Table S1. A complete list of published papers on reinstatement/relapse to opioid seeking using operant-based
reinstatement/relapse models and their major findings. The data are based on PubMed research. Note: Several reinstatement-
related papers reported results with more than one reinstating stimulus and appear in more than one category. Abbreviations:

Self-administration, SA.

Section 2. Extinction-based relapse models

2.1. Drug priming

Number | Paper Major Finding

1 (Davis and Smith, Priming injections of morphine and amphetamine reinstate morphine seeking.
1976)

2 (de Wit and Stewart, Priming injections of heroin and morphine reinstate heroin seeking.
1983)
3 (Stewart, 1984) Morphine injections into the VTA (but not periaqueductal gray or caudate nucleus (reinstate
heroin and cocaine seeking. Systemic naltrexone injections decrease this reinstatement.
4 (Stewart and Vezina, | NAc core amphetamine, but not morphine, injections reinstate heroin seeking.
1988)

5 (Wise et al., 1990) Systemic injections of bromocriptine (a Drd2 agonist) reinstate heroin seeking.

6 (Stewart and Wise, Systemic injections of morphine but not naltrexone or nalorphine (MOR antagonist/KOR
1992) agonist) reinstate heroin seeking.

7 (Shaham et al., Heroin priming reinstates heroin seeking after extinction.
1994)

8 (Shaham and Heroin priming reinstates heroin seeking and increases NAc dopamine release.
Stewart, 1995)

10 (Shaham and Systemic injections of naltrexone, flupenthixol (non-selective Drd1/Drd2 antagonist),
Stewart, 1996) raclopride (Drd2 antagonist), and SCH 23390 (Drd1 antagonist) decrease heroin priming-

induced reinstatement.

11 (Shaham et al., Adrenalectomy after training and acute injection or chronic exposure to metyrapone (a

1997a) corticosterone synthesis inhibitor) have no effect on heroin priming-induced reinstatement.

12 (Shaham et al., Reinstatement of heroin seeking in male rats is not induced by exposure to receptive

1997b) females.

13 (De Vries et al., Priming injections of heroin, amphetamine, or cocaine reinstate heroin seeking.

1998)
14 (Spanagel et al., Systemic injection of acamprosate (glutamatergic modulator) has no effect on heroin
1998) priming-induced reinstatement.
15 (De Vries et al., Heroin or GBR-12909 (dopamine reuptake inhibitor) reinstate heroin seeking. Apomorphine,
1999) quinpirole (Drd2 agonist), and SKF 82958 (Drd1 agonist) do not reinstate heroin seeking
after prolonged extinction.
16 (Leri and Stewart, In rats trained to self-administer both cocaine and heroin, heroin priming reinstates heroin
2001) but not cocaine seeking while cocaine priming reinstates cocaine but not heroin seeking.
17 (Shalev et al., 2001b) | Ventricular injections of leptin have no effect on heroin priming-induced reinstatement of
heroin seeking.
18 (De Vries et al., Quinpirole reinstates heroin seeking after short-term, but not long-term extinction.
2002)

19 (Fuchs and See, BLA inactivation with tetrodotoxin (TTX) decreases heroin priming-induced reinstatement of
2002) heroin seeking.

20 (Leri and Stewart, A lapse of a heroin SA session after extinction induces subsequent heroin seeking in a
2002) relapse test 24 h later.

21 (De Vries et al., Injection of HU210 (a CB1 receptor agonist) reinstates heroin seeking while injection of
2003) SR141716A (a CB1 receptor antagonist) decreases heroin priming-induced reinstatement.

22 (Fattore et al., 2003) | Systemic injections of WIN 55,212-2 and CP 55,940 but not A9-THC (CBL1 receptor
agonists) reinstate heroin seeking. Systemic injection of SR 141716A decreases heroin
priming-induced reinstatement.

23 (Leri et al., 2004) In rats trained to self-administer cocaine and heroin methadone maintenance decreases
cocaine priming- and heroin priming-induced reinstatement.

24 (Luo et al., 2004) Blood oxygen-level dependent (BOLD) signal after heroin priming-induced reinstatement is
decreased in the prefrontal and parietal cortex as well as the NAc and hippocampus,
compared to saline-trained control rats injected with heroin.

25 (Fattore et al., 2005) Priming injections of WIN 55,212-2 and CP 55,940 reinstate heroin seeking. Systemic
injections of naloxone and SR 141716A decrease heroin priming-induced reinstatement and
reinstatement after priming injections of WIN 55,212-2 or CP 55,940.
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26 (Leri and Burns, Very low doses of naltrexone decrease oxycodone priming-induced reinstatement.
2005)

27 (Sorge et al., 2005) Chronic buprenorphine decreases heroin priming-induced reinstatement and heroin-induced
increases in NAc dopamine release.

28 (He and Grasing, Chronic treatment with clorgyline (an inhibitor of monoamine oxidase-A (MAO-A)) or

2006) rasagiline (an inhibitor of MAO-B) decreases morphine priming-induced reinstatement of
morphine seeking.

29 (Yao et al., 2006) Systemic injections of MPX-3 (A2a adenosine receptor antagonist) or NAc injections of
DMPX (A2a antagonist) decrease heroin priming-induced reinstatement. NAc injections of
DPCX (Al antagonist) have no effect on heroin priming-induced reinstatement.

30 (Ghitza et al., 2007) Systemic PYY3-36 injections have no effect on heroin priming-induced reinstatement.

31 (Lenoir and Ahmed, Long access but not short access heroin-trained rats show heroin priming-induced

2007) reinstatement.
32 (Spano et al., 2007) Baclofen (GABAG& receptor agonist) deceases heroin priming-induced reinstatement.
33 (LaLumiere and Heroin priming-induced reinstatement is associated with increased extracellular glutamate in
Kalivas, 2008) NAc core. Inactivation of NAc core or dmPFC decreases heroin priming-induced NAc core
extracellular glutamate. NAc core CNQX (AMPA/kainite receptor antagonist) or flupenthixol
injections decrease heroin priming-induced reinstatement.

34 (Rogers et al., 2008) | Muscimol+baclofen reversible inactivation into the following brain regions decrease heroin
priming-induced reinstatement: dmPFC and vmPFC, BLA, CeA, BNST, NAc core and shell,
DLS, VTA, SN, and VP.

35 (Zhou and Kalivas, Chronic N-acetylcysteine administration decreases extinction responding and heroin

2008) priming-induced reinstatement. Heroin priming-induced reinstatement is decreased for up to
40 days after discontinuing chronic N-acetylcysteine injections.

36 (Zhou et al., 2008) Systemic injection of SSR149415 (vasopressin V1b receptor antagonist) decreases heroin
priming-induced reinstatement.

37 (See, 2009) dmPFC SCH 23390 injections decrease heroin priming-induced reinstatement.

38 (Peng et al., 2010) Systemic injection of methadone does not reinstate heroin seeking.

39 (Grella et al., 2011) Oxycodone priming reinstates oxycodone seeking and the magnitude of this effect is
dependent on the amount of drug SA during training.

40 (Fattore et al., 2011) | Systemic injections of naloxone or SR141716A decrease WIN 55,212-2 priming-induced
reinstatement of heroin seeking; injections of both naloxone and SR141716A decrease
CB1R agonist priming-induced reinstatement.

41 (Lietal., 2011) Heroin priming-induced reinstatement is blocked with a morphine/heroin vaccine.

42 (Liu et al., 2011) Daily vagus nerve stimulation decreases heroin priming-induced reinstatement, an effect
associated with decreased FosB and increased phosphorylated cAMP response element-
binding protein (pCREB) in NAc.

43 (Shen et al., 2011) Heroin priming-induced reinstatement is associated with increases in field excitatory post
synaptic potential in NAc medium spiny neurons (MSNSs) following PFC stimulation, and
dendritic spine enlargement and upregulated surface expression of GIUN2B subunits in NAc
MSNSs. NAc core ifenpridil (GIUN2B antagonist) injections decrease heroin priming-induced
reinstatement and prevent spine remodeling and changes in synaptic strength.

44 (Lee etal., 2012) Acupuncture decreases morphine priming-induced reinstatement, an effect blocked by
systemic injections of bicuculine and SCH50911 (GABA receptor antagonists).

45 (Liu et al., 2012c) Morphine priming-induced reinstatement is associated with Thr286 phosphorylation of alpha
Ca(2+)/calmodulin-dependent protein kinase 1l (CAMKII) in NAc shell but not core.

46 (Liu et al., 2012d) NAc shell injections of myrisotylated autocamtide-2 inhibitory peptide (myr-AlP; selective
CAMKII inhibitor) decrease morphine priming-induced reinstatement of morphine seeking.

47 (Schippers et al., High and low impulsive rats do not differ in heroin priming-induced reinstatement.

2012)

48 (Xue et al., 2012) Brief cued retrieval of drug memories 10 min but not 6 h before daily extinction sessions
decreases heroin priming-induced reinstatement.

49 (Yue et al., 2012) Systemic injections of levo-tetrahydropalmatine (I-THP; a mixed Drd1/Drd2/Drd3 antagonist)
decreases heroin-induced reinstatement.

50 (Lai et al., 2013) Systemic injections of risperidone (5-HT2 and Drd2 antagonist) have no effect on heroin
priming-induced reinstatement.

51 (Ma et al., 2014) L-Stepholidine (L-SPD; mixed Drd1 agonist/Drd2 antagonist) decreases heroin priming-
induced reinstatement.

52 (Lai et al., 2014) Systemic injections of rolipram (phosphodiesterase-4 inhibitor) decrease heroin priming-
induced reinstatement, an effect associated with increased pCREB expression in NAc.

53 (Yue et al., 2014) L-SPD decreases heroin priming-induced reinstatement.

54 (Li etal., 2014) Morphine-keyhole limpet hemocyanin (M-KLH) vaccine decreases heroin priming-induced
reinstatement.

55 (Raleigh et al., 2014) | M-KLH decreases heroin priming-induced reinstatement.
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56 (Wager et al., 2014) Systemic injection of PF-5006739 (casein kinase 1 delta/epsilon inhibitor) decreases
fentanyl priming-induced reinstatement of fentanyl seeking.

57 (Montanari et al., Heroin priming reinstates heroin seeking in resident rats but not in non-resident rats.

2015)

58 (Zhou et al., 2015) Heroin priming-induced reinstatement results in similar reinstatement in both high footshock
reinstatement responders and low footshock reinstatement responders.

59 (Chen et al., 2016b) Systemic or ventricular injections of sodium butyrate (NaB; histone deacetylase (HDAC)
inhibitor) increase heroin priming-induced reinstatement when administered 12 h but not 6 h
before the reinstatement test. Levels of histone acetylation in the NAc core and shell are
increased during reinstatement and further increased after ventricular injections of NaB.

60 (de Guglielmo et al., Systemic injection of the pioglitazone (peroxisome proliferator-activated receptor gamma

2017) (PPARYy) agonist) decreases heroin priming-induced reinstatement.

61 (Porter-Stransky et Systemic injection of SB-335867 (orexin-1 receptor (Ox1R) antagonist) has no effect on

al., 2017) remifentanil priming-induced reinstatement of remifentanil seeking.

62 (Wager et al., 2017) Systemic injection of PF-4363457 (Drd2/Drd3 antagonist) decreases combined fentanyl
priming-induced and discrete cue-induced reinstatement of fentanyl seeking.

63 (You et al., 2017) Systemic injection of CAB2-015 and BAK4-54 (Drd3 antagonist/partial agonist) decreases

oxycodone priming-induced reinstatement of oxycodone seeking.

2.2. Discrete cues

Number | Paper Major Finding

1 (Davis and Smith, Discrete cues reinstate morphine seeking.
1976)

2 (Alderson et al., In rats trained to self-administer heroin under a second order schedule of reinforcement,
2000) discrete cues weakly reinstate heroin seeking.

3 (Highfield et al., Daily injections of lofexidine (alpha-2 adrenoceptor agonist) have no effect on discrete cue-
2001) induced reinstatement of speedball (heroin-cocaine mixture) seeking.

4 (Fuchs and See, BLA inactivation with TTX decreases discrete cue-induced reinstatement of heroin seeking.
2002)

5 (De Vries et al., Systemic injections of SR141716A decrease discrete cue-induced reinstatement of heroin
2003) seeking.

7 (Bossert et al., 2005) | Systemic injections of LY379268 (an mGIluR2/3 agonist that decreases evoked glutamate
release) decrease discrete cue-induced reinstatement of heroin seeking.

8 (Grasing et al., 2005) | Daily intravenous delivery of selegiline (irreversible MAO inhibitor) has no effect on discrete
cue-induced reinstatement of morphine seeking.

9 (Leri and Burns, Co-SA of oxycodone and ultra-low-doses of naltrexone decrease discrete cue-induced

2005) reinstatement of oxycodone seeking.
10 (Schmidt et al., Discrete cue-induced reinstatement of heroin seeking is associated with increased zif268
2005) mPFC expression; muscimol+baclofen injections into the dmPFC increase discrete cue-
induced reinstatement of heroin seeking.

11 (zZhang et al., 2005) Discrete cue-induced reinstatement of heroin seeking is associated with increased Fos
expression in the medial part of the lateral habenula.

12 (Zhou et al., 2005) The magnitude of discrete cue-induced reinstatement is higher than the magnitude of
discriminative cue-induced reinstatement.

13 (He and Grasing, Chronic treatment with clorgyline (selective MAO-A inhibitor) or rasagiline (selective MAO-B

2006) inhibitor) decreases discrete cue-induced reinstatement of morphine seeking.

14 (Koya et al., 2006) Reexposure to discrete cues after long-term extinction reinstates heroin seeking and is
associated with increased expression of the immediate early gene expression ania-3, MKP-
1, c-fos, and Nr4a3 in mPFC and ania-3 in OFC and NAc core.

15 (Bossert et al., 2007) | SCH 23390 injected in the NAc core, but not the lateral or medial shell, decreases discrete
cue-induced reinstatement.

16 (Ghitza et al., 2007) Systemic injections of PYY3-36 have no effect on discrete cue-induced reinstatement of
heroin seeking.

17 (Zhou et al., 2007) Systemic and NAc injections of physostigmine (acetylcholinesterase inhibitor) decrease
discrete cue-induced reinstatement of heroin seeking. VTA physostigmine injections
increase discrete cue-induced reinstatement of heroin seeking. TTX inactivation of NAc or
VTA decreases discrete cue-induced reinstatement.

18 (LaLumiere and Discrete cue-induced reinstatement of heroin seeking is associated with increased

Kalivas, 2008) extracellular glutamate in NAc core. Inactivation of NAc core (TTX) or dmPFC, and NAc
core injections of CNQX, flupenthixol, SCH 23390, or sulpiride decrease this reinstatement.

19 (Rogers et al., 2008) | Muscimol+baclofen inactivation of dmPFC and vmPFC, BLA, CeA, posterior BNST, NAc

core, DLS, SN, and VP decrease discrete cue-primed reinstatement of heroin seeking.
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20 (Van den Oever et Discrete cue-induced reinstatement of heroin seeking results in downregulation of GIluR2
al., 2008) AMPA receptor subunit, upregulation of clarthrin-coat assembly protein AP2m1 in synaptic
membranes of MPFC, and decreased mPFC AMPA/NMDA current ratio. Systemic or
vmPFC, but not dmPFC injections of TAT-GIUR23Y (peptide inhibiting GluR2 endocytosis)
decrease discrete cue-induced reinstatement of heroin seeking.

21 (Zhou and Kalivas, Daily N-acetylcysteine administration decreases extinction responding and discrete cue-

2008) induced reinstatement. Discrete cue-induced reinstatement is decreased for up to 40 days
after discontinuing daily N-acetylcysteine injections.

22 (Doherty et al., 2009) | Discrete cue-induced reinstatement of morphine seeking is weaker in rats that began
morphine SA during adolescence vs. adulthood.

23 (See, 2009) vmPFC SCH23390 injections decrease discrete cue-induced reinstatement of heroin
seeking.

24 (Banna et al., 2010) Systemic injection of yohimbine increases discrete cue-induced reinstatement of heroin
seeking.

25 (Van den Oever et After extinction of heroin SA, extracellular matrix (ECM) proteins are downregulated in

al., 2010) mPFC and NAc, and expression returns to baseline following discrete cue-induced
reinstatement of heroin seeking. ECM proteins in the mPFC are condensed in the
perineuronal nets that surround GABAergic interneurons, and the tone of inhibitory synaptic
inputs to mPFC pyramidal neurons increases following discrete cue-induced reinstatement.
Ventricular injections of FN-439 (matrix metalloproteinase inhibitor) decrease cue-induced
reinstatement of heroin seeking.

26 (Liu et al., 2011) Vagus nerve stimulation decreases discrete cue-induced reinstatement of heroin seeking
and is associated with a decrease in FosB and an increase in pCREB expression in NAc.

27 (Liu et al., 2012a) Systemic injection of galantamine (acetylcholinesterase inhibitor) decreases discrete cue-
induced reinstatement of heroin seeking. This effect is reversed by systemic pretreatment
with scopolamine (muscarinic type 2 (M2) receptor antagonist) but not mecamylamine
(nicotinic receptor (nAChR) antagonist) or scopolamine methobromide (M2 receptor
antagonist with low blood brain barrier penetrance). Lateral dorsal tegmental nucleus
(LDTQg) injections of galantamine decrease discrete cue-induced reinstatement while
microinjection of scopolamine in LDTg reverses this effect.

28 (Schippers et al., High and low impulsive rats do not differ in discrete cue-induced reinstatement of heroin

2012) seeking.
29 (Smith and Aston- Systemic injection of SB-334867 (orexin/hypocretin receptor antagonist) decreases discrete
Jones, 2012) cue-induced reinstatement of heroin seeking.

30 (Guo et al., 2012) Daily deep brain stimulation (DBS) given bilaterally or unilaterally into the right NAc during
abstinence decreases discrete cue-induced reinstatement. These effects are associated
with increased expression of pCREB and decreased expression of AFosB in NAc.

31 (Lai et al., 2013) Systemic injections of risperidone decrease cue-induced reinstatement of heroin seeking.

32 (Lai et al., 2014) Systemic injections of rolipram (selective PDE4 inhibitor) decrease discrete cue-induced
reinstatement of heroin seeking, an effect correlated with increased pCREB expression in
NAC.

33 (Shen et al., 2014) Impaired NAc core glutamate elimination after extinction of heroin SA leads to spillover of
increased extracellular glutamate. Systemic injections of ceftriaxone (a GLT-1 activator)
restore NAc core glutamate uptake and decrease discrete cue-induced reinstatement of
heroin seeking, an effect reversed by GLT-1 knockdown.

34 (Smith et al., 2014) Discrete cue-induced heroin reinstatement increases matrix metalloproteinase (MMP)
activity in NAc core.

35 (Yue et al., 2014) L-SPD decreases discrete cue-induced reinstatement of heroin seeking.

36 (Galaj et al., 2015) Systemic injections of SR 21502 (Drd3 antagonist) decrease discrete cue-induced heroin
reinstatement.

37 (Chen et al., 2016a) vmPFC injections of PEPA (an allosteric AMPA receptor potentiator) decrease discrete cue-
induced reinstatement of heroin seeking and increases ventral mPFC and NAc expression
of GLUR1.

38 (Galaj et al., 2016) Environmental enrichment during extinction and reinstatement tests decreases discrete cue-
induced reinstatement of heroin seeking.

39 (de Guglielmo et al., Systemic injections of pioglitazone have no effect on discrete cue-induced reinstatement.

2017)
40 (Neelakantan et al., Lorcaserin (5-HT2C receptor agonist) decreases discrete cue-induced reinstatement of
2017) oxycodone seeking.

41 (Porter-Stransky et SB-335867 decreases discrete cue-induced reinstatement of remifentanil seeking in rats

al., 2017) that self-administer low but not high levels of the drug during SA training.

42 (Wager et al., 2017) PF-4363457 decreases combined fentanyl priming-induced plus discrete cue-induced

reinstatement of fentanyl seeking.
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43

(Rubio et al., 2018)

dmPFC is activated by both heroin and cocaine-associated cues in rats that self-
administered cocaine and heroin.

2.3. Discriminative cues

Number

Paper

Major Finding

1

(McFarland and
Ettenberg, 1997)

Systemic injections of haloperidol (a preferential Drd2 receptor antagonist) decrease
discriminative cue-induced reinstatement of heroin seeking in the runway model.

2

(Gracy et al., 2000)

Discriminative cues reinstate heroin seeking after extinction of heroin SA.

3

(Zhou et al., 2005)

The magnitude of discrete cue-induced reinstatement of heroin seeking is higher than the
magnitude of discriminative cue-induced reinstatement.

4

(Alvarez-Jaimes et
al., 2008)

mPFC and NAc (but not BLA) SR141716A injections decrease discriminative cue-induced
reinstatement of heroin seeking.

2.4. Context

Number

Paper

Major Finding

1

(Bossert et al., 2004)

Systemic or VTA (but not SN) injections of the mGIuR2/3 agonist LY379268 decrease
context-induced reinstatement of heroin seeking.

2

(Bossert et al., 2006)

NAc shell (but not core or DS) injections of LY379268 decrease context-induced
reinstatement of heroin seeking.

3

(Bossert et al., 2007)

Medial or lateral NAc shell (but not core) SCH23390 injections decrease context-induced
reinstatement of heroin seeking.

(Bossert et al., 2009)

DLS (but not DMS) SCH23390 injections decrease context-induced reinstatement of heroin
seeking. Neither functional disconnection of DLS and lateral NAc shell (SCH23390
injections into both areas) nor DLS injections of MK212 (5-HT2CR agonist) have an effect
on this reinstatement.

(Bossert et al., 2011)

Muscimol+baclofen inactivation of vmPFC (but not dmPFC) decreases context-induced
reinstatement of heroin seeking. Selective inactivation of context-activated vmPFC neurons
(using Daun02) also decreases this reinstatement.

(Bossert et al., 2012)

Context-induced reinstatement of heroin seeking is associated with activation (Fos) of
vmPFC-to-NAc shell pathway. Functional disconnection of vmPFC (muscimol+baclofen)
and NAc shell (SCH23390) either contralaterally or ipsilaterally decreases this
reinstatement.

(Bossert and Stern,
2014)

Muscimol+baclofen inactivation of vSub but not dorsal subiculum decreases context-
induced reinstatement of heroin seeking.

(Bossert et al., 2016)

Context-induced reinstatement of heroin seeking is associated with activation (Fos) of vSub-
to-NAc shell and vSub-to-vmPFC pathways. Functional disconnection of vSub
(muscimol+baclofen inactivation) and NAc shell (SCH23390) either contralaterally or
ipsilaterally decreases this reinstatement. Disconnection of vSub and vmPFC
(muscimol+baclofen inactivation in both areas) has no effect on this reinstatement.

(Ge et al., 2017)

Context-induced reinstatement of heroin seeking is associated with activation (Fos) of
entorhinal cortex (EC)-to-dorsal dentate gyrus (dDG) pathway. Functional disconnection of
the pathway using muscimol+baclofen (into both areas) or viral delivery of inhibitory
DREADD into cell bodies (EC) and CNO injections into terminals (dDG) decreases context-
induced reinstatement of heroin seeking. Inhibition of this pathway depends on GIuN2B-
ERK-mediated signaling.

10

(Wang et al., 2018)

Context-induced reinstatement of heroin seeking is associated with activation (Fos) of vSub-
to-vmPFC pathway and LTD induction in this pathway. Functional disconnection of the
pathway using muscimol+baclofen (into vSub) and blockade of internalization of ionotropic
glutamate receptor-2 (GluA2) (into vmPFC) or viral delivery of inhibitory DREADDs into cell
bodies (vSub) and CNO into terminals (vmPFC) decreases context-induced reinstatement of
heroin seeking and reverses LTD induction and molecular changes induced by this
reinstatement.

11

(Bossert et al., 2018)

Systemic injections of naltrexone, but not naltrindole or LY2456302 (the &-opioid receptor
(DOR) or KOR antagonists, respectively) decrease context-induced reinstatement of
oxycodone seeking.




2.5. Stress

Intermittent footshock

Number | Paper Major Finding
1 (Shaham and Footshock stress reinstates heroin seeking and increases dopamine release in NAc.
Stewart, 1995)
2 (Shaham et al., Chronic delivery of heroin via osmotic minipumps has no effect on footshock stress-induced
1996) reinstatement of heroin seeking.
3 (Shaham and Systemic injections of flupenthixol, but not naltrexone, SCH23390, or raclopride, decrease
Stewart, 1996) footshock-induced reinstatement of heroin seeking.
4 (Shaham et al., Acute ventricular injections of CRF reinstate heroin seeking, and acute ventricular
1997a) pretreatment with the CRF antagonist alpha-helical CRF decreases footshock-induced
reinstatement of heroin seeking. Adrenalectomy increases footshock-induced reinstatement
and acute injections of the corticosterone synthesis inhibitor metyrapone reinstate heroin
seeking.
5 (Shaham et al., The selective non-peptide CRF1 receptor antagonist CP-154,526 decreases footshock-
1998) induced reinstatement of heroin seeking.
6 (Spanagel et al., Systemic injections of acamprosate have no effect on footshock-induced reinstatement of
1998) heroin seeking.
7 (Shaham et al., Systemic or ventricular injections of the alpha-2 adrenergic receptor agonist clonidine
2000) decrease footshock-induced reinstatement of heroin seeking. Neither clonidine nor its
charged analogue ST-91 decreases footshock reinstatement when injected into LC. 6-
hydroxydopamine (6-OHDA) lesions of the ventral NE bundle decrease this reinstatement.
8 (Highfield et al., Electrical stimulation of medial septum decreases footshock-induced reinstatement of heroin
2000) seeking. TTX inactivation of medial (but not lateral) septum reinstates heroin seeking.

9 (Shalev et al., 2000) Footshock in the drug environment and electrical stimulation of medial septum reinstate
heroin seeking. Restraint stress or intermittent footshock exposure in a novel environment
do not reinstate heroin seeking.

10 (Shalev et al., Ventricular injections of leptin have no effect on footshock-induced reinstatement of heroin

2001b) seeking.

11 (Shalev et al., Footshock-induced reinstatement of heroin seeking after extinction occurs after late, but not

2001a) early withdrawal from heroin. Footshock-induced reinstatement of heroin seeking after late
withdrawal is associated with increases in CRF mRNA in dorsal BNST, but not ventral
BNST or CeA.
12 (Highfield et al., Repeated or acute injections of lofexidine decrease footshock-induced reinstatement of
2001) speedball seeking.

13 (Leri et al., 2004) Chronic delivery of methadone via osmotic minipump does not decrease footshock-induced
reinstatement of heroin seeking.

14 (Leri and Burns, Co-SA of oxycodone and ultra-low-doses of naltrexone decrease footshock-induced

2005) reinstatement of oxycodone seeking.

15 (Sorge et al., 2005) Chronic delivery of buprenorphine via osmotic minipumps does not decrease footshock-
induced reinstatement of heroin seeking.

16 (Zhou et al., 2008) Systemic injections of SSR149415 decrease footshock-induced reinstatement of heroin
seeking, and footshock-induced increases in plasma levels of ACTH and corticosterone,
and amygdala AVP mRNA levels.

17 (Wang et al., 2012) Footshock-induced reinstatement of heroin seeking is associated with increased glutamate
and dopamine in VTA. Local injections of kynurenic acid (ionotropic glutamate receptor
antagonist) decrease footshock-induced reinstatement and VTA dopamine release.

18 (Zhou et al., 2015) Rats that displayed more lever pressing (termed high responders) during footshock-induced
reinstatement of heroin seeking have higher AVP mRNA levels in BLA and lower Drd2
mRNA levels in caudate/putamen.

Acute 1-d food deprivation

Number | Paper Major Finding

1 (Shalev et al., 2000) | Acute food deprivation reinstates heroin seeking.

2 (Shalev et al., Acute food deprivation reinstates heroin seeking. Ventricular leptin injections decrease this

2001b) reinstatement.

3 (Shalev et al., 2003) | Acute food deprivation-induced reinstatement of heroin seeking is associated with Fos
induction in dmPFC, but not cingulate cortex, BLA, CeA, BNST, or NAc.

4 (Shalev et al., 2006) | Acute ventricular injections alpha-helical CRF decrease acute food deprivation-induced
reinstatement of heroin seeking. Adrenalectomy has no effect on this reinstatement.
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5 (Maric et al., 2008) Acute ventricular injections of neuropeptide Y (NPY) mimic the effect of acute food
deprivation on reinstatement of heroin seeking.

6 (Tobin et al., 2009) Systemic injections of SCH23390 decrease acute food deprivation-induced reinstatement of
heroin seeking. Injections of raclopride or NGB 2904 (Drd3 antagonist) have no effect on
this reinstatement.

7 (Maric et al., 2011) Systemic injections of Lu-AA33810 (NPY Y5 receptor antagonist) but not BIBO 3304 (NPY
Y1 receptor antagonist) decrease food deprivation-induced reinstatement of heroin seeking.

8 (Maric et al., 2012) Ventricular injections of D-Lys-3]-GHRP-6 (ghrelin antagonist) has no effect on acute food
deprivation-induced reinstatement of heroin seeking.

9 (Tobin et al., 2013) NAc shell, dmPFC, or BLA (but not NAc core or vmPFC) SCH23390 injections decrease
acute food deprivation-induced heroin seeking.

10 (Sedki et al., 2015a) | Systemic injections of norbinaltorphimine (KOR antagonist) but not naltrexone, decrease

acute food deprivation-induced reinstatement of heroin seeking.

Chronic food restriction

1 (Shalev, 2012) Chronic food restriction for 10 d potentiates spontaneous recovery of heroin seeking after
extinction.

2-3 (D'Cunhaetal., Chronic food restriction during forced abstinence (14 d) increases heroin seeking (see text).

2013; Sedki et al.,
2013b)

4 (Sedki et al., 2013a) | Systemic injections of selective CRFR1 antagonist (R121919), non-selective CRF
antagonist (alpha-helical CRF), or glucocorticoid receptor antagonist (RU486) have no effect
on food restriction-induced potentiation of heroin seeking. Adrenalectomy (ADX) is also
ineffective.

5 (Sedki et al., 2015b) | Estradiol replacement in ovariectomized (OVX) female rats decreases food restriction-
induced potentiation of heroin seeking. OVX alone and progesterone injections have no
effect.

6 (D'Cunha et al., Food restriction-induced potentiation of heroin seeking is associated with increased

2017) dopamine release in NAc shell and core. NAc core (but not shell) SCH39166 injections

decrease food restriction-induced potentiation of heroin seeking.

Yohimbine-induced reinstatement

2014)

Number | Paper Major Finding
1 (Banna et al., 2010) Systemic injections of yohimbine reinstate heroin seeking and increase discrete cue-
induced reinstatement of heroin seeking.
2 (Zhou et al., 2013) Systemic injections of nor-BNI decrease yohimbine-induced reinstatement of heroin seeking
and yohimbine-induced increases in ACTH and corticosterone. Yohimbine also increases
ppDyn mRNA levels in NAc shell and CeA (not reversed by nor-BNI).
3 (Stopponi et al., Chronic pretreatment with THC during adolescence increases yohimbine-induced
2014) reinstatement of heroin seeking.

4 (de Guglielmo et al., Systemic injections of pioglitazone decrease yohimbine-induced reinstatement of heroin
2017) seeking.

5 (Minhas and Leri, Non-contingent exposure to heroin (to induce opioid dependence) during heroin SA training

has no effect on yohimbine-induced reinstatement of heroin seeking.

2.6. Withdrawal

1996)

Number | Paper Major Finding

1 (Stewart and Wise, Systemic injections of naltrexone several hours after daily heroin SA training do not
1992) reinstate heroin seeking after extinction.

2 (Shaham and Injections of naltrexone induce withdrawal, but not reinstatement of heroin seeking.
Stewart, 1995)

3 (Shaham et al., In rats implanted with osmotic minipumps containing heroin during the extinction phase,

naloxone-precipitated withdrawal decreases NAc dopamine release NAc but does not
reinstate heroin seeking. Spontaneous withdrawal (24 h after minipump removal) does not
alter NAc dopamine levels but reinstates heroin seeking.




2.7. Reacquisition

2014)

Number | Paper Major Finding
1 (Dawvis et al., 1975) Systemic injections of diethyldithiocarbamate or U-14,624 (dopamine B-hydroxylase
inhibitors) decrease reacquisition of morphine SA after extinction.
2 (Olmstead et al., PPTg-lesions have no effect on reacquisition of morphine SA after extinction.
1998)
3 (Li et al., 2003) Reacquisition of morphine SA is observed under different progressive ratio reinforcement
schedule.
4 (Grasing et al., 2005) | Chronic pretreatment with low dose selegiline does not alter reacquisition of morphine
reinforcement.
5 (Grasing and He, Chronic pretreatment with high dose selegiline decreases reacquisition of morphine SA.
2005)
6 (Minhas and Leri, Acute injections of yohimbine have no effect on reacquisition of heroin SA.

3. Abstinence-based relapse models

3.1 Forced abstinence and incubation of drug craving

Forced abstinence

Number

Paper

Major Findings

1

(Zhou et al., 2005)

After 14 d of forced abstinence from heroin SA, discrete cue-induced reinstatement is higher
than discriminative cue-induced reinstatement after extinction. The authors used within-
session extinction-reinstatement procedure where extinction and reinstatement are
determined on the same day after a forced abstinence period.

(Buccafusco and
Bain, 2007)

Chronic systemic injections of arecoline (muscarinic acetylcholine receptor agonist) during
morphine SA decrease morphine seeking after 6 weeks of forced abstinence.

(Liu et al., 2012b)

Daily Electroacupuncture during 14 d forced abstinence from heroin SA decreases cue-
induced reinstatement (but not extinction responding) and Fos expression in NAc core but
not shell. The authors used within-session extinction-reinstatement procedure.

(Madsen et al., 2012)

Morphine seeking after 3 weeks of forced abstinence from morphine SA is associated with
Fos induction in NAc core, BLA, SN pars reticulata, and CeA.

(Gao et al., 2013)

After 3 weeks of forced abstinence from morphine SA, DLS and NAc shell lesions, SCH
23390 injections in DLS and NAc shell, and eticlopride (Drd2 receptor antagonist) injections
in DLS (but not NAc shell) decrease morphine seeking.

(Lee et al., 2013)

Acupuncture decreases morphine priming-induced morphine seeking after 7 d of forced
abstinence; this effect is blocked by systemic injections of GABAa (bicuculine) and GABAb
(SCH5091) antagonists. Prior to the extinction test session rats were given priming
morphine injections.

(Coffey et al., 2016)

During heroin SA, rats show reversed patterns of wakefulness, non-rapid eye movement
(NREM) sleep and rapid eye movement (REM) sleep which are restored during forced
abstinence. Extinction responding and subsequent heroin priming-induced reinstatement
after 14 d of forced abstinence have no effect on wakefulness/sleep. The authors used
within-session extinction-reinstatement procedure.

(Imperio et al., 2018)

Environmental enrichment decreases heroin seeking after 14 days of forced abstinence and
extinction responding after priming injections of heroin.

Incubation

of craving

Number

Paper

Major Findings

1

(Shalev et al.,
2001a)

Extinction responding and subsequent footshock-induced reinstatement of heroin seeking
follows an inverted U-shaped curve with higher responding after 6 and 12 days of forced
abstinence than after 1, 25, or 66 days. The authors used within-session extinction-
reinstatement procedure.

(Zhou et al., 2004)

Cue-induced reinstatement after extinction (within-session procedure) was similar after 7, 14
and 28 days of forced abstinence from heroin SA. Heroin priming increases extinction
responding elicited by cues after 7 days of forced abstinence but inhibits responding after
28 days of forced abstinence.

(Di Ciano and
Everitt, 2004)

Incubation of heroin craving is observed in an acquisition of a new conditioned response
procedure where after initial pairing of a discrete cue with drug infusions, the rats perform a
new operant response that is only reinforced by the discrete cue.
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4 (Kuntz et al., 2008b) | After heroin SA, extinction responding is higher after 14 d of forced abstinence than after 1
d (incubation of heroin craving).

5 (Kuntz et al., 2008a) | Expression of the immediately early genes EGR1 and EGR2 in mPFC is increased in rats
with a history of heroin SA after 1 and 14 d forced abstinence. The behavioral (incubation of
craving) data of the rats are described in (Kuntz et al., 2008b).

6 (Kuntz-Melcavage et | Incubation of heroin craving (tests performed on forced abstinence days 1 and 14) is

al., 2009) associated with alterations in mPFC gene expression of brain derived neurotropic factor
(BDNF), calbindin 1 (Calbl), dual specificity phosphatase 5 and 6 (Dusp5, Dusp6),
regulator of G-protein signalling 2 (RGS2) EGR1, and NPY gene expression.

7 (Zhou et al., 2009) Extinction responding, and subsequent discrete cue-induced reinstatement of heroin
seeking are higher after 14 d of forced abstinence than after 1 d. This incubation effect is
stronger after 10 or 14 d of heroin SA training than after 1 or 5 training days. Systemic
naltrexone injections increase heroin seeking after 1 d of forced abstinence but not 14 d.

8 (Airavaara et al., Incubation of heroin craving over 30 d of forced abstinence is associated with increases in

2011) VTA and NAc GDNF mRNA but not protein expression. VTA or NAc injections of anti-GDNF
neutralizing antibodies have no effect on incubation of heroin craving.

9 (Fanous et al., 2012) | Incubation of heroin craving is associated with increases in OFC Fos expression.
Muscimol+baclofen inactivation of the OFC selectively decreases ‘incubated’ heroin seeking
after 14 forced abstinence days but not ‘non-incubated response on day 1. Selective
inactivation of incubation-associated Fos neurons in OFC (using the Daun02 procedure)
decreases the ‘incubated’ heroin seeking on forced abstinence day 14.

10 (Theberge et al., Incubation of heroin craving is not associated with changes in BDNF, the BDNF receptor

2012) TrkB, or methyl-CpG binding protein 2 (MeCP2) mRNA or protein levels in NAc, DS, or
mPFC. In NAc, MOR mRNA decreases in early abstinence (1 d) and returns to basal levels
over time (11 and 30 d). Systemic naloxone injections decrease heroin seeking after 15
abstinence d but not after 1 d.

11 (Doherty and Frantz, | Incubation of heroin craving (assessed using extinction responding and subsequent cue-

2012) induced reinstatement) is stronger in adult rats than in adolescent rats.

12 (Doherty et al., 2013) | The stronger incubation of craving in adult rats than in adolescent rats is associated with
higher Fos expression in dmPFC and vmPFC.

13 (Theberge et al., Chronic delivery of (+)-naltrexone (toll-like receptor 4 antagonist) during forced abstinence

2013) decreases incubation of heroin, but not methamphetamine, craving. Acute injections of (+)-
naltrexone before late forced abstinence testing (day 13) have no effect on incubated heroin
seeking.

14 (Venniro et al., 2017) | Male and female rats with a history of heroin SA show incubation of heroin craving after
forced abstinence.

15 (Blackwood et al., In rats that previously self-administered oxycodone under long-access conditions,

2018) incubation of oxycodone craving is associated with increased MOR mRNA expression but
decreased MOR protein levels in dorsal striatum and decreased MOR and KOR mRNA
expression but increased MOR and KOR protein levels in hippocampus.

16 (Coffey et al., 2018) Rats that self-administered heroin in the dark phase show more incubation than rats that

self-administered heroin in the light phase but show no differences in extinction responding
after priming injections of heroin.

3.2. Voluntary abstinence induced by adverse consequences of drug intake

Punishment-induced voluntary abstinence

Number | Paper Major Findings

1 (Panlilio et al., 2003) | Priming injections of remifentanil increase reacquisition of remifentanil after punishment-
induced suppression of remifentanil SA.

2 (Panlilio et al., 2005) | Priming injections of heroin or the benzodiazepine lorazepam reinstate remifentanil seeking

and cause faster reacquisition of remifentanil SA after punishment-induced suppression of
remifentanil SA.

Electric barrier-induced voluntary abstinence (conflict model)

Number | Paper Major Findings

1 (Peck et al., 2013) The proportion of heroin-trained rats that demonstrate discrete cue-induced drugs seeking
after electric barrier-induced abstinence is higher than that of cocaine-trained rats.

2 (Peck et al., 2015) Environmental-enriched rats abstain from heroin SA in fewer sessions and at lower electric

currents than control non-enriched rats.




3.3. Voluntary abstinence induced by a non-drug reward in a choice procedure

Number | Paper Major Findings

1 (Venniro et al., 2017) | Male and female rats with a history of heroin SA do not show incubation of heroin craving
after food choice-based voluntary abstinence.
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