement.
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Heroin, methamphetamine, and nicotine priming

Heroin priming During the last 3 years, two studies have
assessed brain mechanisms of heroin-priming-induced rein-
statement. See (2009) reported that blockade of dopamine
DI receptors in the dorsal mPFC decreases this reinstate-
ment, providing additional support for the role of this brain
area in heroin-priming-induced reinstatement (Rogers et al.
2008). Shen et al. (2011) found that heroin priming causes
LTP-like changes in field excitatory postsynaptic potentials
in accumbens core neurons after mPFC stimulation, and
reverses the decrease in accumbens core spine density after
extinction training (prior to reinstatement). The authors then
provided a functional significance for these results by
reporting that either blockade of accumbens core NR2B-
containing NMDA receptors or reduction in accumbens
NR2B gene expression decreases heroin-priming-induced
reinstatement. The results of this elegant study extend earlier
findings of LaLumiere and Kalivas (2008) on the role of
glutamate projections from dorsal mPFC to accumbens core
in heroin-priming-induced reinstatement.

Methamphetamine priming Rocha and Kalivas (2010) used a
muscimol-baclofen reversible inactivation procedure to study the
role of mPFC and accumbens sub-regions in methamphetamine-
priming-induced reinstatement. They reported that, like cocaine
priming (McFarland and Kalivas 2001) this reinstatement is
decreased by inactivation of either dorsal mPFC or accumbens
core but not ventral mPFC or accumbens shell.

Nicotine priming Le Foll and colleagues reported that phar-
macological (muscimol + baclofen) or electrical inactivation
of the granular insula decreases nicotine-priming-induced re-
instatement (Forget et al. 2010; Pushparaj et al. 2013). These
data, and similar results described below on the effect of these
manipulations on discrete cue-induced reinstatement of nico-
tine seeking, indicate an important role of the granular insula
cortex in reinstatement of nicotine seeking.

Conclusions

The results from the studies reviewed above provide addi-
tional mechanistic insight on the role of glutamate-related
mechanisms in the accumbens core in drug-priming-induced
reinstatement of cocaine and heroin seeking. The results
from these studies also demonstrate a role of glutamate
transmission in the ventral pallidum, VTA, and PPTg/LDTg.
There is also evidence for a role of accumbens MOR and
adenosine A2A receptors, as well as 5-HT transmission in
both ventral and dorsal mPFC regions in cocaine-priming-
induced reinstatement. Recent evidence also implicates dor-
sal mPFC and accumbens core in methamphetamine-
priming induced reinstatement, dorsal mPFC dopamine in

heroin-priming-induced reinstatement, and granular insula
cortex in nicotine priming-induced reinstatement.

Discrete cues
Summary of main findings prior to 2009

Previous studies reported that reversible inactivation
(muscimol + baclofen or tetrodotoxin) of the dorsal (but not
ventral) mPFC, accumbens core (but not shell), BLA and
CeA, or dorsolateral striatum decreases discrete cue-induced
reinstatement of cocaine seeking (Feltenstein and See 2008;
See 2005). Previous studies also reported that reversible inac-
tivation of these brain areas, as well as dorsal (but not ventral)
BNST, ventral mPFC, ventral pallidum, or substantia nigra
decrease discrete cue-induced reinstatement of heroin seeking
(Feltenstein and See 2008; Rogers et al. 2008; See 2005).
Below, we discuss recent findings on mechanisms of discrete
cue-induced reinstatement of drug seeking.

Role of glutamate in accumbens, VTA, and mPFC
in discrete cue-induced reinstatement of cocaine seeking

Kalivas and colleagues reported that accumbens core injec-
tions of NAC or a Homer-mGIluRS5 binding antagonist (that
inhibits glutamate transmission) decrease discrete cue-
induced reinstatement of cocaine seeking (Kupchik et al.
2012; Wang et al. 2013). This group also demonstrated that
the inhibitory effect of systemic NAC injections on cue-
induced cocaine seeking is reversed by accumbens core in-
jections of an mGluR2/3 antagonist, indicating a role of these
receptors (presumably mGluR2 located on presynaptic
glutamatergic neurons) in the inhibitory effect of NAC (see
discussion in the “Drug priming” section) on cue-induced
cocaine seeking (Moussawi et al. 2011). Furthermore, using
optogenetic procedures, they also reported that inhibition of
glutamatergic projections from dorsal mPFC to accumbens
core decreases this reinstatement (Stefanik et al. 2013). Final-
ly, Sinclair et al. (2012) reported that blockade of mGIuRS in
accumbens core (or basolateral amygdala) decreases discrete
cue-induced reinstatement of cocaine seeking.

Mabhler et al. (2012b) reported that blockade of VTA
AMPA receptors decreases discrete cue-induced reinstate-
ment. A question that arises from these results is which
glutamatergic projection/s to VTA (Geisler et al. 2007) are
activated during the reinstatement test. Mahler and Aston-
Jones (2012) addressed this question using retrograde tracer
injections into VTA (cholera toxin B, CTb) in combination
with detection of Fos-activated neurons after the discrete cue-
induced reinstatement test. Double-labeling (co-expression)
of CTb with Fos in VTA projection areas was assessed, and
the double-labeling data suggest that projections (presumably
glutamatergic) from the lateral hypothalamus and BNST, but
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not mPFC, are activated during the reinstatement test. The
functional role of these projections in discrete cue-induced
reinstatement is a subject for future research.

Role of mPFC serotonin in discrete cue-induced
reinstatement of cocaine seeking

Neisewander and colleagues have demonstrated an unexpect-
ed role of ventral but not dorsal mPFC serotonin in discrete
cue-induced reinstatement of cocaine seeking (Pentkowski et
al. 2010; Pockros et al. 2011). They found that injections of a
5-HT2C agonist into ventral, but not dorsal, mPFC or a 5-
HT2A antagonist into ventral mPFC decrease this reinstate-
ment. They proposed that the net effect of their pharmacolog-
ical manipulations is inhibition of glutamatergic projection
neurons, because 5-HT2C receptors are located primarily on
GABA interneurons (Liu et al. 2007), whereas 5-HT2A re-
ceptors are primarily located on glutamatergic projection neu-
rons (Willins et al. 1997). However, in the absence of follow-
up studies on the projection areas involved in the inhibitory
effect of the serotonergic drugs in ventral mPFC, the findings
should be interpreted with caution, especially in reference to
the glutamatergic projection from this brain area to the
accumbens shell (Sesack et al. 1989). This is because, as
mentioned above, reversible inactivation of accumbens core
but not shell decreases discrete cue-induced reinstatement of
cocaine seeking (See 2005). The data of Neisewander and
colleagues are also surprising because of the previous finding
that reversible inactivation of dorsal but not ventral mPFC
decreases this reinstatement (See 2005). However, dissociable
neuroanatomical effects on reinstatement by reversible inacti-
vation procedures versus selective pharmacological drugs
(dopamine receptor antagonists) have also been demonstrated
for the accumbens core versus shell (Anderson et al. 2003;
McFarland and Kalivas 2001). Thus, conclusions from
circuitry-based studies that rely only on reversible inactivation
procedures should be made with caution.

Other mechanisms of discrete cue-induced reinstatement
of drug seeking

Cocaine Buffalari and See (2011) reported that reversible
inactivation of dorsal BNST also decreases discrete cue-
induced reinstatement of cocaine seeking. Mahler et al.
(2012b) reported that blockade of VTA hypocretin 1 recep-
tor decreases discrete cue-induced reinstatement of cocaine
seeking. Wang et al. (2010) reported a role of accumbens
core mammalian target of rapamycin signaling pathway
(mTOR) in discrete cue-induced reinstatement of cocaine
seeking. Finally, in a recent study, Gipson et al. (2013)
reported that discrete cue-induced cocaine seeking rapidly
(within 15 min) enlarges the spine head diameter in the
accumbens core and increases synaptic strength, as assessed
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by measuring AMPA/NMDA current ratio in whole-cell
patch recordings in accumbens slices. These authors also
demonstrated that muscimol-baclofen inactivation of the
dorsal mPFC reversed both discrete cue-induced reinstate-
ment and acute cue-induced changes in dendritic spines and
AMPA/NMDA current ratio. These data indicate that acti-
vation of the dorsal mPFC-to-accumbens core glutamatergic
projection mediates the acute cue-induced morphological
changes and synaptic strength in the accumbens core.

Heroin, methamphetamine, and nicotine See (2009)
reported that blockade of D1-family in receptors in dorsal
mPFC decreases discrete cue-induced reinstatement of her-
oin seeking. Rocha and Kalivas (2010) reported that revers-
ible inactivation of the accumbens core (but not shell), or
dorsal or ventral mPFC, decreases discrete cue-induced
reinstatement of methamphetamine seeking. Forget et al.
(2010) and Pushparaj et al. (2013) reported that reversible
inactivation of granular insular cortex decreases discrete
cue-induced reinstatement of nicotine seeking.

Summary

As with drug priming-induced reinstatement, glutamate trans-
mission in accumbens core plays an important role in discrete
cue-induced reinstatement of cocaine seeking, and a recent
study demonstrates that the glutamatergic projection from
mPFC to accumbens core is critical for this reinstatement.
Recent data also indicate that glutamate projections from
mPFC to the accumbens mediate discrete cue-induced rapid
changes in dendritic spines and synaptic strength (increased
AMPA/NMDA current ratio) in the accumbens core that
potentially mediate cocaine seeking. Within the ventral
mPFC, neuronal activity and serotonin receptors are involved
in discrete cue-induced reinstatement of methamphetamine
and cocaine seeking, respectively. In the dorsal mPFC, DI
receptors are critical for discrete cue-induced reinstatement of
heroin seeking. Outside of the PFC to the accumbens pathway,
glutamate transmission in VTA plays a role in discrete cue-
induced reinstatement of cocaine seeking, and neuronal activ-
ity in the BNST and granular insula cortex contributes to such
reinstatement of cocaine and nicotine seeking, respectively.

Discriminative cues
Summary of main findings prior to 2009

Previous studies in which investigators used Fos expression,
systemic injections of dopamine receptor antagonists, and do-
pamine microdialysis suggest a role of the accumbens core,
mPFC, and basolateral amygdala in discriminative cue-induced
reinstatement of cocaine seeking (Weiss 2005); additionally,
basolateral amygdala lesions decrease this reinstatement (Yun
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and Fields 2003). Discriminative cue-induced reinstatement of
heroin seeking is decreased by blockade of CB1 receptors in
ventral mPFC or accumbens core, but not the basolateral
amygdala (Alvarez-Jaimes et al. 2008).

Role of hypocretin and neuropeptide S (NPS)

During the last 3 years, evidence has emerged for a role of
hypocretin (de Lecea et al. 1998) and NPS (Xu et al. 2004)
in discriminative cue-induced reinstatement of drug seeking.
James et al. (2011) reported that blockade of hypocretin 1
receptors in VTA but not paraventricular thalamus (PVT)
decreases discriminative cue-induced reinstatement of co-
caine seeking. Additional evidence for a role of hypocretin
in this reinstatement was demonstrated in the studies of
Ciccocioppo and colleagues on the role of NPS in discrim-
inative cue-induced reinstatement of drug seeking (Cannella
et al. 2009; Kallupi et al. 2010; Kallupi et al. 2013).

Kallupi et al. (2010) reported that ventricular injections of
NPS induce Fos in hypocertin 1 neurons in the lateral hypo-
thalamus, perifornical area, and dorsomedial hypothalamus.
NPS injections into these areas potentiated discriminative cue-
induced reinstatement of cocaine seeking, with the most po-
tent effect occurring with lateral hypothalamus injections
(Kallupi et al. 2010). NPS injections into the lateral hypothal-
amus also potentiated discriminative cue-induced reinstate-
ment of alcohol seeking; this effect was reversed by
systemic injections of hypocretin 1 receptor antagonist
(Cannella et al. 2009; Kallupi et al. 2010). Subsequently, these
authors reported that injections of an NPS receptor antagonist
into lateral the hypothalamus and perfornical area decrease
discriminative cue-induced reinstatement of cocaine seeking,
demonstrating a role of endogenous NPS receptors in this
reinstatement (Kallupi et al. 2013).

Context
Summary of main findings prior to 2009

Previous studies indicate a role of several brain sites in context-
induced reinstatement of drug seeking (Crombag et al. 2008).
We have identified a role of glutamate transmission in VTA as
well as dopamine and glutamate transmission in the
accumbens shell in context-induced reinstatement of heroin
seeking (Bossert et al. 2006; 2004; 2007). Fuchs and col-
leagues have identified a role of basolateral, dorsal mPFC,
dorsal hippocampus, and accumbens core and shell in
context-induced reinstatement of cocaine seeking (Fuchs et
al. 2007; 2005; 2008). Studies of McNally and colleagues have
suggested a role of the lateral hypothalamus in alcoholic beer
and cocaine seeking (Hamlin et al. 2008; 2007). During the last
3 years, investigators have extended these findings. We discuss
the new findings separately for heroin, cocaine, and alcohol.

Heroin

Ventral mPFC to accumbens shell projections We studied
the role of the glutamatergic projection from the ventral
mPFC to the accumbens shell in context-induced reinstate-
ment of heroin seeking (Bossert et al. 2011, 2012). We first
found that reversible inactivation of the ventral, but not
dorsal, mPFC decreases context-induced reinstatement of
heroin seeking (Bossert et al. 2011), an effect mimicked
by selectively inactivating ventral mPFC Fos-activated neu-
rons using the novel Daun02 inactivation method (Koya et
al. 2009). Subsequently, we found that context-induced
reinstatement was associated with increased Fos expression
in ventral mPFC neurons, including those projecting to the
accumbens shell (as assessed by double-labeling of Fos with
Fluoro-Gold, a retrograde tracer). We confirmed the func-
tional role of this projection in context-induced reinstate-
ment by demonstrating that reversible inactivation of ventral
mPFC in one hemisphere combined with dopamine D1
receptor blockade into contralateral or ipsilateral accumbens
shell decreases this reinstatement (Bossert et al. 2012).

Dorsolateral striatum and ventral subiculum We found that
blockade of D1 family receptors in the dorsolateral (but not
dorsomedial) striatum, and reversible inactivation of the
ventral subiculum, but not the posterior CA1 area, decreases
this reinstatement (Bossert and Stern 2013; Bossert et al.
2009). The former finding implicates that dopaminergic
projection from the substantia nigra to the dorsal striatum
(Ungerstedt 1971) in context-induced reinstatement. Based
on our previous findings above on the critical role of the
accumbens shell in context-induced reinstatement, the latter
finding potentially implicates the glutamatergic projection
from the ventral subiculum to the accumbens shell
(Groenewegen et al. 1987) in this reinstatement.

Cocaine

Accumbens, orbitofrontal cortex, and basolateral
amygdala Fuchs and colleagues continued their studies
examining brain mechanisms of context-induced rein-
statement of cocaine seeking. Xie et al. (2012) reported
that blockade of AMPA/kainate receptors in the
accumbens core or shell (medial or lateral sub-regions)
decreases context-induced reinstatement, extending earli-
er findings (Fuchs et al. 2008). Lasseter et al. (2009)
reported that inactivation of the lateral, but not the
medial, orbitofrontal cortex (OFC) decreases context-
induced reinstatement. Lasseter et al. (2011) also used
an anatomical disconnection procedure to demonstrate a
role of reciprocal projections (both ipsilateral and con-
tralateral) between the OFC and basolateral amygdala in
this reinstatement.
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Dorsal and ventral hippocampus Lasseter et al. (2010) also
reported that inactivation of the ventral hippocampus, but not
the posterior dorsal hippocampus or dentate gyrus, decreases
context-induced reinstatement. Xie et al. (2010) reported that
blockade of mGlul receptors in the dorsal hippocampus de-
creases context-induced reinstatement, extending a previous
finding (Fuchs et al. 2005). Additional evidence for a critical
role of the dorsal hippocampus in context-induced reinstate-
ment is obtained by Luo et al. (2011). They used electrophys-
iology, anatomical tracing, reversible inactivation, and
‘disconnection’ procedures to demonstrate a role of projec-
tions from the CA3 dorsal hippocampus area to VTA, via the
lateral septum, in context-induced reinstatement of cocaine
seeking. Thus, both dorsal and ventral regions of the hippo-
campus appear to be critical for context-induced reinstatement
of cocaine seeking.

Alcohol

McNally and colleagues continued their investigation of the
role of sub-regions of the hypothalamus and thalamus and
their projections in context-induced reinstatement of alco-
holic beer seeking in the drug (A) context, as well as
extinction of alcohol seeking in the non-drug (B) context
(Marchant et al. 2012; Millan et al. 2010).

Role of PVT and its projections to the accumbens shell in
reinstatement and extinction Hamlin et al. (2009) reported
that PVT lesions decrease context-induced reinstatement; ad-
ditionally, this reinstatement was associated with activation of
PVT projections to the accumbens shell (as assessed by
double-labeling of Fos-CTb in PVT after CTb injections into
the accumbens shell). Marchant et al. (2010) used Fos-CTb
double-labeling and reported data suggesting a role of pro-
jections from the medial dorsal hypothalamus (MDH,
perifornical and dorsomedial nuclei) prodynorphin/hypocretin
neurons to PVT in controlling extinction responding in con-
text B. They also reported that injections of a kappa opioid
receptor agonist into PVT blocks reinstatement in context A.
Since PVT is critical for context-induced reinstatement (Ham-
lin et al. 2009), the authors proposed that kappa opioid
receptor-mediated inhibition of PVT is important for
inhibiting alcohol seeking in the non-drug extinction context.

Role of accumbens shell projections to the lateral hypothal-
amus in reinstatement and extinction Marchant et al. (2009)
reported that reversible inactivation of the lateral hypothala-
mus (LH) decreases context-induced reinstatement. Activa-
tion of afferents to LH during context-induced reinstatement
was assessed using retrograde tracer injections (CTb) into the
LH in combination with detection of Fos-activated neurons.
They reported two anatomically and functionally distinct pro-
jections: ventral accumbens shell—lateral hypothalamus
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projections that were activated during context-induced rein-
statement testing (in the drug (A) context), and dorsomedial
accumbens shell—lateral hypothalamus projections that were
activated in the non-drug, extinction (B) context. In a single
context design (i.e., rats are trained, undergo extinction, and
tested in the same context), Millan et al. (2010) demonstrated
a functional role of the ventral accumbens shell in extinction-
induced inhibition of alcohol seeking. They reported that
reversible inactivation of the ventral accumbens shell rein-
states extinguished alcohol seeking. Accumbens shell inacti-
vation induced Fos in both hypocretin and CART neurons in
the lateral hypothalamus, and concurrent inactivation of the
lateral hypothalamus inhibited reinstatement induced by
accumbens shell inactivation. The authors speculated that
accumbens shell projections to lateral hypothalamus control
behavioral inhibition following extinction training by
inhibiting lateral hypothalamic neuropeptide expressing neu-
rons, whose activation promotes alcohol seeking.

Role of amygdala projections to accumbens shell in
extinction Millan and McNally (2011) also reported that
while blockade of AMPA receptors in the accumbens shell
has no effect on context-induced reinstatement (i.e.,
responding in context A), this blockade reinstates alcohol
seeking in the non-drug extinction (B) context. They then
demonstrated that the latter effect can be mimicked by dis-
connection of glutamatergic projections from the basolateral
amygdala to the accumbens shell. This finding suggests an
unexpected role of this projection in inhibition of alcohol
seeking, since this projection has previously been implicated
in promoting reward seeking (Everitt and Wolf 2002; Kelley
and Berridge 2002).

Role of basolateral amygdala and accumbens core and shell
in reinstatement Marinelli et al. (2010) reported that
basolateral amygdala, but not dorsal hippocampus, blockade
of mu opioid receptors decreases context-induced reinstate-
ment of alcohol seeking. Chaudhri et al. (2009) reported that
this reinstatement is decreased by blockade of dopamine D1
family receptors in either the accumbens core or shell. Using
a Pavlovian approach variation of the ABA renewal proce-
dure (Chaudhri et al. 2008), they also demonstrated that
reversible inactivation of both accumbens sub-regions de-
creases context-induced reinstatement (Chaudhri et al.
2010). The data from these studies lead to different conclu-
sions on the role of accumbens shell and basolateral amyg-
dala in promoting versus inhibiting alcohol seeking than the
findings of McNally and colleagues. The reasons for the
different results (and conclusions) in these studies are un-
known but may be related to the use of different pharmaco-
logical agents or drug injections at different rostral-caudal
accumbens and basolateral amygdala sub-regions. It is also
possible that McNally and colleagues identify different
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neurobiological substrates because their rats are water-
restricted in the home cage and lever press for low alcohol
concentrations dissolved in palatable non-alcoholic beer. In
contrast, Marinelli et al. (2010) and Chaudhri et al. (2009;
2010) use non-deprived rats that lever press for higher
concentrations of alcohol dissolved in water.

Conclusions The data reviewed indicate that accumbens core
and shell glutamate and dopamine receptors play an important
role in context-induced reinstatement of cocaine, alcohol, and
heroin (shell only) seeking. Other overlapping brain areas
include the basolateral amygdala (cocaine and alcohol) and
ventral subiculum/hippocampus (cocaine and heroin context).
The data reviewed also indicate that (1) projections from the
ventral mPFC to the accumbens shell are critical for context-
induced reinstatement of heroin seeking, (2) projections from
the PVT to the accumbens shell and accumbens shell to the
LH play are critical for context-induced reinstatement of al-
cohol seeking, and (3) reciprocal projections from the OFC to
the basolateral amygdala are critical for context-induced rein-
statement of cocaine seeking.

Stress
Summary of main findings prior to 2009

Since the mid-1990s, we and others have used the reinstate-
ment model to study mechanisms of stress-induced rein-
statement of drug seeking (Shaham et al. 2000a; Shalev et
al. 2010). In the operant conditioning version of the rein-
statement model, investigators have used three main
stressors: intermittent footshock (Shaham and Stewart
1995), acute 1-day food deprivation (Shalev et al. 2000),
and yohimbine (Lee et al. 2004; Shepard et al. 2004), an
alpha-2 adrenoceptor antagonist that induces stress- and
anxiety-like responses in humans and laboratory animals
(Bremner et al. 1996a, b). Yohimbine also induces heroin
and alcohol craving in drug addicts (Stine et al. 2002;
Umbhau et al. 2011), and was also recently shown to increase
opiate intake in humans in the laboratory (Greenwald et al.
2013). The brain sites and circuits of food deprivation and
yohimbine-induced reinstatement were not explored before
2009. For intermittent footshock-induced reinstatement, re-
sults from early studies indicate a role of corticotropin-
releasing factor (CRF) and glutamate in VTA (Wang et al.
2005), and a role of CRF projections from the central
amygdala to BNST, as well as noradrenaline, in these brain
areas (Erb et al. 2001; Shaham et al. 2003). Results from
studies using reversible inactivation, dopamine receptor an-
tagonists, and microdialysis also indicate a role for multiple
brain sites in intermittent footshock-induced reinstatement
of cocaine seeking, including the dorsal (but not ventral)
mPFC, OFC, accumbens core and shell, and ventral

pallidum, as well as the glutamatergic projections from the
dorsal mPFC to the accumbens core (Capriles et al. 2003;
McFarland et al. 2004; Xi et al. 2004). Below, we discuss
recent studies on brain sites and neurotransmitters involved in
intermittent footshock-, yohimbine-, and food deprivation-
induced reinstatement of drug seeking. We also discuss results
from a very recent study (Graziane et al. 2013) in which
investigators used a cold swim stressor that was given 24 h
before the reinstatement test (Conrad et al. 2010).

Intermittent footshock

Role of CRF and glutamate transmission in VTA Recent
studies further characterized VTA mechanisms of footshock-
induced reinstatement. Wang et al. (2012) reported that
footshock-induced reinstatement of heroin seeking is associ-
ated with increased glutamate (and dopamine) release in VTA,
and that local blockade of ionotropic glutamate receptors pre-
vents this reinstatement. These data extend previous results
with cocaine-trained rats (Wang et al. 2005). These authors
(Wang et al. 2009) also reported that while VTA perfusion of
hypocretin 1 reinstates cocaine seeking, this effect is not
blocked by CRF receptor antagonists; conversely, blockade
of hypocretin 1 receptors does not block CRF-dependent
footshock-induced reinstatement. These results rule out a role
of VTA hypocretin 1 receptor in this reinstatement.

Blacktop et al. (2011) reported that VTA injections of CRF
reinstate cocaine seeking in rats with a history of extended
(6 h/day) but not limited access (2 h/day) to self-administered
cocaine; this effect was decreased by VTA injections of selec-
tive CRF1 but not CRF2 receptor antagonists. Additionally,
these authors reported that footshock-induced reinstatement is
decreased by blockade of CRF1 but not CRF2 receptors.
These findings are in agreement with previous results on the
effect of systemic or ventricular CRF1 but not CRF2 receptor
antagonists on footshock-induced reinstatement of drug seek-
ing (Shalev et al. 2010). Blacktop et al. (2011) results are also
in agreement with the expression of CRF1 (moderate) and
CRF2 (very low/not detected) receptors in VTA, and the
selective affinity of CRF to CRF1 versus CRF2 receptors
(Bale and Vale 2004; Van Pett et al. 2000).

However, these results are opposite to those of Wang et
al. (2007) who reported that blockade of CRF2 but not
CRFI1 receptors in VTA decreases footshock-induced rein-
statement of cocaine seeking. The reasons for these discrep-
ant results are unknown. Blacktop et al. (2011) suggested
that duration of drug access (4 h/day versus 6 h/day) might
play a role. However, it is difficult to envision that this
parametric difference will cause a switch from CRF2- to
CRF1-dependent mechanisms.

Role of noradrenaline in the central amygdala Yamada and
Bruijnzeel (2011) reported that central amygdala
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injections of alpha-2 adrenoceptor agonists (clonidine or
dexmedetomidine) but not beta- or alpha-1 adrenoceptor
antagonists (propranolol or prazosin, respectively) de-
crease footshock-induced reinstatement of nicotine seek-
ing. These data suggest that the central amygdala is a brain
site sensitive to the potent effect of alpha-2 adrenoceptor
agonists on footshock-induced reinstatement of drug seeking
(Erb et al. 2000; Shaham et al. 2000a). However, clonidine is a
highly lipophilic drug; thus, in the absence of anatomical
control injections, the role of adjacent brain sites cannot be
ruled out. Additionally, the negative data with propranolol is
surprising based on the previous results that blockade of
central amygdala beta-adrenoceptors decreases footshock-
induced reinstatement of cocaine seeking (Leri et al. 2002).

Yohimbine

Recent studies have begun to assess brain sites of yohimbine-
induced reinstatement.

Role of CRF in the median raphe Le et al. (2012) reported
that median raphe injections of the non-selective CRF receptor
antagonist d-Phe-CRF decrease yohimbine-induced reinstate-
ment of alcohol seeking, a finding extending a previous result
for footshock-induced reinstatement (Le et al. 2002).

Role of BNST and central amygdala Buffalari and See
(2011) reported that reversible inactivation of the BNST
decreases yohimbine-induced reinstatement of cocaine seek-
ing. Simms et al. (2012) reported that central amygdala
injections of the glucocorticoid receptor antagonist mifep-
ristone decrease yohimbine-induced reinstatement of alco-
hol seeking. This effect, which likely involves rapid non-
genomic effects of this antagonist, is somewhat surprising
because, at least for intermittent footshock, previous studies
have shown that the effect of this stressor on reinstatement is
independent of corticosterone secretion (Erb et al. 1998;
Shaham et al. 1997). Simms et al. (2012) data, however,
suggest that mechanisms of yohimbine- and footshock-
induced reinstatement are at least partially dissociable. Sup-
port for this notion comes from the finding that ventral
noradrenergic bundle lesions, previously shown to decrease
footshock-induced reinstatement (Shaham et al. 2000b),
have no effect on yohimbine-induced reinstatement (Le et
al. 2009).

Food deprivation

Recent studies have begun to assess the brain mechanisms
of food deprivation—stress-induced reinstatement of heroin
seeking (Shalev et al. 2000). Tobin et al. (2013) performed a
comprehensive study assessing the role of dopamine DI
receptors in different brain regions in acute 1-day food
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deprivation-induced reinstatement of heroin seeking. They
found that injections of the D1 family receptor antagonist
SCH 23390 into the accumbens shell, dorsal mPFC, and
basolateral amygdala, but not the accumbens core or ventral
mPFC, decrease this reinstatement (Tobin et al. 2013). An
interpretation issue in this study is that SCH 23390 is also a
5-HT2C (formerly 5-HT1C) receptor agonist (Millan et al.
2001). Thus, the role of this receptor in the effects of SCH
23390 cannot be ruled out, especially in light of the finding
that systemic injections of the 5-HT2C receptor agonist
R060-0175 decrease yohimbine-induced reinstatement of
cocaine seeking (Fletcher et al. 2008).

Cold swim stress: role of kappa opioid receptors in VTA

Results from previous studies demonstrate that kappa opioid
receptor agonists reinstate cocaine seeking in monkeys
(Valdez et al. 2007) and cocaine conditioned place preference
(CPP) in mice (Redila and Chavkin 2008). In addition, sys-
temic injections of kappa opioid receptor antagonists decrease
reinstatement of cocaine CPP induced by acute pre-session
swim stress or social defeat stress (Bruchas et al. 2010; Carey
et al. 2007; Redila and Chavkin 2008). Using the operant
conditioning version of the reinstatement model in rats,
Conrad et al. (2010) reported that acute exposure to 4 to
4.5 min of cold (4-5 °C) swim stress caused modest but
persistent reinstatement of cocaine seeking in test sessions
performed 1, 2, and 3 days after stress exposure.

In a recent study, Graziane et al. (2013) have used the same
swim stress to investigate the role of kappa-opioid receptor-
related mechanisms in VTA in stress-induced reinstatement of
cocaine seeking. In slice electrophysiology experiments, the
authors found that antagonism of kappa opioid receptors re-
verses cold swim stress-induced blockade of LTP at
GABAergic synapses on dopamine neurons in the VTA, a
cellular process that normally inhibits VTA dopamine neu-
rons. In contrast, antagonism of kappa opioid receptors had no
effect on swim stress-induced potentiation of excitatory syn-
apses on dopamine neurons. They also reported that blockade
of kappa opioid receptors in VTA by nor-BNI decreases swim
stress-induced reinstatement of cocaine seeking. These data
suggest that stress-induced blockade of LTP at GABAergic
synapses in VTA plays a role in stress-induced reinstatement
of cocaine seeking. A question for future research is whether
this mechanism also plays a role in the reinstatement of
cocaine seeking induced by acute pre-session exposure to
stressors like intermittent footshock or yohimbine.

Summary Glutamate and CRF transmission in the VTA (her-
oin and cocaine) and alpha-2 adrenoceptors in the central
amygdala (nicotine) play a role in intermittent footshock-
induced reinstatement. CRF receptors in the median raphe
(alcohol), glucocorticoid receptors in the central amygdala
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(alcohol), and BNST neuronal activity (cocaine) play a role in
yohimbine-induced reinstatement of drug seeking. Dopamine
D1 receptors in the accumbens shell, dorsal mPFC, and
basolateral amygdala play a role in acute (1 day) food
deprivation-induced reinstatement of heroin seeking. Finally,
kappa opioid receptors in the VTA play a role in the delayed
effect (1-3 days) of cold swim stress on reinstatement of
cocaine seeking.

Emerging research topics and translational research

Reconsolidation and cue-induced reinstatement of drug
seeking

Background and summary of main findings prior to 2009

Drug use and relapse involves learned associations between
drug-associated discrete and contextual cues and drug tak-
ing, as well as the drug’s pharmacological effects (O'Brien et
al. 1992; Stewart et al. 1984). Two main mechanisms for the
establishment and persistence of memories for these cues
are consolidation, a time-dependent process that leads to
permanent storage of newly acquired memory (McGaugh
1966, 2000), and reconsolidation, a time-dependent process
in which consolidated memory objects are rendered tran-
siently malleable shortly after their reactivation (Dudai
2006; Misanin et al. 1968; Nader et al. 2000). Since the
publication of two excellent papers on the effect of molec-
ular and pharmacological manipulations that interfere with
reconsolidation of cue memories on Pavlovian and instru-
mental responses to cocaine cues (Lee et al. 2005; Miller
and Marshall 2005a), many studies have assessed the role of
reconsolidation processes in responding to drug cues
(Diergaarde et al. 2008; Milton and Everitt 2012; Sorg
2012; Torregrossa and Taylor 2013). Main findings prior
to 2009 are that activation of NMDA receptors and the
immediate early gene zif268 in the basolateral amygdala
and extracellular signal-regulated kinase (ERK) in the
accumbens core play critical roles in reconsolidation of
memories for cocaine cues (Lee et al. 2005, 2006; Miller
and Marshall 2005a; Milton et al. 2008).

Below we discuss selected recent mechanistic studies on
brain sites and circuits involved in reconsolidation of mem-
ories for drug cues in which the operant conditioning self-
administration variation of the reinstatement model was
used. In these studies, rats first undergo drug self-
administration. Next, they undergo extinction of lever
responding in the absence of the discrete cues or context
(extinction in a novel context). Rats are then exposed to the
discrete cues or context in a short extinction session (a
memory reactivation/retrieval manipulation) and immedi-
ately after that they receive the experimental manipulation

designed to interfere with reconsolidation of cue or context
memory. Subsequently, rats are tested for discrete cue- or
context-induced reinstatement of drug seeking. Control con-
ditions in these studies include either exposure to the exper-
imental manipulation without discrete cue or context
exposure or delayed exposure to the manipulation (several
hours) after the short memory reactivation/retrieval session.

Recent findings

Sanchez et al. (2010) reported that post-retrieval session
basolateral amygdala injections of an inhibitor of protein
kinase A (PKA) decrease subsequent discrete cue-induced
but not drug priming-induced reinstatement of cocaine seek-
ing. These data provide additional evidence for a role of
basolateral amygdala in reconsolidation of cocaine cue mem-
ories. Sanchez et al.’s (2010) data also suggest that memories
for cocaine cues and cocaine’s interoceptive effects are disso-
ciable. However, this conclusion should be made with caution
because only a single cocaine priming dose was used.

Additional potential evidence for a role of basolateral
amygdala in reconsolidation of memories for discrete cues
associated with cocaine self-administration derives from a
study of Xue et al. (2012). These authors have used a
memory retrieval-extinction procedure, previously shown
to impair reconsolidation of memories for fear cues (Monfils
et al. 2009) and demonstrated that this procedure decreases
spontaneous recovery (the resumption of the extinguished
conditioned response that occurs after time has passed fol-
lowing the conclusion of extinction), drug priming-, and
context-induced reinstatement of heroin and cocaine seek-
ing. For cocaine, the retrieval-extinction manipulation was
associated with decreases in protein kinase M zeta, a mole-
cule that plays a role in maintenance of long-term memory
(Sacktor 2011), in basolateral amygdala. However, as
discussed by Xue et al. (2012), based on the available data,
it is unclear whether the inhibitory effect of the retrieval—
extinction manipulation on reinstatement of drug seeking is
due to interference with reconsolidation, potentiation of
consolidation of extinction memories, or both processes.

In this regard, results from a recent report of Millan et al.
(2013) suggest that, at least for context-induced reinstate-
ment, interference with reconsolidation is not the critical
learning mechanism for the inhibitory effect of the retriev-
al-extinction manipulation on reinstatement. These authors
first confirmed the findings of Xue et al. (2012) by demon-
strating that context-induced reinstatement of alcohol seek-
ing is attenuated by exposing rats to a short retrieval session
(10-min cue exposure under extinction conditions) that was
followed 70 min later by a longer 50-min extinction session.
However, Millan et al. (2013) also demonstrated that revers-
ing the order of the retrieval and extinction sessions de-
creases subsequent context-induced reinstatement. The
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results from the reversed condition are incompatible with a
reconsolidation account of the retrieval-extinction manipu-
lation (Monfils et al. 2009). One possibility is that the
retrieval—extinction manipulation enhances consolidation
of extinction memories, resulting in ‘deepened’ extinction.
However, Millan et al. (2013) also showed that the retriev-
al-extinction manipulation paradoxically increased re-
acquisition of alcohol self-administration. This result sug-
gests that rather than interfering with reconsolidation of
context memories or potentiating consolidation of extinction
learning, the retrieval-extinction procedure (and the re-
versed condition) leads to inhibition of reinstatement by
facilitating discrimination between reinforced and non-
reinforced test sessions (Hutton-Bedbrook and McNally
2013). While the specific mechanism is still unknown, the
results of Millan et al. (2013) question the potential clinical
utility of the retrieval-extinction procedure for relapse
prevention.

In a series of elegant studies, Fuchs and colleagues mod-
ified the context-induced reinstatement procedure to evalu-
ate the neuroanatomical basis of cocaine context memory
reconsolidation. Fuchs et al. (2009) first reported that in-
jections of the protein synthesis inhibitor anisomycin into
the basolateral amygdala after short re-exposure to the
cocaine-paired context (context A, a reactivation/retrieval
manipulation) decrease subsequent context-induced rein-
statement of cocaine seeking. Subsequently, Wells et al.
(2012) reported that injections of the ERK inhibitor U0126
into the basolateral amygdala after cocaine—context memory
reactivation decrease subsequent context-induced reinstate-
ment. In contrast, post-context reactivation injections of
U0126 into the accumbens core were ineffective.
Accumbens core and local ERK activity in this area are
involved in cocaine—context memory reconsolidation, as
assessed in the CPP procedure (Miller and Marshall
2005b; Theberge et al. 2010). Thus, the data of Wells et al.
(2012) suggest that mechanisms of reconsolidation of mem-
ories of contexts associated with cocaine self-administration
are dissociable from those associated with non-contingent
cocaine exposure.

In another study, Ramirez et al. (2009) provided evidence
suggesting that the dorsal hippocampus, but not the dorsal
mPFC or dorsolateral caudate putamen, is involved in
reconsolidation of cocaine context memories. However, in-
terpretation of data from this study is complicated by the
fact that post-context reactivation injections of the sodium
channel blocker tetrodotoxin, but not the protein synthesis
inhibitor anisomycin (the classical manipulation in
consolidation/reconsolidation studies), into the dorsal hip-
pocampus decreased subsequent context-induced reinstate-
ment. Finally, Wells et al. (2011) combined their context
reactivation procedure with an anatomical disconnection
procedure (Everitt et al. 1991; Gaffan et al. 1993) to provide
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data suggesting that a brain circuit that includes the
basolateral amygdala and dorsal hippocampus is necessary
for reconsolidation of cocaine context memories. They
reported that context-induced reinstatement of cocaine seek-
ing is decreased in rats previously injected unilaterally with
anisomycin into the basolateral amygdala combined with
unilateral injection of muscimol + baclofen into the dorsal
hippocampus of the contralateral side immediately after the
context reactivation session. This inhibitory effect on
context-induced reinstatement was not observed after ipsi-
lateral injections of anisomycin (basolateral amygdala) and
muscimol + baclofen (dorsal hippocampus) (Wells et al.
2011).

Conclusions

Results from recent studies confirm a role of the basolateral
amygdala in reconsolidation of memories for discrete co-
caine cues and further demonstrate a role of this brain area
in reconsolidation of memories for contextual cocaine cues.
Local basolateral amygdala molecular mechanisms involved
in memory reconsolidation include PKA for discrete cues
and ERK for contextual cues. Recent evidence also suggests
a potential role of the dorsal hippocampus in reconsolidation
of memories for cocaine-associated contexts. A question for
future research is whether these reconsolidation-related
mechanisms generalize to other drugs of abuse.

Similarities and differences in neuronal mechanisms
of reinstatement across drug classes

Background and summary of main findings prior to 2009

As mentioned above, early studies of Stewart and colleagues
and subsequent studies suggest that the mesolimbic dopamine
system plays a critical role in drug priming-induced reinstate-
ment of heroin and cocaine seeking (Schmidt et al. 2009; Self
2004; Self and Nestler 1998; Stewart et al. 1984; Stewart and
Vezina 1988). These findings, and a series of influential
theoretical reviews in the mid-1980s and early 1990s, which
emphasized similarities in addiction mechanisms across drug
classes (Robinson and Berridge 1993; Stewart et al. 1984;
Wise and Bozarth 1987), have led to the widely accepted
notion of commonalities in mechanisms of reinstatement of
drug seeking across drug classes (Kalivas et al. 2009; Kalivas
and McFarland 2003; Shaham et al. 2003). Indeed, a large
body of data supports this notion.

Evidence for similarities

At the behavioral level, exposure to drug priming, different
types of cues (discrete, discriminative, or contextual), or
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certain stressors (intermittent footshock or yohimbine) reli-
ably reinstate heroin, cocaine, alcohol, methamphetamine,
or nicotine seeking (Bossert et al. 2005; Bruijnzeel 2012;
Feltenstein and See 2008; Le and Shaham 2002; Weiss
2005). There is also substantial evidence for neuropharma-
cological similarities in mechanisms of reinstatement of
drug seeking across drug classes.

For example, the glutamatergic projection from the dorsal
mPFC to the accumbens is critical for drug priming-induced
reinstatement of cocaine and heroin seeking (LaLumiere and
Kalivas 2008; McFarland and Kalivas 2001), and possibly
methamphetamine seeking as well (Rocha and Kalivas 2010).
Extrahypothalamic CRF transmission, neuroadrenaline trans-
mission, or dorsal mPFC activity is critical for intermittent
footshock-induced reinstatement of cocaine and heroin seek-
ing (Kalivas and McFarland 2003; Shaham et al. 2003).
Basolateral amygdala or accumbens core activity is critical
for discrete cue-induced reinstatement of cocaine, heroin, and
alcohol seeking (Feltenstein and See 2008; Marinelli et al.
2010). Dorsal mPFC activity is critical for discrete cue-
induced reinstatement of heroin, cocaine, methamphetamine,
and MDMA seeking (Ball and Slane 2012; Feltenstein and
See 2008; Rocha and Kalivas 2010). Ventral subiculum or
dorsolateral striatum activity is critical for context-induced
reinstatement of heroin and cocaine seeking (Bossert and
Stern 2013; Bossert et al. 2009; Fuchs et al. 2006; Lasseter
et al. 2010).

Evidence for differences

Evidence is emerging in recent years for some dissociation
between the brain sites and projections controlling reinstate-
ment of drug seeking across drug classes (Badiani et al. 2011).
For example, reversible inactivation of the VTA, dorsal
mPFC, accumbens core, or ventral pallidum, but not the
ventral mPFC, accumbens shell, substantia nigra, central and
basolateral amygdala, or mediodorsal thalamus decreases co-
caine priming-induced reinstatement (McFarland and Kalivas
2001). On the other hand, reversible inactivation of any of the
above brain areas, as well as the BNST, decrease heroin
priming-induced reinstatement (Rogers et al. 2008).

Another example is that context-induced reinstatement of
cocaine or alcohol seeking is mediated by mPFC and
accumbens sub-regions that are functionally dissociable
from those involved in context-induced reinstatement of
heroin seeking. Thus, context-induced reinstatement of co-
caine or alcohol seeking is decreased by reversible inactiva-
tion of the dorsal but not ventral mPFC (Fuchs et al. 2005;
Willcocks and McNally 2013) while reversible inactivation
of the ventral but not dorsal mPFC decreases context-
induced reinstatement of heroin seeking (Bossert et al.
2011). Furthermore, context-induced reinstatement of co-
caine or alcohol seeking is decreased by reversible

inactivation (for cocaine) or dopamine receptor blockade
(for alcohol) of either the accumbens core or shell (Fuchs
et al. 2008), while context-induced reinstatement of heroin
seeking is decreased by inhibiting glutamatergic transmis-
sion or dopamine receptor blockage in the accumbens shell
but not core (Bossert et al. 2006, 2007).

Additionally, reinstatement of cocaine or alcohol
seeking is triggered by reversible inactivation of ventral
mPFC or accumbens shell (Fuchs et al. 2008; Millan et
al. 2010; Peters et al. 2008) and attenuated (cocaine) by
ventral mPFC AMPA receptor activation (Peters et al.
2008). Functionally disconnecting these two brain re-
gions by unilateral inhibition of the ventral mPFC and
simultaneous contralateral inactivation of the accumbens
shell mimics reinstatement of cocaine seeking induced
by bilateral inactivation of either brain area (Peters et al.
2008). These findings suggest that projections from the
ventral mPFC to the accumbens shell inhibit cocaine
seeking after extinction (Peters et al. 2009). In contrast,
we have found that reversible inactivation of the ventral
mPFC (muscimol + baclofen injections) combined with D1
family receptor blockade in the accumbens shell of either
contralateral or ipsilateral hemisphere has no effect on rein-
statement of heroin seeking after extinction (Bossert et al.
2012). Furthermore, the same disconnection manipulation
decreased context-induced reinstatement of heroin seeking.
Taken together, our data and those of Peters et al. (2009)
suggest that activation of ventral mPFC—accumbens shell
projection has opposite effects on heroin seeking versus co-
caine seeking. Table 3 provides a summary of results for the
effect of different manipulations of the ventral and dorsal
mPFC on reinstatement across drug classes.

Finally, additional support for the notion that relapse
to opiate and psychostimulant seeking can involve dis-
sociable mechanisms is derived from studies on incuba-
tion of drug craving (time-dependent increases in cue-
induced drug seeking after withdrawal). This phenome-
non was originally discovered in studies on cue-induced
reinstatement of cocaine seeking (Grimm et al. 2001;
Neisewander et al. 2000) and intermittent footshock
stress-induced reinstatement of heroin seeking (Shalev
et al. 2001). We do not provide, in this review, an
update on mechanisms of incubation of drug craving
because we covered this topic in two recent reviews
(Marchant et al. 2013; Pickens et al. 2011). Additional-
ly, in recent mechanistic studies, we and others primar-
ily assessed cue-induced drug secking in a single
extinction session at different withdrawal days, not
cue-induced reinstatement after extinction. Regarding
similarities and differences, however, three pieces of
data suggest dissociable mechanisms of incubation of
opiate versus psychostimulant craving. Glial cell line-
derived neurotrophic factor activity in VTA is critical
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for incubation of cocaine but not heroin craving
(Airavaara et al. 2011; Lu et al. 2009). Additionally,
brain-derived neurotrophic factor in the VTA and
accumbens has been implicated in incubation of cocaine
craving (Grimm et al. 2003; Li et al. 2013; Lu et al.
2004) but not heroin craving (Theberge et al. 2012).
Finally, we recently found that chronic delivery of the
selective toll-like receptor 4 (TLR4) receptor antagonist
(+)-naltrexone during the withdrawal phase decreases
the development of incubation of heroin but not meth-
amphetamine craving (Theberge et al. 2013).

Conclusions

Taken together, while a large body of evidence supports the
accepted dogma of similarities in mechanisms of reinstate-
ment of drug seeking across drug classes, emerging recent
evidence suggest the existence of some mechanistic differ-
ences, particularly in reference to context-induced reinstate-
ment of drug seeking and incubation of drug craving. As
discussed elsewhere (Badiani et al. 2011), we proposed that
different psychological states induced by cocaine versus
heroin, and by extension, the psychological states induced
by cues and contexts associated with the two drugs might
account for the mechanistic differences discussed above.
Specifically, studies using the runway model by Ettenberg
and colleagues suggest that heroin induces classical ap-
proach behavior similar to that seen with food rewards,
while cocaine induces approach—avoidance behavior
(Ettenberg 2009; Ettenberg and Geist 1993). We speculate
that the partial dissociation in brain circuits controlling
cocaine versus heroin seeking may mirror this difference
in motivational states (Badiani et al. 2011).

Translational human studies based on results
from the reinstatement model

As mentioned in the “Introduction,” several medications
that have been used to treat opiate, nicotine, and alcohol
addiction decrease drug priming and cue-induced reinstate-
ment of drug seeking. These findings support the predictive
validity of the reinstatement model (Epstein et al. 2006), but
they fall short of demonstrating the translational value of the
model. This is because the medications were retrospectively
assessed in the reinstatement model after they have demon-
strated efficacy in human drug addicts. In other words, the
medications demonstrated ‘postdictive’ validity, a situation
in which effective medications in humans were subsequent-
ly found to also be effective in the animal model (Goldstein
and Simpson 2002). To date, there are no instances of
‘prospective’ predictive validity with the model; that is,
medications/drugs found effective in the reinstatement mod-
el that were subsequently found to prevent drug relapse in
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humans. However, there are several examples of pharmaco-
logical similarities between results from rat studies using the
reinstatement model and follow-up human laboratory stud-
ies on stress-, cue-, and drug-induced craving and other self-
report measures, which are to some degree predictive of
subsequent drug relapse (Back et al. 2010; Sinha et al.
2006, 2011). We discuss below these examples.

N-acetylcysteine

As mentioned above, N-acetylcysteine (NAC) injections
decrease cocaine priming- and discrete cue-induced rein-
statement of cocaine seeking in rats (Baker et al. 2003;
Kupchik et al. 2012; Reichel et al. 2011). In an initial human
study based on the rat studies, LaRowe et al. (2007) reported
that NAC modestly decreases the subjective desire to use
cocaine and interest in cocaine; however, NAC had no effect
on cue-induced cocaine craving. In a second study, Amen et
al. (2011) reported that 4-day treatment with NAC decreases
craving induced by non-contingent priming cocaine injec-
tions. These data, however, should be interpreted with great
caution because of the very small number of subjects (n=4
per condition) that participated in this preliminary study.
Results from other preliminary studies with low number of
subjects suggest that NAC either has a weak effect or no
effect on measures of drug taking and drug craving in
nicotine (Knackstedt et al. 2009) or methamphetamine
(Grant et al. 2010) addicts (for a review see Berk et al.
(2013). Together, whether or not NAC reliably decreases
drug priming- or cue-induced cocaine craving or other mea-
sures of drug craving and relapse is an empirical question
that should be determined in future studies. Such studies are
of particular importance in light of the recent negative
findings for NAC'’s effect on cocaine priming-induced rein-
statement in primates (Bauzo et al. 2012).

Alpha-2 adrenoceptor agonists

In several studies, investigators have assessed the effect of
alpha-2 adrenoceptor agonists (clonidine, lofexidine,
guanbenz) that inhibit central noradrenaline cell firing and
release (Abercrombie et al. 1988; Aghajanian and
VanderMaelen 1982) on stress-induced reinstatement. These
drugs potently inhibit intermittent footshock-induced rein-
statement of heroin, cocaine, speedball (a heroin—cocaine
mixture), alcohol, and nicotine seeking in rats (Erb et al.
2000; Highfield et al. 2001; Le et al. 2005; Shaham et al.
2000b; Zislis et al. 2007). Based on these rat studies, Sinha
and colleagues, and Preston, Epstein and colleagues
assessed the effect of alpha-2 adrenoceptor agonists on
stress-induced drug craving in human addicts in the labora-
tory. The human studies have also assessed the effect of
these drugs on cue-induced drug craving.
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Table 3 Effect of inhibition of ventral or dorsal mPFC on extinction and reinstatement across drug classes
Extinction Discrete cue Discriminative cue Context Drug priming Stress
reinstatement reinstatement reinstatement reinstatement reinstatement

Dorsal mPFC

Cocaine - ! l l !

Heroin — ! 1 1

Methamphetamine — ! |

Alcohol — l
Ventral mPFC

Cocaine il 1 - - -

Heroin - ! l l | -

Methamphetamine — 1 -

Alcohol - -

Each symbol represents the behavioral effect of a manipulation designed to decrease mPFC activity or function: f, increased drug seeking; |,
decreased drug seeking; —, no effect on drug seeking. The data are based on the following references: cocaine (Capriles et al. 2003; Fuchs et al.
2005; McFarland et al. 2004; McFarland and Kalivas 2001; McLaughlin and See 2003; Pentkowski et al. 2010; Peters et al. 2008; Stefanik et al.
2013); heroin (Alvarez-Jaimes et al. 2008; Bossert et al. 2011; LaLumiere and Kalivas 2008; Rogers et al. 2008; See 2009); methamphetamine

(Rocha and Kalivas 2010); Alcohol: (Willcocks and McNally 2013)

The first human study on the effect of an alpha-2-
adrenergic agonist (lofexidine) on stress- and cue-induced
craving was conducted in opiate-dependent individuals in
naltrexone treatment (Sinha et al. 2007); naltrexone is an
opiate receptor antagonist that is approved in the treatment
of opioid addiction but it is not used widely because of poor
compliance (Julius 1976). In this small laboratory and clin-
ical outcomes study, Sinha et al. (2007) found that 4 weeks
of daily 2.4 mg lofexidine decreases stress-induced opiate
craving, anger ratings, and basal heart rates, as well as
improves opiate relapse outcomes; they also found that
lofexidine decreases cue-induced opiate craving.

In a follow-up study, Fox et al. (2012b) assessed whether
chronic 4 week of administration of the alpha-2 adrenoceptor
agonist guanfacine (up to 3 mg/day) would decrease guided
imagery stress-, cue- and stress + cue-induced drug craving, as
well as anxiety in cocaine-dependent individuals who also use
alcohol and nicotine. They found that guanfacine decreases
stress- and cue-induced nicotine craving. Guanfacine also
modestly decreased cue-induced cocaine craving, anxiety
and arousal, but not stress-induced craving. The latter data,
however, are difficult to interpret because the stress manipu-
lation caused a weak craving response in the placebo group;
thus, the negative finding may reflect a floor effect.

In a recent study with a larger sample, Jobes et al. (2011)
assessed the effect of clonidine on stress- and cue-induced crav-
ing in cocaine users that were randomly assigned to three groups
receiving placebo or clonidine (0.1 or 0.2 mg, orally) under
double-blind conditions. The stress and cue manipulations were
standard auditory—imagery scripts of stress-related and drug cue-
related situations. These authors reported that both clonidine
doses strongly decrease stress-induced cocaine craving, while
only the high clonidine dose decreases cue-induced craving.

Finally, it should be noted that in the initial rat studies,
the alpha-2 adrenoceptor agonists selectively decreased
footshock stress-induced reinstatement but not cue- or drug
priming-induced reinstatement (Erb et al. 2000; Highfield et
al. 2001), but see Smith and Aston-Jones (2011) for recent
positive results for cue-induced reinstatement of cocaine
seeking. In contrast, in the human studies, the alpha-2
adrenoceptor agonists consistently decreased cue-induced
drug craving (Fox et al. 2012b; Jobes et al. 2011; Sinha et
al. 2007). A possible reason for these different findings is
that in the rat, cue exposure likely primarily causes an
appetitive motivational state with little or no stress compo-
nent (Feltenstein and See 2008; See 2005). In contrast, in
the human, laboratory cue exposure also induces an alpha-2
adrenoceptor agonist sensitive stress-like physiological
(e.g., increased cortisol and heart rate) and psychological
(e.g., increased subjective ratings of anxiety, anger, and
irritability) states that are similar to those induced by expo-
sure to stressors (Sinha et al. 1999, 2000).

Prazosin

In a recent study, Le et al. (2011) reported that the alpha-1
adrenoceptor antagonist prazosin blocks both intermittent
footshock- and yohimbine-induced reinstatement of alcohol
seeking. In an independent parallel human study, Fox et al.
(2012a) assessed the effect of placebo or prazosin
(16 mg/day for 4 weeks) on stress- and cue-induced alcohol
craving, anxiety, and negative emotions. They reported that
prazosin decreases stress-induced craving and negative
emotions. However, while prazosin decreased cue-induced
negative emotion self-reports, it had no effect on cue-
induced craving. The latter negative data might be due to a
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floor effect because of the weak cue-induced craving in the
placebo group.

Conclusions

Studies using the reinstatement model in rats have led to
human laboratory studies on the effect of several drugs
(approved for human use for other indications) on stress-,
cue-, and drug priming-induced craving in human addicts.
The available data with NAC are not sufficient to conclude
that the drug is effective against cue- or drug priming-
induced craving. Similarly, the results with prazosin, which
decreased stress- but not cue-induced alcohol craving in a
relatively small sample, require an independent replication.
On the other hand, a more consistent pattern of results has
emerged with alpha-2 adrenoceptor agonists that decrease
both stress- and cue-induced craving to opiates, cocaine, and
nicotine. A question for future research is whether chronic
treatment with alpha-2 adrenoceptor agonists would also
prevent stress-induced relapse in the addict’s environment.
Ongoing studies at both Yale and NIDA intramural research
programs will answer this question in the future.
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