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Abstract
Addiction is a chronic, relapsing disorder. The progression to pathological drug-seeking is thought to be driven by maladaptive learning processes which store and maintain associative memory, linking drug highs with cues and actions in the environment. These memories can encode pavlovian associations which link predictive stimuli (e.g. people, places and paraphernalia) with a hedonic drug high, as well as instrumental learning about the actions required to obtain drug-associated incentives. Learned memories are not permanent however, and much recent interest has been generated in exploiting the process of reconsolidation to erase or significantly weaken maladaptive memories to treat several mental health disorders, including addictions. Normally reconsolidation serves to update and maintain the adaptive relevance of memories, however administration of amnestic agents within the critical ‘reconsolidation window’ can weaken or even erase the maladaptive memories. Here we discuss recent advances in the field, including ongoing efforts to translate preclinical reconsolidation research in animal models into clinical practice.
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Introduction
Addiction is a complex disorder believed to be driven by many dysfunctional psychological and neurobiological factors. One prominent account suggests that pathological learning mechanisms drive the cravings, compulsions, and propensity for relapse that characterise the disorder (Everitt et al. 2001; Everitt and Robbins 2005). Given the critical role of maladaptive learning in addiction, significant excitement has arisen at the possibility of erasing, or significantly weakening, memory through targeted disruption of memory reconsolidation – the process by which memories become destabilised under certain conditions of retrieval and require restabilisation to persist in the brain (for recent review of the phenomenon see Lee et al. 2017b). Exploiting this phenomenon clinically offers the opportunity to selectively target pathological memories, including those underpinning the propensity for relapse in addiction.
Once a psychological curiosity (Lewis 1979) it is now believed reconsolidation represents a biological process which most, likely all, memories naturally undergo in order to optimise their predictive accuracy (Lee et al. 2017b). Since the initial recognition of the therapeutic potential of reconsolidation blockade for the treatment of addiction (Lee et al. 2005; Miller and Marshall 2005), much research has focused on characterising potential methods – both pharmacological and behavioural – for memory disruption, and the translation of this preclinical work to human populations. Here, we review the current translational studies, discuss alternative pharmacological targets to disrupt reconsolidation, and consider some of the challenges facing the translation of reconsolidation-blockade treatments to the clinic, and how these have been addressed to date.
Early proof-of-principle studies established reconsolidation as a potential therapeutic strategy for relapse prevention in drug addiction
Reconsolidation presents a promising target for relapse prevention in addiction therapy. Owing to the strong impact of drug-associated cues in precipitating relapse in animal models (Bossert et al. 2013), as well as activating corticostriatal-limbic reward circuitry (for review see Jasinska et al. 2014) – which correlates with craving measures in drug-addicted humans (Sjoerds et al. 2014; Volkow et al. 2006) – much of the early research into drug memory reconsolidation focused on the reconsolidation of pavlovian reward memory and its effect on cue-induced relapse (Lee et al. 2005; Milton et al. 2008b). As well as investigating the efficacy of reconsolidation blockade to reduce relapse behaviour in animal models, many studies aimed to characterise the molecular mechanisms underpinning pavlovian drug memory reconsolidation. It was demonstrated, for example, that drug memory reconsolidation depends upon protein synthesis (Valjent et al. 2006; Dunbar and Taylor 2016), ERK signalling (Valjent et al. 2006), activity at NMDA receptors (NMDARs) (Milton et al. 2008a, 2012), and expression of the immediate early gene zif268 (Théberge et al. 2010; Lee et al. 2006, 2005). Whilst providing valuable information on the basic mechanisms of memory persistence and proof-of-principle of the reconsolidation blockade approach, these molecular targets have been rather challenging to translate to human patients.
Consequently, many trials of the reconsolidation blockade approach in humans have focused on less invasive behavioural techniques such as the ‘retrieval-extinction’ procedure (Lee et al. 2017b; Ferragud A & Milton AL, under review). This putatively involves destabilising a memory with an appropriate reactivation session, followed by extinction of the behaviour within the ‘reconsolidation-window’ (up to 4-6hrs post-reactivation, though typically intervals of less than 1hr are used). In contrast to conventional extinction learning, in which a newly learned memory suppresses the old trace, retrieval-extinction is believed to directly weaken the original memory. However, it remains unclear whether this truly represents ‘unlearning’ or enhanced extinction, in which case the original cue-drug memory could recover (Baker et al. 2013). Further understanding of the molecular boundaries between reconsolidation and extinction is needed for this question to be addressed (Merlo et al. 2014).
One molecular mechanism of reconsolidation identified by early proof-of-principle studies has received extensive attention due to its more straightforward translation to human studies. Specific aspects of drug memory reconsolidation were shown to require β-adrenergic receptor (βAR) activity (Milton et al. 2008b; although see Dunbar and Taylor 2016; Milton et al. 2012). As the βAR antagonist propranolol is approved for human use in treating hypertension, it is readily available for deployment in human experimental medicine trials. Initially these human experiments focused on reconsolidation-disruption of fear memory (Kindt et al. 2009; Brunet et al. 2018) in fear-conditioned healthy participants and patients with post-traumatic stress disorder (PTSD), due to the more extensive literature on fear memory reconsolidation. More recently however, human reconsolidation studies have begun to investigate reconsolidation as a therapeutic strategy for drug addiction.

Application of reconsolidation blockade treatments to addicted patient populations has produced mixed outcomes
βAR antagonism
The potential of reconsolidation-based therapies to substantially reduce the impact of drug-associated cues on relapse behaviour has begun to be widely recognised, and several studies have attempted to translate rodent findings to human patients. Most studies have used the βAR antagonist propranolol as an amnestic agent, given in conjunction with reactivation of the drug-associated cues to destabilise memory; however, outcomes of experimental medicine studies in humans have been mixed. Propranolol was shown to reduce craving in individuals with a range of substance use disorders (Lonergan et al. 2016), however the magnitude of this effect was small and only emerged following multiple reactivation and treatment sessions; follow-up was also limited to 3 weeks thus it is unclear whether treatment reduced long-term risk of relapse. Another double-blind trial found cocaine cravings to be reduced 24 hours after propranolol administration with memory reactivation (Saladin et al. 2013), but this effect had dissipated after just 1 week. Thus, current propranolol treatments appear to have limited long-term impact. Moreover, several negative findings exist. Pachas et al. (2015) found no effect of propranolol treatment on smoking craving, and one study even found cocaine craving to be enhanced by giving propranolol at reactivation (Jobes et al. 2015). This highlights the potential risks of our lack of understanding of reconsolidation and its relationship to extinction. It is also worth highlighting that several individuals in these studies were polydrug users and undergoing continuing treatment (Jobes et al. 2015; Lonergan et al. 2016), which may present problems for backtranslation, as animal models of addiction typically only investigate a single drug-of-abuse and a single treatment in isolation.
Why might these mixed results have arisen with the use of propranolol to disrupt drug memory reconsolidation? Adrenergic signalling has been shown to bidirectionally modulate memory strength during the reconsolidation window. For example, enhancement of adrenergic signalling with the prodrug dipivefrin within the reconsolidation window enhances the conditioned reinforcing properties of an alcohol-paired cue, thereby facilitating its ability to support the acquisition of a new response for conditioned reinforcement; while propranolol, but not the peripherally-acting adrenergic receptor antagonist nadolol, weakened the same memory (Schramm et al. 2016). Propranolol has also been shown to reverse cocaine-mediated synaptic modifications in the prelimbic mPFC following memory reactivation (Otis and Mueller 2017), supporting the view that the drug is directly affecting synaptic plasticity.
Notably, propranolol has only been demonstrated to disrupt certain types of drug memory, with some key negative findings. Reconsolidation-disruption with propranolol does not reduce cue-induced reinstatement of cocaine-seeking (Dunbar and Taylor 2016; Milton and Everitt 2009), and similarly does not disrupt the reconsolidation of memories underlying pavlovian conditioned approach or instrumental-transfer for alcohol-associated cues (Milton et al. 2012). Blockade of βARs has also been shown to disrupt the reconsolidation of conditioned hyperactivity, but not locomotor sensitisation to morphine (Wei and Li 2014). Propranolol administration directly to the basolateral amygdala (BLA) did not disrupt reconsolidation of place aversion associated with morphine withdrawal (Wu et al. 2014) – although it did disrupt morphine-conditioned place preference when infused into the BLA (Wu et al. 2014; Otis et al. 2013), or central nucleus of the amygdala (CeN) (Zhu et al. 2017b). However propranolol had no effect on the memories underlying cocaine-conditioned place preference (CPP) reconsolidation when infused into the dorsal hippocampus, despite an acute impairment of retrieval (Otis et al. 2014). Wu et al. (2014) also observed no effect on either the reconsolidation of a morphine-conditioned place preference or withdrawal-conditioned place aversion with the α-noradrenergic receptor antagonist phentolamine. Together these results suggest that amygdala βARs play a limited role in the reconsolidation of a small number of types of drug memories – namely CPP and conditioned reinforcement – which likely accounts for the lack of effect on cue-induced reinstatement (see Milton and Everitt 2010) and the mixed results with propranolol in human trials.

NMDAR antagonism
An alternative pharmacological target is the NMDAR, consistent with previous observations that NMDAR antagonists disrupt the reconsolidation of drug memories (Alaghband and Marshall 2013; Alaghband et al. 2014) and the findings of a meta-analysis that indicated a greater effect of NMDAR antagonism on memory reconsolidation than βAR antagonism (Das et al. 2013). However despite previous animal literature and the findings of Vengeliene et al. (2015), that NMDAR antagonism with memantine at reactivation reduced subsequent cue-induced relapse in alcohol-seeking rats, memantine proved ineffective at reducing nicotine cravings in human smokers (Das et al. 2015) – and there may even have been some evidence of a worsening of symptoms. There are several potential explanations for the mixed effects of memantine. Firstly, the effects of memantine on cue-induced relapse to alcohol-seeking in rats was not reactivation-dependent (Vengeliene et al. 2015), although only animals that had received memantine in conjunction with reactivation showed impaired reacquisition following extinction. This suggests NMDAR antagonism may have effects on drug seeking independent of its amnestic potency. Secondly, memantine has relatively slow kinetics, meaning the drug must be administered prior to memory reactivation. This is potentially problematic as different subtypes of NMDAR are differentially involved in the destabilisation and restabilisation of memories, so pre-reactivation administration may have an impact on memory destabilisation mechanisms. Findings from fear memory reconsolidation indicating a double dissociation in the requirement for GluN2B- and GluN2A-containing NMDARs for memory destabilisation and restabilisation respectively (Ben Mamou et al. 2006; Milton et al. 2013) have subsequently been supported in studies of drug memory reconsolidation, with GluN2B-containing NMDARs mediating the destabilisation of methamphetamine-associated memories (Yu et al. 2016) and GluN2A-containing NMDARs being critical for the restabilisation of drug memories following reactivation (Wells et al. 2016; Hafenbreidel et al. 2017). Since memory destabilisation is also blocked by antagonism at NMDARs it may be that memantine prevented reconsolidation from taking place – indeed the protective effect of memantine on memory, and slow kinetics, makes it attractive as a treatment option for Alzheimer’s disease. The relatively low affinity of memantine for synaptic NMDARs may also make it a sub-optimal choice for disrupting memory reconsolidation (Rammes et al. 2008; see also Das et al. 2015 for discussion).
Clinically, antagonising GluN2A subunits of the NMDAR therapeutically may maximize the benefits of reconsolidation-disruption, while not blocking the GluN2B subunits required for destabilisation (and therefore required for any clinical effect to take place). Moreover, targeting a single NMDAR subunit may be more effective than universal antagonism (Wang et al. 2012), and may also minimize psychotomimetic side-effects (Jiménez-Sánchez et al. 2014).

Improving the efficacy of reconsolidation-blockade in human trials
How can the success of reconsolidation trials in humans be increased? The recent literature has focused on three major strategies: (i) the identification of new pharmacological targets; (ii) the disruption of other instrumental, rather than pavlovian, associations, and; (iii) optimising the reactivation procedure to enhance memory destabilisation, by furthering knowledge of the ‘boundary conditions’ that place limits on reconsolidation.

Alternative pharmacological targets for the disruption of drug memories
An obvious possibility to improve the translation of treatments based on reconsolidation blockade is the choice of pharmacological target. Propranolol is generally less effective than NMDAR antagonism (Milton et al. 2012; Dunbar and Taylor 2016); however NMDAR antagonists can have unacceptable side-effects and chronic use may result in cognitive deficits (Morgan et al. 2010). An alternative may be to target other molecular mechanisms underlying reconsolidation, or behavioural methods of modifying memory such as retrieval-extinction (Xue et al. 2012; Luo et al. 2015) or the application of a high cognitive load (Kaag et al. 2018). Another possibility is to administer an agent which will enhance the destabilisation of a memory and promote the engagement of reconsolidation processes. In principle this is possible, and has been demonstrated for fear memory by agonising cannabinoid receptors (Lee and Flavell 2014) and NMDARs (Bustos et al. 2010); moreover, this would benefit both behavioural and pharmacological methods of memory alteration. Knowledge of the molecular and neurochemical mechanisms underlying reconsolidation has advanced in recent years and has characterised the process from the (epi)genetic to cell-surface signalling levels, revealing new targets-of-interest for reconsolidation-disruption which might be a focus for new treatment development, even if not all can be targeted with current pharmacotherapies.

Epigenetic regulation
Significant attention has been recently focused on the epigenetic regulation of gene expression (Oliveira 2016), and epigenetic mechanisms have been demonstrated to play a role in reconsolidation of pavlovian drug memories. Administration of the histone acetyl-transferase inhibitor garcinol blocked the reconsolidation of cue-cocaine memory, disrupting conditioned reinforcement (Monsey et al. 2017) and preventing cue-induced relapse (Dunbar and Taylor 2017). Shi et al. (2015) also demonstrated that inhibition of DNA methyl-transferase activity in the BLA following reactivation of drug memory prevented cue- and drug-induced relapse. In contrast, histone deacetylase inhibitors appear to enhance learning, and may facilitate extinction similarly to the retrieval-extinction procedure – resulting in a ‘super-extinction’ which does not recover over time (see Lattal and Wood 2013 for discussion). Importantly, histone deacetylase inhibitors are surprisingly well-tolerated given their current use as anti-cancer medication (Subramanian et al. 2010); many side-effects are reversible and resolve quickly, meaning they may be highly clinically viable in an acute intervention such as reconsolidation blockade.

Immediate early gene expression
It has been long known that reconsolidation of cue-drug memory requires expression of the immediate early gene (IEG) zif268 in the amygdala (Lee et al. 2005) and nucleus accumbens (Théberge et al. 2010). More recent research has indicated that the expression of this gene is increased at a vast number of neural loci following memory reactivation, including the medial prefrontal cortex, hippocampus, and ventral tegmental area (Li et al. 2016). Interestingly Li et al. (2016) also observed that co-antagonism of the D1-subtype of dopamine receptor (D1R) and NMDARs in the nucleus accumbens shell prevented increases in zif268 expression in multiple neurobiological reward loci, consistent with previous behavioural research showing that co-antagonism of these receptors in the nucleus accumbens prevents appetitive memory reconsolidation (Exton-McGuinness and Lee 2015). Thus, the nucleus accumbens may be a vital co-ordinating hub for appetitive memory reconsolidation.
Recently attention has been directed towards the IEG arc. Expression of Arc is greatly increased following reactivation of memories underlying cocaine CPP (Lv et al. 2015; Alaghband et al. 2014), and conditioned place aversion to morphine withdrawal (García-Pérez et al. 2016). These increases in Arc were also associated with elevated phosphorylation of CREB (Lv et al. 2015; García-Pérez et al. 2016) and appear to be caused by ERK signalling upstream, as the MEK inhibitor U0126 prevented phosphorylation of ERK and CREB, and disrupted reconsolidation of morphine CPP (Lv et al. 2015). Surprisingly, García-Pérez et al. (2016) suggest that dysregulation of CREB signalling may in fact enhance reconsolidation, rather than impair it. On the other hand, as one might anticipate, knockdown of Arc expression with antisense oligodeoxynucleotides prevented reconsolidation of CPP and weakened later memory expression (Lv et al. 2015). Notably, the precise mechanism by which Arc exerts effects on memory has recently been called into question. Two studies have suggested Arc may mediate intercellular communication by transferring mRNA across synapses (Pastuzyn et al. 2018; Ashley et al. 2018). Thus, the amnestic effect of Arc knockdown may be due to blockade of intercellular communication, rather than the gene in and of itself contributing to intracellular memory storage. A greater understanding of how an individual neuron communicates with its neighbours may reveal more targets for novel drug development.

Protein synthesis and proteolysis
Inhibition of protein synthesis is viewed as the canonical amnestic intervention – linking changes in memory strength to biological expression of new protein. Several studies have added to this understanding, demonstrating blockade of drug memory reconsolidation using protein synthesis inhibitors such as anisomycin (Sorg et al. 2015; Dunbar and Taylor 2016; Yu et al. 2013; Wu et al. 2014), cycloheximide (Escosteguy-Neto et al. 2016) and rapamycin (Barak et al. 2013; Lin et al. 2014). Of particular interest, Escosteguy-Neto et al. (2016) observed an extended window of protein synthesis dependence following reactivation of a context-morphine memory, requiring multiple injections of cycloheximide to disrupt the association. While the authors suggest that consolidation and reconsolidation mechanisms may have been triggered together, this result may represent differences in efficacy between anisomycin and cycloheximide – either on protein synthesis blockade, or intracellular signalling and IEG expression (Zinck et al. 1995). Certainly, disrupting the consolidation of the memories underlying morphine CPP requires repeated cycloheximide injections (Milekic et al. 2006). However, this result raises interesting questions about the duration of the reconsolidation window and the requirement for protein synthesis, the duration of which may depend upon the reactivation procedure used to destabilise the memory. Further investigation is required to understand both the duration of initial protein synthesis dependence, and whether multiple rounds of protein synthesis occur following destabilisation and reconsolidation of a memory as is the case for memory consolidation (Bekinschtein et al. 2007, 2010).
One problem associated with the therapeutic use of protein synthesis inhibitors is their high toxicity; however, alternative targets may prove fruitful in the future. Jian et al. (2014) observed dephosphorylation of eukaryotic initiation factor 2 α-subunit (eIF2α) and activating transcription factor 4 (ATF4) in the BLA, but not CeN, following the reactivation of memories underlying both cocaine and morphine CPP. Furthermore, preventing this dephosphorylation with local infusion of the selective eIF2α phosphatase inhibitor Sal003 also blocked reconsolidation of cocaine and morphine CPP, and cue-heroin memory. Interestingly, knockdown of ATF4 with shRNA protected memory from amnesia, suggesting that ATF4 may be required for the destabilisation of the memory at reactivation.
While protein synthesis has long been linked with the consolidation and reconsolidation of memories, protein degradation is hypothesised to play a role in memory destabilisation. Infusion of the proteasome inhibitor lactacystin into the nucleus accumbens core prior to memory reactivation protected against the amnestic effect of anisomycin (Ren et al. 2013), with this treatment also maintaining levels of the AMPAR GluR2-subunit expression at the synapse. Notably lactacystin also prevented the extinction of CPP, suggesting that protein degradation may be a more general requirement for synaptic plasticity to occur. However, inhibition of the protease calpain in the nucleus accumbens core has recently been shown to disrupt reconsolidation of cocaine and morphine cue memory (Liang et al. 2017). This contrasts with previous studies which have suggested protein degradation mediates memory destabilisation, rather than reconsolidation. Therefore, a more complex dynamic cycling of proteins may be required for neuronal plasticity.

Protein phosphorylation
Reconsolidation is regulated by multiple protein kinases. In line with previous studies, ERK activity in the BLA (Wells et al. 2013) and nucleus accumbens shell (Lv et al. 2015) is required for the reconsolidation of contextual drug memory, and BLA inhibition of CaMKIIα has been shown to disrupt reconsolidation and enhance extinction of cue-cocaine memory, being differentially regulated in both processes (Rich et al. 2016). In contrast PKA, but not CaMKIIα, in the BLA was found to be required for reconsolidation of context-cocaine memory (Arguello et al. 2014). Notably, the precise role for PKA has been called into question with the discovery of a parallel cAMP-dependent pathway. Activation of Exchange Protein activated by cAMP (Epac) has been shown to disrupt reconsolidation of cue-cocaine memory, and this amnestic effect was rescued by co-activation of PKA (Wan et al. 2014). Thus PKA may play roles in both the destabilisation and reconsolidation of memories (see also Sanchez et al. 2010).
Two further kinases of interest are the Src family of tyrosine kinases (SFK) and glycogen synthase kinase (GSK), and these may present interesting future drug targets. Administration of the GSK3 inhibitor SB216763 immediately after cocaine CPP memory reactivation reduced subsequent place preference (Shi et al. 2014). Similarly, Wells et al. (2016) demonstrated that SFKs are required in the dorsal hippocampus for reconsolidation of contextual cocaine memory. Furthermore, this group observed increased phosphorylation of the NMDAR subunit GluN2A following memory reactivation. Moreover, blockade of GluN2A phosphorylation with the SFK inhibitor PP2, or treatment with the GluN2A-selective NMDAR antagonist PEAQX, in the dorsal hippocampus disrupted cocaine memory reconsolidation. This is consistent with the prior dissociation of roles for GluN2A and GluN2B subunits in fear memory restabilisation and destabilisation respectively (Milton et al. 2013).
Conversely, blockade of GluN2B-containing NMDARs prevented destabilisation of methamphetamine CPP memory (Yu et al. 2016). This required downstream activation of protein phosphatase 1 (PP1) by calcineurin; inhibition of either of these phosphatases prevented destabilisation and protected against amnesia. Yu et al. (2016) also observed a reduction in AMPAR:NMDAR ratio following destabilisation, and suggest that destabilisation may be causally linked to internalisation of AMPARs. Consistent with this view, Yu et al. (2013) found that preventing AMPAR endocytosis with the interfering peptide Tat-Glu23γ prevented destabilisation of methamphetamine context memory.

Dopamine receptors
Interestingly NMDARs in the nucleus accumbens may interact with the D1-subtype of dopamine receptor in the reconsolidation of drug memory, by regulating expression of the IEG zif268 (Li et al. 2016). Antagonism at D1Rs, or knockout of D3Rs, can weaken the reconsolidation of cocaine CPP (Yan et al. 2014). While this result should be interpreted with caution as blockade of dopamine receptors may affect the reinforcing capacity of cocaine, this result did not appear to be dose-dependent therefore may truly represent a reconsolidation impairment. 
It is not yet clear whether dopamine receptors play a role in drug memory destabilisation. This has begun to be characterised for pavlovian memories associated with natural reinforcers such as sucrose (Merlo et al. 2015), and dysregulation of VTA dopamine signalling can prevent destabilisation of appetitive sucrose memory (Reichelt et al. 2013). The prediction error hypothesis of memory destabilisation implies this should also be true for drug memories, however this as yet remains untested.

Cannabinoids
Interestingly, cannabidiol has been shown to disrupt reconsolidation of morphine and cocaine CPP (de Carvalho and Takahashi 2017). Previous work from the same group suggested blockade of CB1, but not CB2 receptors, led to disruption of morphine CPP (De Carvalho et al. 2014). They also observed that inhibiting anandamide metabolism at reactivation led to an enhancement of morphine CPP, suggesting that endocannabinoid signalling may bidirectionally modulate memory strength.
The precise mechanism of cannabidiol’s mnemonic effects is unclear, although its therapeutic potential is beginning to be appreciated. It may be that it is directly disrupting reconsolidation, but it may also enhance extinction (Stern et al. 2018). Alternatively, cannabidiol may be more generally anxiolytic, leading to an ‘updating’ of a memory’s salience during the reconsolidation window, in addition to acute reductions in drug memory expression (Lee et al. 2017a). This would imply the effect of cannabidiol is mediated via the stress-axis.

Glucocorticoids
Blocking glucocorticoid receptors with mifepristone disrupted the reconsolidation of morphine CPP and morphine sensitisation (Fan et al. 2013). While this also prevented initial acquisition, suggesting perhaps an effect on the rewarding value of the drug, mifepristone did not in itself cause place aversion. In a similar study, Stringfield et al. (2017) demonstrated the effect of mifepristone was reactivation-dependent; however they observe an inverted dose-response relationship, and similar results when mifepristone was given in conjunction with novelty stress. Together this suggests that glucocorticoids do not mediate reconsolidation of drug memory per se, although they may act synergistically to enhance the process.

Cytoskeleton
A novel target for disrupting reconsolidation may be cytoskeletal proteins. Inhibiting actin polymerisation in the nucleus accumbens shell weakened morphine CPP reconsolidation (Li et al. 2015), although Briggs et al. (2017) observed disruption of amphetamine (but not cocaine or morphine) CPP reconsolidation with inhibition of non-muscle myosin II in the BLA. This latter result is of interest, as targeting the non-muscle myosin would be more viable therapeutically than systemic blockade of actin polymerisation (which is required for normal muscle and heart function).
Similarly, local infusion of NSC23766 – an inhibitor of the small GTPase Rac, which modulates actin dynamics (Jaffe and Hall 2005) – into the BLA blocked the reconsolidation of cocaine CPP (Ding et al. 2013). Notably the initial consolidation of this memory required Rac activity in BLA in addition to the CeN and nucleus accumbens core, but not the nucleus accumbens shell. While results of cytoskeleton manipulation on reconsolidation have varied between different drugs, commonalities will likely emerge with future research.

Extra-neuronal targets
Neurons and synapses are encompassed by extracellular matrices – perineuronal nets (PNNs). These nets help stabilise neuronal connections and regulate synaptic plasticity (Wang and Fawcett 2012), and intact perineuronal nets in the mPFC are necessary for reconsolidation of cocaine CPP (Slaker et al. 2015). Interestingly, removal of PNNs took place 3 days prior to memory reactivation, thus the loss of PNNs need not occur within the reconsolidation window to disrupt later restabilisation of memory.
Normal function of neurons is also supported by local astrocytes and preventing supply of astrocyte-derived lactate can prove amnestic. Local inhibition of glycogen phosphorylase in the BLA prior to memory retrieval disrupted cocaine CPP reconsolidation (Boury-Jamot et al. 2016; Zhang et al. 2016); moreover this effect involved ERK- and zif268-dependent mechanisms, but not BDNF (Boury-Jamot et al. 2016). This intervention also prevented reconsolidation of cued cocaine self-administration (Zhang et al. 2016).

Instrumental memory reconsolidation as a potential therapeutic target
To date most research and human trials have focused on pavlovian memory reconsolidation, owing to the extensive literature – partly from studies of pavlovian conditioned fear – however instrumental associations between actions and drug acquisition also play a critical role in addiction (Milton and Everitt 2012). However, early demonstrations suggested that instrumental memories did not reconsolidate (Hernandez and Kelley 2004; Mierzejewski et al. 2009). This has now been challenged by recent demonstrations that expression of operant responses can be disrupted by weakening reconsolidation. First demonstrated in operant sucrose memory using the amnestic NMDAR antagonist MK-801 (Exton-McGuinness et al. 2014), this result has since been replicated for weakly-trained cocaine-reinforced memory (Exton-McGuinness and Lee 2015).
Instrumental behaviours are believed to be supported by two memory associations: an Action–Outcome (A–O) association mediating goal-directed responding, and a Stimulus–Response (S–R) habit (see Balleine and O’Doherty 2010 for review). An influential view of addiction asserts that the disorder is driven by formation of a maladaptive habit, given the clear similarities between the theoretical definition of habits and the symptoms of substance use disorders (Everitt and Robbins 2005; Tiffany et al. 2004; Ostlund and Balleine 2008) and shifts in the reliance on different striatal circuitry as drug-seeking experience becomes more extensive (Vanderschuren et al. 2005; Belin et al. 2009; Murray et al. 2012). However emerging evidence has demonstrated that drug-seeking can be supported by goal-directed processes in both humans (Hogarth and Chase 2011; Hogarth 2012) and rodent models (Zapata et al. 2010; Singer et al. 2018). This has led to the rise of an alternative theoretical account of addiction which emphasises incentive processing and behavioural flexibility (Robinson and Berridge 2008). Fundamentally these two hypotheses place differing emphasis on the respective roles of cue-driven (S–R) and incentive (A–O) behaviours to explain the compulsion to seek drugs, however both are believed to influence drug-seeking behaviour in addicted humans (Hogarth and Chase 2011). Thus, both are viable psychological targets for therapeutic intervention.
Published literature to date has demonstrated reconsolidation of weakly-trained, and therefore presumably goal-directed, instrumental cocaine memory (Exton-McGuinness and Lee 2015). A further study also suggested disruption of an older instrumental memory could prevent reinstatement of nicotine seeking (Tedesco et al. 2014), however this impairment is observed as a failure to reinstate; thus, it is unclear whether this truly represents a disruption of instrumental memory, or instead contextual drug memory. Regardless, together these results indicate that in principle operant incentive-based associations can be disrupted – presenting a new psychological target for reconsolidation therapies. Future human experimental medicine trials may disrupt this new psychological target as a means of promoting drug abstinence; however, this will require modification (and optimisation) of behavioural reactivation parameters to maximise the probability of the target memory being destabilised (see Das et al. 2015 for discussion). Moreover, targeting both pavlovian and instrumental associations is likely to provide the most effective anti-relapse intervention. Thus, the most potent treatments may require reconsolidation-disruption targeting several individual memories.
It remains unclear whether reconsolidation of habit memories can be disrupted. While similar methods have been used to disrupt well-learned instrumental cocaine seeking memory (Exton-McGuinness MTJ, Drame ML, Kaila J, Walsh H, Flavell C, Lee JLC, 2018, under review), the interpretation is complicated by the observation that responding appears to be rendered functionally goal-directed following successful destabilisation of instrumental memory, even in control groups; similar findings were observed for sucrose memory (Exton-McGuinness et al. 2014). Importantly, amnesia is not total in these interventions suggesting only one of A–O or S–R memory is disrupted; however, it remains unclear which association is impaired without further investigation. A further alternative account is that the remaining responding in these experiments is supported by a pavlovian conditioned response – or “incentive habit” (Belin et al. 2013). The precise associative structure driving the compulsion to seek drugs, and the boundaries between pavlovian vs. instrumental associations, is a highly interesting topic, and expanding our understanding will be vital to appropriately targeting future clinical interventions.

Identifying, and overcoming, boundary conditions on reconsolidation
To make reconsolidation blockade maximally efficacious, further work is needed to optimise the parameters of the reactivation session. Following initial demonstrations in crabs (Pedreira and Maldonado 2003), it is becoming increasingly acknowledged that reconsolidation does not always occur following retrieval, instead requiring prediction error to initiate the destabilisation process (Exton-McGuinness et al. 2015) – indeed this may explain several negative findings with reconsolidation-based procedures in humans. Hon et al. (2016) recently demonstrated that prediction error induced by omission, but not value change, affected later verbal fluency for alcohol-associated memories in at-risk drinkers. Several human trials have utilised script-based reactivation procedures which may not be effective at triggering the appropriate prediction error for reconsolidation to take place (Pachas et al. 2015). Certain methods of generating a suitable prediction error will likely be more effective than others in clinical practice, and optimisation will be required to produce the most favourable therapeutic outcomes (Elsey and Kindt 2017).
How might reactivation be optimised? Conventional reactivation procedures involve re-exposure to the training scenario in the absence of the reward, or unconditioned stimulus (US), i.e. extinction. While brief extinction sessions do appear to trigger reconsolidation, extended CS exposure leads to extinction learning (Reichelt and Lee 2012; Flavell and Lee 2013; Merlo et al. 2014; Cassini et al. 2017) involving the formation of a new inhibitory memory (Bouton 2004); and in this case reconsolidation appears to be endogenously blocked by cellular machinery (Merlo et al. 2014). Interestingly, intermediate numbers of CS exposures trigger neither reconsolidation nor extinction (Flavell and Lee 2013; Merlo et al. 2014; Cassini et al. 2017), and at least for fear memory this ‘limbo’ is associated with the arrest of ERK signalling in the amygdala (Merlo et al. 2018). Since reconsolidation does not appear to occur following simple retrieval when a memory is well-learned, it may be that the limbo state between reconsolidation-mediated updating and behavioural extinction is biologically adaptive – representing the default cellular mode of memory retrieval. Expanding our understanding of the molecular underpinnings of this process may help us to artificially stimulate destabilisation outside of the conventional boundary conditions, which would in turn enhance the efficacy of therapeutic interventions.
One method used to circumvent the boundary conditions of non-reinforced reactivation procedures is re-exposure to the reinforcer – a ‘US-reactivation’. For example, Barak et al. (2013) successfully disrupted alcohol memory in rats using rapamycin by presenting US sensory-specific cues (smell, taste); these cues successfully reactivated memory even when presented outside the training context. Similarly, US-reactivation has successfully been used to destabilise nicotine (Xue et al. 2017) and cocaine (Dunbar and Taylor 2017; Zhu et al. 2017b) memories. Notably these US-reactivations were able to simultaneously disrupt multiple memory traces, either preventing reinstatement produced by multiple cues (Dunbar and Taylor 2017), or in the case of Xue et al. (2017) and Zhu et al. (2017) weakening both CPP and operant responding. Moreover, by tagging reactivated neural ensembles Xue and colleagues were able to show overlapping circuitry between these memory traces.
While it is intuitively appealing to believe that US-reactivations destabilise multiple memory traces, these results should be interpreted with caution. It has long been known that incentive memories for the value of reinforcers themselves undergo reconsolidation following re-exposure to the reward/US (Wang et al. 2005). Encoding the incentive value of a reinforcer is vital to the functioning of any outcome-based memory association, and disrupting it will reduce expression of all outcome-associated behaviours in a goal-directed fashion (see Dickinson and Balleine 1994 for discussion). The value of an outcome is likely commonly encoded between associations, explaining the overlapping of circuitry; however, this also means that following reward revaluation (e.g. drug re-exposure) responding could be rapidly restored. This possibility has not been explicitly tested following a US-reactivation procedure, however it would be consistent with the interpretation that reconsolidation impairments are highly content limited (Debiec et al. 2006). Thus, it remains unclear whether this method of memory destabilisation and disruption is sufficient to provide an effective anti-relapse intervention.
Others have sought to deliberately target the incentive value of predictive cues, by counterconditioning within the reconsolidation window. In a CPP study in mice, Goltseker et al. (2017) paired a previously cocaine-paired compartment with lithium chloride malaise following brief context re-exposure. Critically for future therapeutic application, this immediately suppressed preference for the previously cocaine-paired compartment and moreover this effect was resistant to cocaine-induced relapse. In a human variation of this procedure, pairing alcohol cues with disgust during the reconsolidation window later reduced cue-induce craving and weakened the attentional bias towards the cues (Das et al. 2018).

Conclusions and future directions
Several new pharmacological, readily translatable, treatment targets have been identified for pavlovian drug memory reconsolidation, including garcinol and cannabidiol. Evidently, treatments targeting receptor systems (e.g. dopamine receptors or glucocorticoid receptors) present currently more feasible therapeutic targets than intracellular systems (e.g. treatments targeting the cytoskeleton, or immediate early gene expression) but future research may reveal methods for indirectly targeting these, such as the reduction of Zif268 expression produced by NMDAR antagonism following the reactivation of cocaine-associated memories (Milton et al. 2008a). The demonstration that instrumental memories also undergo reconsolidation opens exciting new avenues of approach in preventing relapse. However, it remains unclear whether stimulus-based or incentive-based processes are disrupted by these interventions, and it is likely that both will need to be targeted for the most effective anti-relapse treatment.
[bookmark: _GoBack]Future clinical work should build on what is currently known, while basic research should continue to characterise the mechanisms that underlie reconsolidation and probe its potential limits (or not) in more translationally relevant procedures. Clinical studies should continue to refine reactivation parameters, with one possibility currently showing promise being US-based reactivation procedures. However, this should be approached with some caution, as it is unclear whether these interventions will prove resistant to subsequent revaluation of the US; there are also ethical issues regarding administering drugs to individuals who are trying to remain abstinent. However, it is unclear whether peripherally acting drugs in the same class could be used as an alternative (or drugs with differing kinetics e.g. methadone vs. heroin) to reactivate memory. Furthermore, it remains to be investigated whether these alternatives could be used to create a viable reconsolidation-based counterconditioning procedure that could be applied to human clinical populations. 
Finally, despite a growing literature, no reconsolidation studies have yet looked at compulsive drug use. While such experiments are technically and conceptually highly challenging, this research is very important for successful translation of reconsolidation-based therapies from bench to bedside. Whether compulsive habits are susceptible to reconsolidation blockade is a key question with high translational relevance.
Thus, reconsolidation blockade offers a highly innovative approach for the treatment of drug addiction and, despite some mixed results, there are studies proving its relevance and potential therapeutic use in humans. We would suggest that the field now needs to move beyond these initial proof-of-principle studies to optimisation of the procedure, taking a multipronged approach of: (i) identifying the most readily translatable (combination of) pharmacological targets through a better understanding of the basic neurochemical and molecular mechanisms of reconsolidation, (ii) determining the optimal procedure for memory reactivation (including how to identify when destabilisation has successfully occurred), and (iii) determining the effects of targeting pavlovian memories, instrumental associations (both goal-directed and habitual), or both on subsequent drug-seeking and drug-taking behaviour. Despite the challenges to translation, reconsolidation blockade presents a real opportunity to revolutionise the treatment of addiction.
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