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ABSTRACT 

Maladaptive emotional memories contribute to the persistence of many mental health 

disorders, and therefore the prospect of disrupting these memories to produce long-term 

reductions in relapse is of great clinical appeal. Reducing the impact of maladaptive emotional 

memories on behaviour could be achieved by two retrieval-dependent manipulations that 

engage separate mnemonic processes: ‘reconsolidation disruption’ and ‘extinction 

enhancement’. Extinction occurs during a prolonged re-exposure session in the absence of the 

expected emotional outcome and is widely accepted as reflecting the formation of a new, 

inhibitory memory that prevents behavioural expression of the original trace. Reconsolidation, 

by contrast, involves the destabilisation of the original memory, allowing for subsequent 

updating and restabilisation in specific brain regions, unless the restabilisation process is 

prevented through specific pharmacological or behavioural interventions. Both destabilisation 

of the original memory and memory extinction require that re-exposure induces prediction 

error – a mismatch between what is expected and what actually occurs – but the parameters 

that allow reconsolidation and extinction to occur, and control the transition between them, 

have not been well-characterised. Here we review what is known about the induction of 

memory destabilisation and extinction, and the transition period that separates these mnemonic 

processes, drawing on preclinical and clinical examples. A deeper understanding of the 

processes that determine the alternative routes to memory persistence or inhibition is critical 

for designing new and more reliable clinical treatments targeting maladaptive emotional 

memories. 
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1. Introduction 

In order to survive and reproduce, animals need to learn about the motivational significance of 

environmental cues; predicting the presence of predator or a potential mate based on learned 

or conditioned stimuli (CSs) in the environment allows animals to prepare a behavioural 

response rather than simply reacting to an unpredicted threat or reward, acting as an 

unconditioned stimulus (US). The capacity to form pavlovian associations between CSs and 

USs therefore confers a clear survival advantage. However, under certain conditions it is 

possible for this adaptive learning system to produce memories that are overly strong and 

dominant over behaviour. These persistent, maladaptive memories are thought to underlie 

some of the most prevalent psychiatric conditions including post-traumatic stress disorder, 

specific phobia, substance dependence and binge eating disorder. It is hypothesised (Everitt et 

al. 2001, Hyman and Malenka 2001, Milton and Everitt 2010, Torregrossa et al. 2011) that 

such disorders are established and maintained through aberrant learning processes that hijack 

the neural mechanisms necessary for the persistence of emotional memories. Maladaptive 

memories are pathologically persistent and greatly increase the risk of relapse even after 

successful treatment (Parsons and Ressler 2013). Therefore, disruption or suppression of 

maladaptive memories may potentially offer an innovative form of treatment to overcome both 

fear and substance abuse disorders (Everitt et al. 2018, Monfils and Holmes 2018, Singewald 

et al. 2015). 

 

Reducing the impact of maladaptive memories on behaviour could be achieved by targeting 

one of two memory retrieval-dependent processes that engage different mnemonic processes: 

disrupting memory reconsolidation or enhancing extinction. Both of these processes depend 

upon re-exposure to the pavlovian CSs or ‘trigger stimuli’, and on inducing a ‘mismatch’ 

between what is expected and what actually occurs (more formally referred to as ‘prediction 
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error’). Furthermore, although induced by re-exposure, the relationship between memory 

retrieval, memory reconsolidation and extinction is non-linear and governed by ‘boundary 

conditions’ that depend upon both the age and the strength of the original memory (Alberini et 

al. 2006, Suzuki et al. 2004b). In a laboratory setting, it is possible to control memory age and 

strength and consequently boundary conditions, but this is not possible in the clinical situation. 

We argue that currently, one of the greatest challenges in translating preclinical memory 

modification research to the clinical situation is knowing when each of the different mnemonic 

processes has been engaged. Here, we review what is known of the molecular mechanisms 

underlying the destabilisation of consolidated memories in reconsolidation, and how these 

partially overlap with those engaged when a new extinction memory is formed. Although 

maladaptive memories can be pavlovian or instrumental, here our focus is on pavlovian 

memories as these have been most extensively studied across the appetitive and aversive 

domains.  

 

2. Re-exposure to pavlovian CSs induces different mnemonic processes depending on 

the extent of re-exposure 

Following the acquisition of a pavlovian memory, re-exposure to the CS alone can induce 

one of four memory processes: retrieval, reconsolidation, ‘limbo’ or extinction (Figure 1) 

(Eisenberg et al. 2003, Merlo et al. 2018b, Merlo et al. 2014, Pedreira and Maldonado 2003). 

A brief presentation of the CS transiently returns the associative memory to a labile state, 

sensitive to disruption, followed by a restabilisation process (Nader et al. 2000). By contrast, 

prolonged CS re-exposure produces inhibition of the conditioned response through 

extinction. It is hypothesised that behavioural inhibition results from the formation of a new 

‘CS-noUS’ associative memory that prevents expression of the original CS-US without 

erasing it (Bouton 2004).  
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Both reconsolidation disruption and extinction enhancement are potentially valuable 

treatment strategies able to reduce the impact of cue-dependent maladaptive memories on 

behaviour (Figure 2). Research on extinction profoundly influenced the development of 

prolonged exposure therapy for anxiety disorders and continues to inform refinements to this 

therapeutic approach (Craske et al. 2014). However, it is worth noting that prolonged 

exposure is not effective for all patients, with relapse and re-emergence of the maladaptive 

memory being a relatively common occurrence (Holmes et al. 2014). 

 

Reconsolidation-based interventions are being actively investigated as an alternative 

therapeutic approach for patients who are not responsive to prolonged exposure therapy. A 

considerable number of studies have investigated the effects of pharmacological interventions 

aimed at disrupting memory reconsolidation, mostly in animal analogues of mental health 

disorders, though some small-scale patient studies have also been conducted. Reconsolidation 

consists of the two dissociable processes of memory destabilisation and restabilisation (Figure 

3) (Ben Mamou et al. 2006, Ferrer Monti et al. 2016, Milton et al. 2013). ‘Destabilisation’ 

refers to the hypothetical process initiated by memory retrieval in presence of prediction error, 

by which the original CS-US memory becomes once again modifiable and regains sensitivity 

to amnestic treatments. In order to return to a stable state, the destabilised CS-US memory 

undergoes a restabilisation process supported by, among other mechanisms, de novo gene 

expression and protein synthesis. Much of the literature to date has focused on the 

restabilisation process and identifying drugs that block this process to provide potential 

amnestic agents for use in humans. A large number of pharmacological targets have been 

identified, with a particular focus on drugs that are readily translatable to humans. These 

include the β-adrenergic receptor antagonist propranolol (Brunet et al. 2008, Debiec and 

Ledoux 2004, Diergaarde et al. 2006, Kindt et al. 2009, Milton et al. 2008, Soeter and Kindt 
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2010) and the glucocorticoid antagonist mifepristone (Jin et al. 2007, Pitman et al. 2011, 

Taubenfeld et al. 2009). However, this compelling evidence is challenged by several studies 

showing only limited or no effects of propranolol on aversive (Muravieva and Alberini 2010, 

Schroyens et al. 2017, Wood et al. 2015) and appetitive memory reconsolidation (Dunbar and 

Taylor 2016, Milton et al. 2012, Pachas et al. 2015). One potential account of these apparent 

discrepancies is that memory destabilisation was not engaged in those studies in which 

propranolol had no effect – namely, that these studies had not overcome the ‘boundary 

conditions’ of reconsolidation. This explanation is supported by a series of case studies in 

which propranolol was effective when administered prior to memory reactivation when the 

expectations of PTSD patients had been violated, but ineffective when their expectations had 

not been violated (Kindt and van Emmerik 2016). Thus, we would argue that one of the greatest 

barriers to the translation of reconsolidation-based interventions to the clinical situation is the 

reliable engagement of the memory destabilisation process. Furthermore, a better 

understanding of some of the subtleties in boundary conditions – along with a non-behavioural, 

independent marker of memory destabilisation – would likely provide great insight into the 

apparent fragility of reconsolidation interference effects. 

 

3. Destabilising the Original Memory 

3.1 Boundary conditions 

Studies in both vertebrates and invertebrates have shown that destabilisation of the original CS-

US memory at retrieval relies upon a specific amount of prediction error – enough for the 

original memory to be sufficiently inaccurate to require updating, but not so much that the 

experience is consolidated as a new memory (see Gershman et al. 2017, Osan et al. 2011, for 

computational perspectives on boundary conditions). Prediction error, the discrepancy between 

the expected and actual outcome following a CS presentation, is necessary to destabilise both 
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appetitive and aversive memories in crabs (Agustina Lopez et al. 2016, Kaczer et al. 2011), 

rats (Morris et al. 2006, Reichelt et al. 2013), and humans (Das et al. 2015, Sevenster et al. 

2013). Typically, for pavlovian CSs, a brief duration of re-exposure or small number of CS re-

exposures are sufficient to induce memory destabilisation without engaging extinction, for both 

appetitive and aversive memories and across species (Eisenberg, Kobilo, Berman and Dudai 

2003, Flavell and Lee 2013, Pedreira and Maldonado 2003). 

 

Relatively few studies have undertaken a parametric investigation of the conditions affecting 

memory destabilisation. More frequently, boundary conditions have been discovered when a 

memory reactivation session fails to induce sufficient prediction error to destabilise the 

memory. Predictions of specific boundary conditions are rare (though see Gershman, Monfils, 

Norman and Niv 2017, Osan, Tort and Amaral 2011, for predictions based on computational 

accounts) but two boundary conditions that have been observed across multiple studies are the 

strength and age of the original memory. Importantly, however, these boundary conditions do 

not mean that the memory cannot be destabilised, only that it cannot be destabilised under the 

same conditions as weaker or more recent memories. For example, a strong contextual fear 

memory required 10 minutes of context re-exposure to induce destabilisation, as compared to 

3 minutes for a contextual fear memory trained under ‘standard’ conditions (Suzuki et al. 

2004a), while the same reactivation procedure led to extinction for a weakly-trained appetitive 

pavlovian memory and reconsolidation for a strongly-trained pavlovian memory (Reichelt and 

Lee 2013).  

 

Similarly, acquisition-to-retrieval intervals modify the requirements for memory 

destabilisation. Early observations suggested that memories older than 14 days did not 

destabilise (Milekic and Alberini 2002). However, older associative memories destabilise if the 
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CS re-exposure session is extended (Suzuki, Josselyn, Frankland, Masushige, Silva and Kida 

2004a), and it is possible to destabilise strongly trained pavlovian CS-cocaine memories even 

after many weeks (Lee et al. 2006b). Furthermore, in small-scale clinical trials both strong and 

old memories have been shown to destabilise under specific reactivation conditions. The 

maladaptive memories underlying spider phobia were destabilised and disrupted by 

administration of the beta-blocker propranolol when patients believed that they would need to 

pick up a tarantula and were stopped just before doing so (Soeter and Kindt 2015). Similarly, 

PTSD patients showed a steep decline of fear symptoms after receiving a reconsolidation-based 

intervention during which patients were required to rate the extent to which their expectations 

of their response to trauma re-exposure had been violated (Kessler et al. 2018, Kindt and van 

Emmerik 2016). 

 

There is, however, the potential for unfalsifiability when considering memory destabilisation 

and boundary conditions. When a reactivation session induces a memory to become once again 

susceptible to amnestic agents, it is considered that the parameters of that reactivation session 

have induced memory destabilisation. If the reactivation session does not induce the memory 

to become susceptible to an amnestic agent, then boundary conditions are invoked. Independent 

neural markers of memory destabilisation, that do not rely only on behaviour, would therefore 

be a valuable addition to studies of memory destabilisation. 

 

3.2 Neural markers of memory destabilisation 

Several neurochemical and molecular mechanisms contributing to memory destabilisation 

have been identified. At the cell surface level, destabilisation depends upon specific subtypes 

of glutamatergic receptors, dopamine receptors and L-type voltage-gated calcium channels.  
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One of the first studies of the neurochemical mechanisms of memory destabilisation showed 

that the GluN2B-subtype-selective NMDA receptor (NMDAR) antagonist ifenprodil could 

block the destabilisation of auditory fear memory [(Ben Mamou, Gamache and Nader 2006), 

and subsequent replication by (Milton, Merlo, Ratano, Gregory, Dumbreck and Everitt 2013)]. 

Furthermore, reducing the relative number of GluN2B-containing NMDARs in a mouse 

selectively overexpressing GluN2A-containing NMDARs in BLA projection neurons at the 

time of memory reactivation, led to fear memories that did not destabilise when those of 

controls undergoing the same memory reactivation procedure did (Holehonnur et al. 2016). 

This supports hypotheses asserting that the balance between GluN2A-NMDAR and GluN2B-

NMDAR expression may mediate resistance to memory destabilisation (Zhang et al. 2018). 

 

Although AMPAR antagonism has been shown to prevent memory retrieval without impairing 

memory destabilisation (Milton, Merlo, Ratano, Gregory, Dumbreck and Everitt 2013), it 

appears that as for NMDARs, specific types of AMPARs may be necessary in memory 

destabilisation. There is a transient reduction in AMPARs expressing the GluA2 subunit (which 

makes the receptor calcium-impermeable) at the neuronal membrane following fear memory 

reactivation, which is followed by an increase in AMPAR expression within 7 hours of the 

reactivation session (Rao-Ruiz et al. 2011). Using cell-penetrating peptides that blocked the 

translocation of AMPARs, it was also shown that preventing AMPAR endocytosis at memory 

reactivation prevented fear memories from becoming updated (Rao-Ruiz, Rotaru, van der Loo, 

Mansvelder, Stiedl, Smit and Spijker 2011) or sensitive to anisomycin (Hong et al. 2013). 

Therefore, although activity at AMPARs is more implicated in memory retrieval, there is a 

correlation between the expression of specific AMPAR subtypes and resistance of an 

established fear memory to modification.  
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Considering that GluA2-lacking AMPARs are permeable to calcium, it may be that the 

dynamic of calcium influx is important in supporting memory destabilisation. At least in the 

hippocampus, another potential neurochemical mechanism underlying memory destabilisation 

depends upon L-type voltage-gated calcium channels (LVGCCs) receptors, blockade of which 

prevents the destabilisation of reactivated fear memories (Flavell et al. 2011, Suzuki et al. 

2008). Additionally, administration of nefiracetam, a pharmacological agent that enhances 

LVGCC calcium currents (Yoshii and Watabe 1994), was shown to enhance the destabilisation 

of fear memory (Flavell and Lee 2019).  

 

As noted above, memory destabilisation is induced when expectations are violated at 

reactivation or, more formally, a ‘prediction error’ is induced. Reward prediction error has been 

strongly associated with dopamine release from the ventral tegmental area (Schultz et al. 1997) 

and it also appears that dopamine is required for the destabilisation of both appetitive (Merlo 

et al. 2015) and aversive memories (Flavell and Lee 2019). However, dopaminergic signalling 

does not appear to be sufficient to induce memory destabilisation, as enhancing dopaminergic 

signalling with the D1 dopamine receptor agonist SKF38393 did not induce destabilisation of 

a strong fear memory under reactivation conditions that would normally destabilise a weaker 

memory (Flavell and Lee 2019). This may indicate that it is the specific timing of phasic 

dopaminergic signalling that is critical for memory destabilisation, rather than tonic increases 

in dopaminergic tone.  

 

Intracellularly, memory destabilisation is dependent upon multiple molecular pathways 

including proteasome signalling and protein degradation. Memory destabilisation depends 

upon the ubiquitin- and proteasome-dependent degradation of pre-existing postsynaptic 

proteins, as shown for fear (Fukushima et al. 2014, Fustiñana et al. 2014, Jarome et al. 2015, 
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Lee et al. 2008, Orsi et al. 2019, Tay et al. 2019), spatial (Artinian et al. 2008), object 

recognition (Furini et al. 2015, Stiver et al. 2017) and drug memories (Ren et al. 2013). It is 

hypothesised that this mechanism is responsible for reorganization of original memory through 

degradation of pre-existing synapses and concurrent formation of updated synapses in 

conjunction with new information presented at retrieval (Jarome and Helmstetter 2013, Kaang 

et al. 2009). The regulation of this system has been linked to intracellular calcium signalling 

(Da Silva et al. 2013, Jarome et al. 2016) and NMDAR activation (Rosenberg et al. 2016).  

 

Despite the advances made in understanding the neurochemical and molecular underpinnings 

of memory destabilisation, there remains a lack of direct, real-time measurement that 

destabilisation has occurred. This gap is ever more important not only to provide insight into 

apparent failures to replicate reconsolidation interference effects, but also for translational 

studies targeting maladaptive memories in patients since the learning history and age of the 

maladaptive memory formation is unique for each patient. Identification of the right parameters 

to engage destabilisation and avoid boundary conditions, through isolation of a specific and 

univocal biological marker, would constitute a breakthrough in our capacity to modify 

maladaptive content of naturalistic memories in patients. 

 

4. Memory Inhibition through Extinction 

4.1 Pavlovian extinction and behaviour 

In contrast to the engagement of pavlovian memory reconsolidation by brief exposure to the 

CS alone, prolonged exposure or large number of repetitions of the CS reduces conditioned 

responding through the learning process of extinction. During extinction, individuals learn that 

the CS no longer predicts the emotionally relevant US. It is widely accepted that extinction 

does not erase or modify the original CS-US memory but inhibits its behavioural expression 
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by establishing a new inhibitory memory trace associating the CS with the absence of the US 

(CS-noUS) (Bouton 2004, Pavlov 1927). In clinical settings, pavlovian extinction is the basis 

of cue exposure therapy, which is widely used for treatment of specific phobias and PTSD 

(Rothbaum and Schwartz 2002). 

 

In common with memory reconsolidation, extinction occurs when the individual experiences 

prediction error, but requires much longer CS alone exposure. However, memory extinction 

appears more temporally and spatially context-dependent than memory reconsolidation. The 

inference that the original CS-US memory remains intact after extinction is based on the 

findings that behavioural responding to the CS recovers, over time (spontaneous recovery), 

when the extinction context is changed (renewal), or after unexpected presentation of the US 

(reinstatement). Also, the residual associative value of the CS allows it to elicit behavioural 

responding more rapidly than a novel CS (rapid reacquisition) (Bouton 2014). However, 

despite the common requirement for prediction error, reconsolidation and extinction are 

mutually exclusive processes. Due to the partial overlap in the mechanisms of these processes, 

the same experimental manipulation can produce bidirectional effects depending on whether 

reconsolidation or extinction is engaged during re-exposure (Lee et al. 2006a) and the two 

processes are separated by a ‘limbo’ period during which neither process is engaged (Cassini 

et al. 2017, Merlo, Milton and Everitt 2018b, Merlo, Milton, Goozee, Theobald and Everitt 

2014). 

 

4.2 Neural mechanisms of pavlovian extinction 

Reconsolidation and extinction are complex psychobiological processes that require changes 

in neuronal connectivity supported by neural and molecular events. Despite the fact that these 

processes are supported by distinct brain networks, for pavlovian memories the basolateral 
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amygdala (BLA) is critical for both (Maren and Quirk 2004, Nader 2015). Moreover, 

reconsolidation and extinction engage partially overlapping molecular mechanisms, similar to 

the relationship between reconsolidation and the initial consolidation of memories. As 

extinction relies on the formation of a new inhibitory memory, many mechanisms supporting 

extinction acquisition and consolidation have common and distinctive partners compared to 

consolidation of the CS-US memory [for a review see (Pagani and Merlo 2019)]. Among other 

mechanisms, extinction consolidation relies on de novo protein and mRNA synthesis (Pedreira 

and Maldonado 2003), believed to support the synaptic changes necessary for behavioural 

inhibition. 

 

4.2.1. Shared mechanisms engaged by memory reconsolidation and extinction 

Reconsolidation and extinction are both initiated by similar intracellular and extracellular 

events, such as activation of NMDARs (Flavell and Lee 2013, Lee, Milton and Everitt 2006a, 

Merlo, Milton and Everitt 2018b, Merlo, Milton, Goozee, Theobald and Everitt 2014) and 

activation of protein kinases (Merlo, Milton and Everitt 2018b, Merlo, Milton, Goozee, 

Theobald and Everitt 2014). It is well-established that the consolidation of extinction memories 

depends on NMDAR-mediated changes in synaptic plasticity (Baker and Azorlosa 1996, Lee, 

Milton and Everitt 2006a). Santini et al. (2001) have further suggested that consolidation of 

extinction learning involves a transfer from NMDAR-independent early plasticity to NMDAR-

dependent stabilization that requires protein synthesis. There is also some evidence that the 

acquisition of the extinction memory, but not its consolidation, is blocked by the administration 

of GluN2B-selective NMDAR antagonists given shortly prior to extinction training (Dalton et 

al. 2012) though not 1 hour before training (Cahill et al. 2019). This finding highlights the 

distinct nature of neural and molecular mechanisms underlying acquisition, consolidation and 

retrieval of extinction memory (Santini et al. 2001). Similarly, administration of the NMDAR 
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partial agonist D-cycloserine (DCS) enhances the acquisition of the extinction memory, with 

no effect when administered after re-exposure in rodents (Ledgerwood et al. 2003, Lee, Milton 

and Everitt 2006a) and, indeed in human patients undergoing prolonged exposure therapy for 

phobia (Smits et al. 2013). 

 

As for memory destabilisation, dopamine has also been implicated in pavlovian extinction 

learning (see McNally et al. 2011, for review). Administration of the selective D1-dopamine 

receptor antagonist SCH23390 directly into the BLA impairs the acquisition of extinction, 

though not its consolidation. By contrast, infusions of SCH23390 into the infralimbic cortex 

impair extinction consolidation, but not acquisition (Hikind and Maroun 2008). Furthermore, 

it has been demonstrated that dopamine receptor antagonism impairs both extinction 

acquisition as well as consolidation of extinction memory. Furthermore, administration of the 

dopamine precursor L-DOPA enhances the consolidation of extinction in both mice and 

humans (Haaker et al. 2013). It has also been shown that administration of the D2-dopamine 

receptor antagonist, haloperidol, in the nucleus accumbens (NAc) impaired suppression of fear 

responses after extinction (Holtzman-Assif et al. 2010). This evidence supports the role of 

dopaminergic activity in extinction learning and especially pointing towards the NAc as a 

critical locus for learning and retention of the inhibition created by fear extinction training 

(Holtzman-Assif, Laurent and Westbrook 2010). Previous studies investigating extinction have 

focused mostly on interactions between the BLA and mPFC, however it has been proposed that 

dopamine release in the NAc may regulate the interactions between BLA and mPFC (Laurent 

and Westbrook 2008) that are required for inhibitory learning during extinction (Holtzman-

Assif, Laurent and Westbrook 2010). 
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Similar to memory destabilisation, extinction appears to depend upon activation of LVGCCs 

and protein degradation. Administration of the LVGCC antagonists nifedipine or nimodipine 

blocked extinction (Cain et al. 2002) with prolonged re-exposure, and blocked the 

destabilisation of the original memory with brief re-exposure (Suzuki, Josselyn, Frankland, 

Masushige, Silva and Kida 2004b, Suzuki, Mukawa, Tsukagoshi, Frankland and Kida 2008). 

Similarly, inhibiting protein degradation by infusing the proteasome inhibitor lactacystin 

immediately following extinction training prevents extinction of cocaine reward memory in the 

conditioned place preference procedure, while inhibition of protein degradation following brief 

exposure prevents memory destabilisation (Ren, Liu, Xue, Ding, Xue, Zhai and Lu 2013).  

Where molecular mechanisms are common between reconsolidation and extinction, this leads 

to the possibility that pharmacological interventions could have opposite effects on the 

pavlovian memory depending upon the extent of CS re-exposure. Considering that maladaptive 

memories across patients with anxiety disorders or addiction vary in strength and age, the effect 

of retrieval may vary between patients, with a session inducing memory destabilisation in one 

case and extinction in another. Thus, administration of a pharmacological agent to either disrupt 

the original memory or enhance extinction may worsen symptoms if the cue exposure session 

engages the alternative memory process (Gerlicher et al. 2019, Price et al. 2009). Targeting 

molecules or pathways that are differentially engaged by memory reconsolidation or extinction 

could reduce the risk of manipulating the undesired memory process. 

 

4.2.2. Distinct mechanisms engaged by memory reconsolidation and extinction 

Despite some of the molecular and neural similarities between extinction and reconsolidation 

mentioned above, there are marked distinctions differentiating between these processes at 

molecular level. 
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A clear difference between reconsolidation and extinction mechanisms exists at the level of 

transcription factors. For example, while NF-κB is necessary for the reconsolidation of fear 

memory, it is inhibited during extinction training (Merlo and Romano 2008). By contrast, 

nuclear factor of activated T-cells (NFAT) is required for fear extinction, but not for 

reconsolidation (de la Fuente et al. 2011). A comparable double dissociation has been found 

with brain-derived neurotrophic factor (BDNF) and the transcription factor Zif268. While both 

the consolidation of a new memory and extinction require BDNF (Lee et al. 2004, Peters et al. 

2010), it is not required for memory reconsolidation, at least for hippocampal-dependent fear 

memories (Lee, Everitt and Thomas 2004). On the other hand, Zif268 de novo expression is 

required for reconsolidation, but constrains memory extinction (Kirtley and Thomas 2010, Lee, 

Everitt and Thomas 2004). 

 

4.2.3. Extinction may involve some synaptic restructuring events in common with memory 

destabilisation 

The notion that pavlovian extinction involves ‘unlearning’ of the original CS-US memory is 

difficult to reconcile with the widely reported phenomena of spontaneous recovery, renewal 

and reinstatement, all of which indicate that the original memory must remain intact. However, 

while extinction clearly does involve the formation of a new CS-no US memory that competes 

with the CS-US memory for behavioural expression, it is possible that the original memory 

also undergoes some modification, if only to reflect that the CS is now ambiguous, or to 

incorporate the representation of other cues or contexts that may allow the appropriate response 

to the CS to be disambiguated (Clem and Schiller 2016).  

 

Empirically, this view is supported by recent advances in neuronal ensemble research, offering 

a deeper understanding of how memory engrams are able to store and retrieve memories. While 
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there do appear to be distinct engrams for fear and extinction memories within the amygdala 

(Herry et al. 2008), there is also evidence suggesting that extinction learning requires the 

reactivation of the original memory in both the hippocampus and amygdala (Khalaf and Gräff 

2019, Khalaf et al. 2018). 

 

Recent work indicating that targeting of protein kinases or phosphatases can produce 

complementary, rather than bidirectional, effects on reconsolidation and extinction further 

supports the hypothesis that extinctions goes beyond the formation of a new CS-noUS 

inhibitory associative memory to more of a combination of new memory formation and 

inhibition of original memory (Pagani and Merlo 2019). While restabilisation of a 

reconsolidating memory depends upon protein kinases (as discussed above), extinction 

requires the activity of phosphatases and some kinases and is constrained by kinase activity. 

The protein kinase CaMKIIα and the protein phosphatase calcineurin have been of particular 

interest. Phosphoproteomic analyses have revealed that the serine-331 residue on CaMKIIα is 

differentially regulated by memory reconsolidation and extinction, where inhibitory 

phosphorylation is decreased and increased respectively (Rich et al. 2016). Furthermore, 

inhibition of CaMKIIα within the basolateral amygdala disrupted reconsolidation of a CS-drug 

memory when combined with brief CS re-exposure and facilitated extinction when combined 

with prolonged CS re-exposure (Rich, Abbott, Chung, Gulcicek, Stone, Colangelo, Lam, 

Nairn, Taylor and Torregrossa 2016). This could provide a promising therapeutic target, as a 

pharmacological intervention that both disrupts reconsolidation and enhances extinction of 

maladaptive memories. 

 

CaMKIIα is thought to be a negative regulator of the protein phosphatase calcineurin (Rich and 

Torregrossa 2018), which has been extensively studied for its role in extinction. Calcineurin is 
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necessary for the extinction of both contextual (Lin et al. 2003) and auditory fear memory 

(Merlo, Milton, Goozee, Theobald and Everitt 2014). Enhancement of calcineurin activity 

through administration of chlorogenic acid both enhances extinction and disrupts 

reconsolidation of CS-drug memories, with the effect on extinction being prevented by the co-

administration of a calcineurin inhibitor (Rich et al. 2020). The finding that the same molecules 

– CaMKIIα and calcineurin – can produce opposite effects on both reconsolidation and 

extinction warrants further investigation.  

 

The hypothesis that extinction involves at least some alteration of the original memory also fits 

well with layered connectionist (Kehoe 1988) and statistical models of learning (Dunsmoor et 

al. 2015, Gershman, Monfils, Norman and Niv 2017). The layered connectionist model 

proposes that pavlovian conditioning does not produce a direct link between the CS and 

conditioned response (CR), but rather associates in separate layers the CS and CR with an 

intermediate element, X. According to this view, extinction weakens the CS-X association, 

while leaving the X-CR association relatively intact. This conceptualisation therefore allows 

for both unlearning (of CS-X) and preservation (of X-CR) to occur simultaneously. In 

statistical models of learning, the degree to which the original memory is updated versus new 

learning happening depends on inferring whether or not the current trial can be associated to 

the original latent cause – in which case, the original memory will be updated – or if it is 

different enough to require new latent cause grouping – in which case a new extinction memory 

will form. This also means that the memory updating vs new learning balance is influenced by 

the training protocol used during extinction training. When the conditions during extinction 

training are more similar to the original training context, it is more likely that the original 

memory will be updated or ‘unlearned’. According to Gershman et al. (2017), updating 
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mechanisms depends on reconsolidation of the original memory, while new learning is 

dependent upon the extinction processes. 

 

5. The space in between 

As mentioned above, the behaviourally opposing memory mechanisms of reconsolidation, 

(affecting the original CS-US memory) and extinction (promoting the formation of an 

inhibitory CS-noUS) are linked by the common environmental event of CS re-exposure. The 

addition of further unreinforced CS re-exposures therefore has a non-linear effect on the 

individual’s behaviour, producing a dramatic effect on the individual’s behavioural repertoire 

and promoting a variety of cellular and molecular modifications in a myriad of brain regions. 

Surprisingly, the behavioural and mechanistic properties of the transition between memory 

states – sometimes referred to as ‘the null point’ or ‘limbo’ – produced by increasing the 

number of unreinforced CS re-exposures has only recently begun to capture research interest. 

It has been observed for discrete auditory fear memories in rats, where bidirectional 

manipulations of NMDAR activity affected memory reconsolidation or extinction when 

administered before brief or prolonged CS re-exposure sessions respectively (Lee, Milton and 

Everitt 2006a), but no effect when administered before an intermediate number of CSs (Merlo, 

Milton, Goozee, Theobald and Everitt 2014). Similar results were observed for pavlovian 

conditioned approach (Flavell and Lee 2013) and contextual fear memories in rats (Cassini, 

Flavell, Amaral and Lee 2017, Franzen et al. 2019), and fear memories in humans and crabs 

(Merlo et al. 2019, Sevenster et al. 2014), suggesting that ‘limbo’ is an evolutionarily conserved 

feature in retrieval-dependent associative memory processing. 

 

As this insensitive or limbo phase is associated with intermediate number of CS presentations, 

there are two potential account for the apparent lack of effect of pharmacological 
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manipulations. One is that the intermediate number of CS re-exposures fails to engage either 

memory reconsolidation (due to excessive CS re-exposure) or extinction (due to insufficient 

CS re-exposure) within a single individual. An alternative at the population level is that 

intermediate CS re-exposure engages reconsolidation in some animals while engaging 

extinction in others. According to this second account, the amnestic agent (e.g. MK801) should 

have a similar deleterious effect on the conditioned response in both the reconsolidating and 

extinguishing individuals, but as the effect would be to reduce fear at test in the reconsolidating 

individuals and to enhance fear at test in the extinguishing individuals, these effects would 

effectively cancel out at the population level. This is mechanistically possible, but somewhat 

improbable, since it implies both processes should be equally sensitive to the manipulation. 

Detailed analysis of large number of fear conditioned rats injected with MK801 before an 

intermediate duration context exposure showed that there was no reduction in the correlation 

between freezing levels at re-exposure and test sessions, no differential effects within 

subpopulations and no change in variability compared to saline-treated controls (Cassini, 

Flavell, Amaral and Lee 2017). Moreover, at the molecular level, limbo is associated with no 

change in ERK1/2 activation in the BLA, which is increased during both reconsolidation and 

extinction (Merlo et al. 2018a). This suggests that intermediate CS re-exposure engages the 

distinct mnemonic process of limbo, characterised by the absence of known retrieval-

dependent plasticity mechanisms and memory processes. 

 

During limbo, the memory is not only insensitive to NMDAR manipulations. Administration 

of midazolam, an enhancer of GABAergic activity, also failed to affect contextual fear 

conditioned responding after intermediate CS re-exposure (Alfei et al. 2015, Franzen, Giachero 

and Bertoglio 2019). Furthermore, protein synthesis inhibition, a ‘gold standard’ amnestic 

manipulation, did not affect conditioned responding when administered after an intermediate 
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number of CS re-exposures in the crab Neohelice granulathus (Merlo, Santos, Pedreira and 

Merlo 2019). Altogether, these data support the hypothesis that intermediate CS re-exposure 

engages limbo, a state where extinction does not take place, but also where the original CS-US 

memory is insensitive to well-tested amnestic interventions. Limbo may therefore represent the 

CS ‘space’ where there is too much novel information regarding the CS to allow modification 

of the existing memory, but not enough to engage new learning. Alternatively, limbo may be a 

completely new process, with distinctive neural mechanisms, affecting conditioning 

responding in unestablished manner. Further investigation is needed to distinguish between 

these alternatives or propose new hypotheses. 

A better understanding of limbo may help to explore further the mutually exclusive nature of 

memory reconsolidation and extinction, and how they interact to determine memory 

persistence or inhibition. Pharmacologically manipulating the limbo state, if possible, could be 

used to extend CS-US memory lability into longer CS re-exposure protocols and thereby delay 

extinction, increasing the window of opportunity to alter maladaptive naturalistic memories in 

patients. 

 

6. Conclusions and Future Directions 

Considering the complex relationship between memory destabilisation/reconsolidation, limbo 

and extinction, and their respective boundary conditions (Cassini, Flavell, Amaral and Lee 

2017, Merlo, Milton, Goozee, Theobald and Everitt 2014), any potential therapeutic 

intervention that aims to target one of these processes has the potential to result in unexpected 

effects on the other process, leading to the possibility of maintaining or even enhancing 

maladaptive memories (Lee, Milton and Everitt 2006a, Tronson et al. 2006). As already noted, 

in order to achieve greater reliability of treatment strategies and insight into the apparent 

fragility of memory reconsolidation, it is necessary to identify clear markers for memory 
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destabilisation and subsequent memory processes. One promising approach could be event-

related potentials, which can distinguish unique neurophysiological markers for consolidated, 

reconsolidated or extinguish memories (Campos-Arteaga et al. 2020, Mueller et al. 2014). 

Applied to humans, such markers would allow the application of more effective treatments for 

those suffering from maladaptive emotional memories. Preclinically, this type of approach 

could help to determine whether apparent contradictory findings and failed replications of 

reconsolidation manipulations are due to a failure to engage memory destabilisation. Moreover, 

more precise characterisation of the exclusive cellular and molecular mechanisms of memory 

destabilisation and extinction will help to determine the effects of different retrieval-associated 

manipulations. This insight, mainly to be obtained in animal paradigms is crucial for evaluating 

the translational potential of current research with aim to use this knowledge to decrease 

maladaptive behaviour in clinical practice.  
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FIGURE LEGENDS 

Figure 1: Alternative retrieval-dependent memory processes affecting pavlovian 

associative memories. Fully consolidated associative memories engage four alternative 

retrieval-dependent processes, presented in boxes: retrieval alone (grey), reconsolidation 

(destabilisation/restabilisation; blue), limbo (green), or extinction (orange). Prediction error, as 

the discrepancy between what is predicted by the CS-US memory and what actually occurs, is 

necessary for all but retrieval alone. Lines indicate which memory process is dominant 

depending on CS re-exposure (number of events or duration). Dominant memory traces are 

those sensitive to amnestic interventions. With a limited number of CS re-exposures, amnestic 

manipulations reduce subsequent expression of the conditioned response and are interpreted as 

engaging memory reconsolidation. By contrast, extended CS re-exposure leads to formation of 

an extinction memory, and amnestic treatments will prevent this new memory from forming. 

For intermediate CS re-exposures, neither reconsolidation nor extinction are engaged, and the 

memory trace becomes insensitive to amnestic agents. PE: prediction error (yellow 

arrowheads). 

 

Figure 2: Schematic representation of the effects of amnestic or hypermnestic 

manipulations on memory persistence as a function of the dominant memory process. On 

Day 1, all individuals acquire the same pavlovian conditioned response (CR). On Day 2, 

different groups receive different (increasing) numbers of CS re-exposures producing four 

experimental conditions: retrieval only (brief CS exposure without prediction error, top row), 

reconsolidation (brief CS exposure with prediction, second row), limbo (intermediate CS 

exposure, third row) or extinction (prolonged CS exposure, bottom row). Immediately after 

each CS re-exposure condition individuals receive an amnestic or control treatment (e.g. 

protein synthesis inhibitor; arrowhead). For the extinction condition the plot also shows the 
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effect of an hypermnestic drug (e.g. D-cycloserine). On Day 3 long-term memory is tested, 

with outcomes differing depending on the experimental condition. Retrieval condition: the 

amnestic treatment (green bar) has no effect on the CR, indicating that the CS-US memory did 

not destabilise on Day 2. Reconsolidation condition: the amnestic treatment (blue bar) show 

memory disruption, due to interference of the drug with CS-US memory restabilisation process 

at day 2. Limbo condition: there is no difference in CR between vehicle- and drug-treated 

groups (purple bar), indicating that the original CS-US memory was not destabilised at Day 2, 

and no engagement of extinction mechanisms. Extinction condition: the amnestic-treated group 

(red bar) shows high CR, consistent with extinction disruption during Day 2; it also shows 

extinction in the group receiving the hypermnestic drug. On Day 14 the second row shows 

maintenance of the low CR in animals receiving the amnestic treatment after memory 

reactivation. By Day 14, the vehicle-treated extinction group shows spontaneous recovery of 

the conditioned response, whereas the hypermnestic-treated group (diagonally striped black 

and red bar) maintains a low CR due to enhanced extinction.    

 

Figure 3: CS-US memory processing after a brief retrieval. In presence of prediction error 

(PE), brief retrieval induces CS-US memory destabilisation. Destabilised or labile CS-US 

memories are again susceptible to amnestic interventions, as they were during the consolidation 

phase. Labile CS-US memories are restabilised by a neural process dependent on de novo gene 

expression and protein synthesis. Restabilised CS-US memories return to a stable state, 

impervious to amnestic agents. Notably, reconsolidated CS-US memories become more precise 

and longer lasting (CS-US*, see text). 

 

 

  



 26 

REFERENCES 

Agustina Lopez M, Jimena Santos M, Cortasa S, Fernandez RS, Carbo Tano M, Pedreira ME. 
2016. Different dimensions of the prediction error as a decisive factor for the triggering of the 
reconsolidation process. Neurobiol Learn Mem. Dec;136:210-219. Epub 2016/11/07. 
Alberini CM, Milekic MH, Tronel S. 2006. Mechanisms of memory stabilization and de-
stabilization. Cellular and Molecular Life Sciences.63:999-1008. 
Alfei JM, Ferrer Monti RI, Molina VA, Bueno AM, Urcelay GP. 2015. Prediction error and 
trace dominance determine the fate of fear memories after post-training manipulations. Learn 
Mem. Aug;22:385-400. 
Artinian J, McGauran AMT, De Jaeger X, Mouledous L, Frances B, Roullet P. 2008. Protein 
degradation, as with protein synthesis, is required during not only long-term spatial memory 
consolidation but also reconsolidation. European Journal of Neuroscience.27:3009-3019. 
Baker JD, Azorlosa JL. 1996. The NMDA antagonist MK-801 blocks the extinction of 
Pavlovian fear conditioning. Behavioral Neuroscience.110:618-620. 
Ben Mamou C, Gamache K, Nader K. 2006. NMDA receptors are critical for unleashing 
consolidated auditory fear memories. Nature Neuroscience.9:1237-1239. 
Bouton ME. 2004. Context and behavioral processes in extinction. Learn Mem. Sep-
Oct;11:485-494. Epub 2004/10/07. 
Bouton ME. 2014. Why behavior change is difficult to sustain. Prev Med. Nov;68:29-36. 
Epub 2014/06/18. 
Brunet A, Orr SP, Tremblay J, Robertson K, Nader K, Pitman RK. 2008. Effect of post-
retrieval propranolol on psychophysiologic responding during subsequent script-driven 
traumatic imagery in post-traumatic stress disorder. In: Journal of Psychiatric Research. p. 
503-506. 
Cahill EN, Wood MA, Everitt BJ, Milton AL. 2019. The role of prediction error and memory 
destabilization in extinction of cued-fear within the reconsolidation window. 
Neuropsychopharmacology.doi: 10.1038/s41386-41018-40299-y. 
Cain CK, Blouin AM, Barad M. 2002. L-type voltage-gated calcium channels are required 
for extinction, but not for acquisition or expression, of conditional fear in mice. The Journal 
of Neuroscience.22:9113-9121. 
Campos-Arteaga G, Forcato C, Wainstein G, Lagos R, Palacios-García I, Artigas C, Morales 
R, Pedreira ME, Rodríguez E. 2020. Differential neurophysiological correlates of retrieval of 
consolidated and reconsolidated memories in humans: An ERP and pupillometry study. 
Neurobiol Learn Mem. Jul 23;174:107279. Epub 2020/07/28. 
Cassini LF, Flavell CR, Amaral OB, Lee JLC. 2017. On the transition from reconsolidation 
to extinction of contextual fear memories. Learn Mem. Sep;24:392-399. 
Clem RL, Schiller D. 2016. New Learning and Unlearning: Strangers or Accomplices in 
Threat Memory Attenuation? Trends Neurosci. May;39:340-351. Epub 2016/04/16. 
Craske MG, Treanor M, Conway CC, Zbozinek T, Vervliet B. 2014. Maximizing exposure 
therapy: an inhibitory learning approach. Behaviour Research and Therapy.58:10-23. 
Da Silva WC, Cardoso G, Sartori Bonini J, Benetti F, Izquierdo I. 2013. Memory 
reconsolidation and its maintenance depend on L-voltage-dependent calcium channels and 
CaMKII functions regulating protein turnover in the hippocampus. Proceedings of the 
National Academy of Sciences.110:6566-6570. 
Dalton GL, Wu DC, Wang YT, Floresco SB, Phillips AG. 2012. NMDA GluN2A and 
GluN2B receptors play separate roles in the induction of LTP and LTD in the amygdala and 
in the acquisition and extinction of conditioned fear. Neuropharmacology. Feb;62:797-806. 
Epub 2011/09/20. 



 27 

Das RK, Lawn W, Kamboj SK. 2015. Rewriting the valuation and salience of alcohol-related 
stimuli via memory reconsolidation. Transl Psychiatry. Sep 22;5:e645. Epub 2015/09/24. 
de la Fuente V, Freudenthal R, Romano A. 2011. Reconsolidation or extinction: transcription 
factor switch in the determination of memory course after retrieval. The Journal of 
Neuroscience.31:5562-5573. 
Debiec J, Ledoux JE. 2004. Disruption of reconsolidation but not consolidation of auditory 
fear conditioning by noradrenergic blockade in the amygdala. Neuroscience.129:267-272. 
Diergaarde L, Schoffelmeer ANM, De Vries TJ. 2006. b-adrenoreceptor mediated inhibition 
of long-term reward-related memory reconsolidation. Behavioural Brain Research.170:333-
336. 
Dunbar AB, Taylor JR. 2016. Inhibition of protein synthesis but not β-adrenergic receptors 
blocks reconsolidation of a cocaine-associated cue memory. Learn Mem. Aug;23:391-398. 
Epub 2016/07/17. 
Dunsmoor JE, Niv Y, Daw N, Phelps EA. 2015. Rethinking extinction. Neuron.88:47-63. 
Eisenberg M, Kobilo T, Berman DE, Dudai Y. 2003. Stability of retrieved memory: inverse 
correlation with trace dominance. Science. Aug 22;301:1102-1104. Epub 2003/08/23. 
Everitt BJ, Dickinson A, Robbins TW. 2001. The neuropsychological basis of addictive 
behaviour. Brain Research Reviews.36:129-138. 
Everitt BJ, Giuliano C, Belin D. 2018. Addictive behaviour in experimental animals: 
prospects for translation. Philos Trans R Soc Lond B Biol Sci. Mar 19;373. Epub 2018/01/21. 
Ferrer Monti RI, Giachero M, Alfei JM, Bueno AM, Cuadra G, Molina VA. 2016. An 
appetitive experience after fear memory destabilization attenuates fear retention: involvement 
GluN2B-NMDA receptors in the basolateral amygdala complex. Learning & 
Memory.23:465-478. 
Flavell CR, Barber DJ, Lee JL. 2011. Behavioural memory reconsolidation of food and fear 
memories. Nat Commun. Oct 18;2:504. Epub 2011/10/20. 
Flavell CR, Lee JL. 2013. Reconsolidation and extinction of an appetitive pavlovian memory. 
Neurobiol Learn Mem. Sep;104:25-31. Epub 2013/05/04. 
Flavell CR, Lee JLC. 2019. Dopaminergic D1 receptor signalling is necessary, but not 
sufficient for cued fear memory destabilisation. Psychopharmacology (Berl). Aug 7. Epub 
2019/08/09. 
Franzen JM, Giachero M, Bertoglio LJ. 2019. Dissociating retrieval-dependent contextual 
aversive memory processes in female rats: Are there cycle-dependent differences? 
Neuroscience. May 15;406:542-553. Epub 2019/04/03. 
Fukushima H, Zhang Y, Archbold G, Ishikawa R, Nader K, Kida S. 2014. Enhancement of 
fear memory by retrieval through reconsolidation. eLife.3:e02736. 
Furini CRG, de Carvalho Myskiw J, Schmidt BE, Zinn CG, Peixoto PB, Pereira LD, 
Izquierdo I. 2015. The relationship between protein synthesis and protein degradation in 
object recognition memory. Behavioural Brain Research.294:17-24. 
Fustiñana MS, de la Fuente V, Federman N, Freudenthal R, Romano A. 2014. Protein 
degradation by ubiquitin-proteasome system in formation and labilization of contextual 
conditioning memory. Learn Mem. Sep;21:478-487. Epub 2014/08/20. 
Gerlicher AMV, Tüscher O, Kalisch R. 2019. L-DOPA improves extinction memory retrieval 
after successful fear extinction. Psychopharmacology.doi: 10.1007/s00213-00019-05301-
00214. 
Gershman SJ, Monfils MH, Norman KA, Niv Y. 2017. The computational nature of memory 
modification. eLife.6:e23763. 
Haaker J, Gaburro S, Sah A, Gartmann N, Lonsdorf TB, Meier K, Singewald N, Pape H-C, 
Morellini F, Kalisch R. 2013. Single dose of L-dopa makes extinction memories context-



 28 

independent and prevents the return of fear. Proceedings of the National Academy of 
Sciences.110:E2428-E2436. 
Herry C, Ciocchi S, Senn V, Demmou L, Müller C, Lüthi A. 2008. Switching on and off fear 
by distinct neuronal circuits. Nature.454:600-606. 
Hikind N, Maroun M. 2008. Microinfusion of the D1 receptor antagonist, SCH23390 into the 
IL but not the BLA impairs consolidation of extinction of auditory fear conditioning. 
Neurobiology of Learning and Memory.90:217-222. 
Holehonnur R, Phensy AJ, Kim LJ, Milivojevic M, Vuong D, Daison DK, Alex S, Tiner M, 
Jones LE, Kroener S, et al. 2016. Increasing the GluN2A/GluN2B ratio in neurons of the 
mouse basal and lateral amygdala inhibits the modification of an existing fear memory trace. 
The Journal of Neuroscience.36:9490-9504. 
Holmes EA, Craske MG, Graybiel AM. 2014. A call for mental-health science. 
Nature.511:287-289. 
Holtzman-Assif O, Laurent V, Westbrook RF. 2010. Blockade of dopamine activity in the 
nucleus accumbens impairs learning extinction of conditioned fear. Learn Mem. Feb;17:71-
75. Epub 2010/02/16. 
Hong I, Kim J, Kim J, Lee S, Ko HG, Nader K, Kaang BK, Tsien RW, Choi S. 2013. AMPA 
receptor exchange underlies transient memory destabilization on retrieval. Proc Natl Acad Sci 
U S A. May 14;110:8218-8223. Epub 2013/05/01. 
Hyman SE, Malenka RC. 2001. Addiction and the brain: the neurobiology of compulsion and 
its persistence. Nature Reviews Neuroscience.2:695-703. 
Jarome TJ, Ferrara NC, Kwapis JL, Helmstetter FJ. 2015. Contextual information drives the 
reconsolidation-dependent updating of retrieved fear memories. 
Neuropsychopharmacology.40:3044-3052. 
Jarome TJ, Ferrara NC, Kwapis JL, Helmstetter FJ. 2016. CaMKII regulates proteasome 
phosphorylation and activity and promotes memory destabilization following retrieval. 
Neurobiology of Learning and Memory.128:103-109. 
Jarome TJ, Helmstetter FJ. 2013. The ubiquitin-proteasome system as a critical regulator of 
synaptic plasticity and long-term memory formation. Neurobiology of Learning and 
Memory.105:107-116. 
Jin XC, Lu YF, Yang XF, Ma L, Li BM. 2007. Glucocorticoid receptors in the basolateral 
nucleus of amygdala are required for postreactivation reconsolidation of auditory fear 
memory. Eur J Neurosci. Jun;25:3702-3712. Epub 2007/07/06. 
Kaang BK, Lee SH, Kim H. 2009. Synaptic protein degradation as a mechanism in memory 
reorganization. The Neuroscientist.15:430-435. 
Kaczer L, Klappenbach M, Maldonado H. 2011. Dissecting mechanisms of reconsolidation: 
octopamine reveals differences between appetitive and aversive memories in the crab 
Chasmagnathus. Eur J Neurosci. Oct;34:1170-1178. Epub 2011/09/09. 
Kehoe EJ. 1988. A layered network model of associative learning: learning to learn and 
configuration. Psychol Rev. Oct;95:411-433. Epub 1988/10/01. 
Kessler H, Holmes EA, Blackwell SE, Schmidt AC, Schweer JM, Bücker A, Herpertz S, 
Axmacher N, Kehyayan A. 2018. Reducing intrusive memories of trauma using a 
visuospatial interference intervention with inpatients with posttraumatic stress disorder 
(PTSD). J Consult Clin Psychol. Dec;86:1076-1090. Epub 2018/12/07. 
Khalaf O, Gräff J. 2019. Reactivation of recall-induced neurons in the infralimbic cortex and 
the basolateral amygdala after remote fear memory attenuation. Frontiers in Molecular 
Neuroscience.12:70. 
Khalaf O, Resch S, Dixsaut L, Gorden V, Glauser L, Gräff J. 2018. Reactivation of recall-
induced neurons contributes to remote fear memory attenuation. Science.360:1239-1242. 



 29 

Kindt M, Soeter M, Vervliet B. 2009. Beyond extinction: erasing human fear responses and 
preventing the return of fear. Nature Neuroscience.12:256-258. 
Kindt M, van Emmerik A. 2016. New avenues for treating emotional memory disorders: 
towards a reconsolidation intervention for posttraumatic stress disorder. Ther Adv 
Psychopharmacol. Aug;6:283-295. Epub 2016/08/19. 
Kirtley A, Thomas KL. 2010. The exclusive induction of extinction is gated by BDNF. Learn 
Mem. Dec;17:612-619. Epub 2010/12/04. 
Laurent V, Westbrook RF. 2008. Distinct contributions of the basolateral amygdala and the 
medial prefrontal cortex to learning and relearning extinction of context conditioned fear. 
Learn Mem. Sep;15:657-666. Epub 2008/09/06. 
Ledgerwood L, Richardson R, Cranney J. 2003. Effects of D-cycloserine on extinction of 
conditioned freezing. Behavioral Neuroscience.117:341-349. 
Lee JL, Everitt BJ, Thomas KL. 2004. Independent cellular processes for hippocampal 
memory consolidation and reconsolidation. Science. May 7;304:839-843. 
Lee JL, Milton AL, Everitt BJ. 2006a. Reconsolidation and extinction of conditioned fear: 
inhibition and potentiation. J Neurosci. Sep 27;26:10051-10056. 
Lee JLC, Milton AL, Everitt BJ. 2006b. Cue-induced cocaine seeking and relapse are 
reduced by disruption of drug memory reconsolidation. The Journal of 
Neuroscience.26:5881-5887. 
Lee SH, Choi JH, Lee N, Lee HR, Kim JI, Yu NK, Choi SL, Kim H, Kaang BK. 2008. 
Synaptic protein degradation underlies destabilization of retrieved fear memory. 
Science.319:1253-1256. 
Lin C-H, Yeh S-H, Lu H-Y, Gean P-W. 2003. The similarities and diversities of signal 
pathways leading to consolidation of conditioning and consolidation of extinction of fear 
memory. The Journal of Neuroscience.23:8310-8317. 
Maren S, Quirk GJ. 2004. Neuronal signalling of fear memory. Nat Rev Neurosci. 
Nov;5:844-852. Epub 2004/10/22. 
McNally GP, Johansen JP, Blair HT. 2011. Placing prediction into the fear circuit. Trends in 
Neurosciences.34:283-292. 
Merlo E, Milton AL, Everitt BJ. 2018a. A Novel Retrieval-dependent Memory Process 
Revealed by the Arrest of ERK1/2 Activation in the Basolateral Amygdala. J Neurosci. Feb 
23. 
Merlo E, Milton AL, Everitt BJ. 2018b. A novel retrieval-dependent memory process 
revealed by the arrest of ERK1/2 activation in the basolateral amygdala. The Journal of 
Neuroscience.38:3199-3207. 
Merlo E, Milton AL, Goozee ZY, Theobald DE, Everitt BJ. 2014. Reconsolidation and 
Extinction Are Dissociable and Mutually Exclusive Processes: Behavioral and Molecular 
Evidence. Journal of Neuroscience. Feb 12;34:2422-2431. 
Merlo E, Ratano P, Ilioi EC, Robbins MA, Everitt BJ, Milton AL. 2015. Amygdala 
Dopamine Receptors Are Required for the Destabilization of a Reconsolidating Appetitive 
Memory(1,2). eNeuro. Jan-Feb;2. 
Merlo E, Romano A. 2008. Memory extinction entails the inhibition of the transcription 
factor NF-κB. PLoS One.3:e3687. 
Merlo SA, Santos MJ, Pedreira ME, Merlo E. 2019. Identification of a Novel Retrieval-
Dependent Memory Process in the Crab <em>Neohelice granulata</em>. 
bioRxiv.2019.2012.2019.881128. 
Milekic MH, Alberini CM. 2002. Temporally graded requirement for protein synthesis 
following memory reactivation. Neuron. Oct 24;36:521-525. Epub 2002/11/01. 



 30 

Milton AL, Everitt BJ. 2010. The psychological and neurochemical mechanisms of drug 
memory reconsolidation: implications for the treatment of addiction. European Journal of 
Neuroscience.31:2308-2319. 
Milton AL, Lee JLC, Everitt BJ. 2008. Reconsolidation of appetitive memories for both 
natural and drug reinforcement is dependent on β-adrenergic receptors. Learning & 
Memory.15:88-92. 
Milton AL, Merlo E, Ratano P, Gregory BL, Dumbreck JK, Everitt BJ. 2013. Double 
dissociation of the requirement for GluN2B- and GluN2A-containing NMDA receptors in the 
destabilization and restabilization of a reconsolidating memory. J Neurosci. Jan 16;33:1109-
1115. Epub 2013/01/18. 
Milton AL, Schramm MJW, Wawrzynski J, Gore F, Oikonomou-Mpegeti F, Wang NQ, 
Samuel D, Economidou D, Everitt BJ. 2012. Antagonism at NMDA receptors, but not β-
adrenergic receptors, disrupts the reconsolidation of pavlovian conditioned approach and 
instrumental transfer for ethanol-associated conditioned stimuli. 
Psychopharmacology.219:751-761. 
Monfils MH, Holmes EA. 2018. Memory boundaries: opening a window inspired by 
reconsolidation to treat anxiety, trauma-related, and addiction disorders. Lancet Psychiatry. 
Dec;5:1032-1042. Epub 2018/11/06. 
Morris RGM, Inglis J, Ainge JA, Olverman HJ, Tulloch J, Dudai Y, Kelly PAT. 2006. 
Memory reconsolidation: sensitivity of spatial memory to inhibition of protein synthesis in 
dorsal hippocampus during encoding and retrieval. In: Neuron. p. 479-489. 
Mueller EM, Panitz C, Hermann C, Pizzagalli DA. 2014. Prefrontal oscillations during recall 
of conditioned and extinguished fear in humans. J Neurosci. May 21;34:7059-7066. Epub 
2014/05/23. 
Muravieva EV, Alberini CM. 2010. Limited efficacy of propranolol on the reconsolidation of 
fear memories. Learn Mem. Jun;17:306-313. Epub 2010/06/03. 
Nader K. 2015. Reconsolidation and the Dynamic Nature of Memory. Cold Spring Harb 
Perspect Biol. Sep 9;7:a021782. Epub 2015/09/12. 
Nader K, Schafe GE, LeDoux JE. 2000. Fear memories require protein synthesis in the 
amygdala for reconsolidation after retrieval. In: Nature. p. 722-726. 
Orsi SA, Devulapalli RK, Nelsen JL, McFadden T, Surineni R, Jarome TJ. 2019. Distinct 
subcellular changes in proteasome activity and linkage-specific protein polyubiquitination in 
the amygdala during the consolidation and reconsolidation of a fear memory. Neurobiology 
of Learning and Memory.157:1-11. 
Osan R, Tort ABL, Amaral OB. 2011. A mismatch-based model for memory reconsolidation 
and extinction in attractor networks. PLoS One.6:e23113. 
Pachas GN, Gilman J, Orr SP, Hoeppner B, Carlini SV, Grasser EB, Loebl T, Nino J, Pitman 
RK, Evins AE. 2015. Single dose propranolol does not affect physiologic or emotional 
reactivity to smoking cues. Psychopharmacology (Berl). May;232:1619-1628. Epub 
2014/11/22. 
Pagani MR, Merlo E. 2019. Kinase and Phosphatase Engagement Is Dissociated Between 
Memory Formation and Extinction. Front Mol Neurosci.12:38. Epub 2019/03/08. 
Parsons RG, Ressler KJ. 2013. Implications of memory modulation for post-traumatic stress 
and fear disorders. Nat Neurosci. Feb;16:146-153. Epub 2013/01/29. 
Pavlov IP. 1927. Conditioned reflexes: an investigation of the physiological activity of the 
cerebral cortex. GV Anrep, translator London: Oxford University Press. 
Pedreira ME, Maldonado H. 2003. Protein synthesis subserves reconsolidation or extinction 
depending on reminder duration. Neuron. Jun 19;38:863-869. Epub 2003/06/24. 
Peters J, Dieppa-Perea LM, Melendez LM, Quirk GJ. 2010. Induction of fear extinction with 
hippocampal-infralimbic BDNF. Science. Jun 4;328:1288-1290. Epub 2010/06/05. 



 31 

Pitman RK, Milad MR, Igoe SA, Vangel MG, Orr SP, Tsareva A, Gamache K, Nader K. 
2011. Systemic mifepristone blocks reconsolidation of cue-conditioned fear; propranolol 
prevents this effect. Behav Neurosci. Aug;125:632-638. Epub 2011/06/22. 
Price KL, McRae-Clark AL, Saladin ME, Maria MM, DeSantis SM, Back SE, Brady KT. 
2009. D-cycloserine and cocaine cue reactivity: preliminary findings. The American Journal 
of Drug and Alcohol Abuse.35:434-438. 
Rao-Ruiz P, Rotaru DC, van der Loo RJ, Mansvelder HD, Stiedl O, Smit AB, Spijker S. 
2011. Retrieval-specific endocytosis of GluA2-AMPARs underlies adaptive reconsolidation 
of contextual fear. Nature Neuroscience.14:1302-1308. 
Reichelt AC, Exton-McGuinness MT, Lee JL. 2013. Ventral tegmental dopamine 
dysregulation prevents appetitive memory destabilization. J Neurosci. Aug 28;33:14205-
14210. Epub 2013/08/30. 
Reichelt AC, Lee JL. 2013. Over-expectation generated in a complex appetitive goal-tracking 
task is capable of inducing memory reconsolidation. Psychopharmacology (Berl). 
Apr;226:649-658. 
Ren ZY, Liu MM, Xue YX, Ding ZB, Xue LF, Zhai SD, Lu L. 2013. A critical role for 
protein degradation in the nucleus accumbens core in cocaine reward memory. 
Neuropsychopharmacology. Apr;38:778-790. Epub 2013/01/11. 
Rich MT, Abbott TB, Chung L, Gulcicek EE, Stone KL, Colangelo CM, Lam TT, Nairn AC, 
Taylor JR, Torregrossa MM. 2016. Phosphoproteomic analysis reveals a novel mechanism of 
CaMKIIα regulation inversely induced by cocaine memory extinction versus reconsolidation. 
The Journal of Neuroscience.36:7613-7627. 
Rich MT, Huang YH, Torregrossa MM. 2020. Calcineurin promotes neuroplastic changes in 
the amygdala associated with weakened cocaine-cue memories. The Journal of 
Neuroscience.40:1344-1354. 
Rich MT, Torregrossa MM. 2018. Molecular and synaptic mechanisms regulating drug-
associated memories: towards a bidirectional treatment strategy. Brain Research Bulletin.doi: 
10.1016/j.brainresbull.2017.1009.1003. 
Rosenberg T, Elkobi A, Dieterich DC, Rosenblum K. 2016. NMDAR-dependent proteasome 
activity in the gustatory cortex is necessary for conditioned taste aversion. Neurobiology of 
Learning and Memory.7-16. 
Rothbaum BO, Schwartz AC. 2002. Exposure therapy for posttraumatic stress disorder. 
American Journal of Psychotherapy.56:59-75. 
Santini E, Muller RU, Quirk GJ. 2001. Consolidation of extinction learning involves transfer 
from NMDA-independent to NMDA-dependent memory. J Neurosci. Nov 15;21:9009-9017. 
Epub 2001/11/08. 
Schroyens N, Beckers T, Kindt M. 2017. In search for boundary conditions of 
reconsolidation: a failure of fear memory interference. Frontiers in Behavioral 
Neuroscience.11. 
Schultz W, Dayan P, Montague PR. 1997. A neural substrate of prediction and reward. 
Science.275:1593-1599. 
Sevenster D, Beckers T, Kindt M. 2013. Prediction error governs pharmacologically induced 
amnesia for learned fear. Science. Feb 15;339:830-833. Epub 2013/02/16. 
Sevenster D, Beckers T, Kindt M. 2014. Prediction error demarcates the transition from 
retrieval, to reconsolidation, to new learning. Learn Mem. Nov;21:580-584. Epub 
2014/10/17. 
Singewald N, Schmuckermair C, Whittle N, Holmes A, Ressler KJ. 2015. Pharmacology of 
cognitive enhancers for exposure-based therapy of fear, anxiety and trauma-related disorders. 
Pharmacol Ther. May;149:150-190. Epub 2015/01/01. 



 32 

Smits JAJ, Rosenfield D, Otto MW, Marques L, Davis ML, Meuret AE, Simon NM, Pollack 
MH, Hofmann SG. 2013. D-cycloserine enhancement of exposure therapy for social anxiety 
disorder depends on the success of exposure sessions. Journal of Psychiatric 
Research.47:1455-1461. 
Soeter M, Kindt M. 2010. Dissociating response systems: erasing fear from memory. 
Neurobiol Learn Mem. Jul;94:30-41. 
Soeter M, Kindt M. 2015. An Abrupt Transformation of Phobic Behavior After a Post-
Retrieval Amnesic Agent. Biol Psychiatry. Dec 15;78:880-886. 
Stiver ML, Cloke JM, Nightingale N, Rizos J, Messer Jr. WS, Winters BD. 2017. Linking 
muscarinic receptor activation to UPS-mediated object memory destabilization: implications 
for long-term memory modification and storage. Neurobiology of Learning and 
Memory.145:151-164. 
Suzuki A, Josselyn SA, Frankland PW, Masushige S, Silva AJ, Kida S. 2004a. Memory 
reconsolidation and extinction have distinct temporal and biochemical signatures. J Neurosci. 
May 19;24:4787-4795. Epub 2004/05/21. 
Suzuki A, Josselyn SA, Frankland PW, Masushige S, Silva AJ, Kida S. 2004b. Memory 
reconsolidation and extinction have distinct temporal and biochemical signatures. The 
Journal of Neuroscience.24:4787-4795. 
Suzuki A, Mukawa T, Tsukagoshi A, Frankland PW, Kida S. 2008. Activation of LVGCCs 
and CB1 receptors required for destabilization of reactivated contextual fear memories. 
Learning & Memory.15:426-433. 
Taubenfeld SM, Riceberg JS, New AS, Alberini CM. 2009. Preclinical assessment for 
selectively disrupting a traumatic memory via postretrieval inhibition of glucocorticoid 
receptors. Biological Psychiatry.65:249-257. 
Tay KR, Flavell CR, Cassini L, Wimber M, Lee JLC. 2019. Postretrieval relearning 
strengthens hippocampal memories via destabilization and reconsolidation. The Journal of 
Neuroscience.39:1109-1118. 
Torregrossa MM, Corlett PR, Taylor JR. 2011. Aberrant learning and memory in addiction. 
Neurobiology of Learning and Memory.96:609-623. 
Tronson NC, Wiseman SL, Olausson P, Taylor JR. 2006. Bidirectional behavioral plasticity 
of memory reconsolidation depends on amygdalar protein kinase A. Nat Neurosci. 
Feb;9:167-169. Epub 2006/01/18. 
Wood NE, Rosasco ML, Suris AM, Spring JD, Marin MF, Lasko NB, Goetz JM, Fischer 
AM, Orr SP, Pitman RK. 2015. Pharmacological blockade of memory reconsolidation in 
posttraumatic stress disorder: three negative psychophysiological studies. Psychiatry Res. Jan 
30;225:31-39. Epub 2014/12/03. 
Yoshii M, Watabe S. 1994. Enhancement of neuronal calcium channel currents by the 
nootropic agent, nefiracetam (DM-9384), in NG108-15 cells. Brain Res. Apr 11;642:123-
131. Epub 1994/04/11. 
Zhang JJ, Haubrich J, Bernabo M, Finnie PSB, Nader K. 2018. Limits on lability: boundaries 
of reconsolidation and the relationship to metaplasticity. Neurobiology of Learning and 
Memory.154:78-86. 
 



Figure 1

CS exposure

re
tri
ev
al

reconsolidation limbo extinction

PE

M
em

or
y 

tra
ce

 s
en

si
tiv

ity

CS-US
CS-noUS



Figure 2

lim
bo

re
tri
ev
al

re
co
ns
ol
id
at
io
n

ex
tin
ct
io
n

Day 2Day 1

%
 o

f C
R

%
 o

f C
R

%
 o

f C
R

%
 o

f C
R

Day 3 Day 14



CS-US destabilisation

PE

CS-US

amnestic 
intervention

CS-US
CS-US*

restabilisation

Figure 3


