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Destabilizing Different Strengths of Fear Memories Requires Different Degrees of Prediction Error During Retrieval
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Reactivation of consolidated memories can induce a labile period, in which these reactivated memories might be susceptible to change and need reconsolidation. Prediction error (PE) has been recognized as a necessary boundary condition for memory destabilization. Moreover, memory strength is also widely accepted as an essential boundary condition to destabilize fear memory. This study investigated whether different strengths of conditioned fear memories require different degrees of PE during memory reactivation in order for the memories to become destabilized. Here, we assessed the fear-potentiated startle and skin conductance response, using the post-retrieval extinction procedure. A violation of expectancy (PE) was induced during retrieval to reactivate enhanced (unpredictable-shock) or ordinary (predictable-shock) fear memories that were established the day before. Results showed that a PE retrieval before extinction can prevent the return of predictable-shock fear memory but cannot prevent the return of unpredictable-shock fear memory, indicating that a single PE is insufficient to destabilize enhanced fear memory. Therefore, we further investigated whether increasing the degree of PE could destabilize enhanced fear memory using different retrieval strategies (multiple PE retrieval and unreinforced CS retrieval). We found that spontaneous recovery of enhanced fear memory was prevented in both retrieval strategies, but reinstatement was only prevented in the multiple PE retrieval group, suggesting that a larger amount of PE is needed to destabilize enhanced fear memory. The findings suggest that behavioral updating during destabilization requires PE, and the degree of PE needed to induce memory destabilization during memory retrieval depends on the strength of fear memory. The study indicates that memory reconsolidation inference can be used to destabilize stronger memories, and the findings shed lights on the treatment of posttraumatic stress disorders and anxiety disorders.
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INTRODUCTION

Memories with extreme emotional connotations serve a pathogenic role in diverse psychiatric disorders, such as posttraumatic stress disorder (PTSD), as well as phobias (Beckers and Kindt, 2017; Chen et al., 2020). Provoking fundamental changes in the emotional impact of the memory is difficult to do in the clinical setting. However, mounting research evidence opines that memories are not set in stone even after consolidation (Misanin et al., 1968). After retrieval, consolidated memory enters a transient labile period, in which it might be vulnerable to amnestic interventions and require de novo protein synthesis for re-stabilization to persist. During this window period, memory can be modified by protein synthesis inhibitors (e.g., anisomycin) or beta receptor antagonists (e.g., propranolol) (Nader et al., 2000; Debiec and Ledoux, 2004; Kindt et al., 2009). In addition, reactivated memories are susceptible to behavioral manipulations, such as the retrieval-extinction approach (Monfils et al., 2009; Schiller et al., 2010). In the retrieval-extinction procedure, an isolated retrieval trial is presented to destabilize consolidated memory. This is followed by introduction of extinction training for updating the memory in the reconsolidation period in place of generating a second memory trace, which competes for expression. Monfils et al. (2009) first demonstrated the efficacy of this retrieval-extinction procedure when a single unreinforced conditioned stimulus (CS) given to rats shortly before extinction lessened the spontaneous recovery, reinstatement, and renewal of fear learning. Thereafter, Schiller et al. (2010) advanced these results in a human fear-training research. This experimental paradigm and its variants have been reported to extinguish fear- and addiction-related memory in humans (Bjorkstrand et al., 2016; Agren et al., 2017; Lee et al., 2017; Thompson and Lipp, 2017; Chen et al., 2019; Kitamura et al., 2020). However, reproducibility issues in the field (Kredlow et al., 2018; Zimmermann and Bach, 2020) have suggested that this effect is sensitive to procedural differences. A meta-analysis established that retrieval extinction had a negligible to moderate influence on impeding recovery of the fear responses compared with standard extinction (Kredlow et al., 2016). More work is required before the approach is applied in clinical interventions.

Memory reconsolidation is a process that incorporates new information into memories, thereby maintaining the relevance of memory traces under changing environmental conditions. Its function is to update memories in strength and content (Lee, 2009; Fernandez et al., 2016a). If no information that deviates from the memory being retrieved is present, memory reconsolidation is unnecessary and yields a likelihood for memory impediment without yielding any benefits. Accumulating evidence indicates that prediction error (PE), a discord between the anticipated as per the previous encounters and the actual condition (Rescorla and Wagner, 1972), is a pivotal condition upon retrieval to destabilize memory, as demonstrated in a series of animal and human studies (Sevenster et al., 2012, 2013; Diaz-Mataix et al., 2013; Alfei et al., 2015; Ferrer Monti et al., 2017). One of our previous functional MRI studies, which demonstrated that PE retrieval diminished inferior temporal cortex (IT), as well as dorsolateral prefrontal cortex (dlPFC) activity and IT-dlPFC and dlPFC-anterior cingulate cortex (ACC) functional connectivity during subsequent extinction training, also corroborates this perspective (Junjiao et al., 2019). During a reactivation session, various PE manipulations, including CS or unconditional stimulus (US) only, CS-US pairing, US timing differences, and change in reward contingency, may trigger memory destabilization (Fernandez et al., 2016b). However, few studies have parametrically measured the prediction error (Sinclair and Barense, 2019). Defining these factors is critical for comprehending the outcomes of prediction error.

Accumulating evidence suggests that memory destabilization occurs only after a narrow degree of PE upon memory retrieval, whereas insufficient PE leaves the memory trace in an inactive state. Importantly, an excessive degree of PE during retrieval results in extinction, during which subsequent interventions will disturb consolidation of the extinction memory trace in place of the initial fear memory trace (Sevenster et al., 2014; Alfei et al., 2015). Specifically, the degree of PE during retrieval delimits the shift from solo retrieval to reconsolidation, limbo (an intermediate state that is insensitive to amnestic agents), or extinction (Merlo et al., 2014; Faliagkas et al., 2018). Notably, more strongly encoded memories are resistant to disruption following reactivation (Visser et al., 2018; Zuccolo and Hunziker, 2019). Memory strength is widely accepted as an essential boundary condition to destabilize fear memory, and extra manipulation is needed to let the strong memory render destabilization, such as a prolonged reactivation period or some novel information during retrieval (Suzuki et al., 2004; Winters et al., 2009; Hu et al., 2018). However, whether the degree of PE needed to induce memory destabilization during retrieval is based on the strength of the memory remains unclear.

Recently, Amadi et al. (2017) found that the temporal ambiguity of the aversive events enhances fear. Since the information about the time and occurrence of aversive events is obtained quickly, unexpectedly timed or omitted aversive events generate hippocampal signals to enhance fear learning. For the present work, we modified the paradigm by Amadi et al. (2017) to form an enhanced fear memory strength with unpredictably timed shocks. On the following day, different degrees of PE were presented during reactivation sessions to retrieve enhanced or ordinary fear memories, followed by extinction training 10 min later. The spontaneous recovery and reinstatement of conditioned fear was assessed on the third day. Using this protocol, we hypothesized that PE is required in the induction of memory destabilization in retrieval extinction (experiment 1), and that the degrees of PE needed to trigger memory destabilization should increase if the strength of fear memory is enhanced (experiment 2). We tested these hypotheses in a retrieval-extinction procedure of fear instructing in humans using the fear-potentiated startle (FPS), as well as skin conductance response (SCR).



MATERIALS AND METHODS


Participants

Eighty-nine healthy students (27 males and 62 females) from South China Normal University were enrolled in the study (mean age, 20.3 ± 2.1 years; ranging between 18 and 30 years). All study subjects were right-handed, with no history of physical or mental disorders, normal vision or corrected visual acuity, normal hearing, no recent nasal congestion or cough, and had not participated in similar studies before. A score ≥18 on the Beck Depression Inventory (BDI) (Beck et al., 1961; Bos et al., 2014) constituted an additional exclusion criterion. All the subjects provided written informed consent as per the Declaration of Helsinki and were informed that they could exit the study at any time. The Research Ethics Review Board of South China Normal University approved the study (approval number: 182). Subjects completing the study were paid (RMB 60) at the end of the study.

Subjects were randomly assigned to different groups based on matched sex, age, as well as Trait Anxiety (STAI-T) (Spielberger et al., 1970) (see Supplementary Table S1). Two subjects were excluded because of high BDI scores. In experiment 1, there were 18 subjects in the predictable-shock/PE-retrieval group (five males), 19 in the predictable-shock/no PE-retrieval group (five males), and 16 in the unpredictable-shock/PE-retrieval group (five males). In experiment 2, there were 17 subjects in the multiple PE retrieval group (five males) and 17 in the unreinforced CS retrieval group (six males).



Stimuli

Single-color three-dimensional geometric pictures were used as CSs in experiments 1 and 2 (yellow cylinder and red cube, respectively; Supplementary Figure S1). The slides had the same brightness with a white background and were projected at the center of a 16-in. black computer screen. The presentation of one of the slides (CS+) was succeeded by two US, while that of the other slides (CS–) was not. Slide assignment (CS+ or CS–) was counterbalanced across the subjects, and both CS+ and CS– stimuli were displayed for 6 s. The startle probe defined as the 40-ms duration noise burst (104 dB sound pressure level) of a rise/fall time of <1 ms, was conveyed binaurally via earpieces. The US constituted an electrical stimulation with 200 ms and a current of 50 pulses/s, individually established at the start of the test as “uncomfortable but not painful.” “Mild” electric shocks were conveyed via a stimulating bar electrode connected to the right hand's wrist. Electric shocks were generated by a Digitimer DS2A-Mk.II Constant Voltage Stimulator (Hertfordshire, UK).



Fear-Potentiated Startle

The conditioned fear response (CR) constituted the eyeblink startle reflex potentiation to a loud noise through electromyography (EMG) of the right orbicularis oculi muscle. We administered the loud noise (40 ms; 104 dB) in the deliverance of each CS, as well as intertrial intervals [noise alone (NA)]. We conveyed all of the acoustic stimuli binaurally through earpieces (HD 600, Sennheiser, Germany). FPS was measured using Xeye Human Startle Reflex (Beijing Tianming Hongyuan Technology Development Co. Ltd., China). Two 4-mm Ag/AgCl electrodes full of the electrolyte gel were positioned about 1 cm beneath the pupil, as well as 1 cm under the lateral canthus, and a ground reference was positioned on the forehead (Blumenthal et al., 2005). The EMG electrodes were linked to an evoked potential amplifier set at an input resistance of 10 MΩ, as well as a bandwidth of DC-1500 Hz. To eliminate undesirable interferences, the notch filter was set at 50 Hz. The amplitude from the beginning to the peak (over the period of 50–300 ms after the probe onset) was assessed as the startle eye-blink magnitude (microvolts) and standardized for each subject via the T-normalization, yielding a distribution with a total mean of 50, along with a standard deviation of 10 for each stage. Startle response outliers were elucidated for each day separately (Z > 3) and were replaced by linear trend at points (Sevenster et al., 2012, 2013).



Skin Conductance Response

SCR was assessed by a Spirit NeXus-10 (BioTrace Medical, San Carlos, CA, USA). Signal sampling was performed at 120 Hz. The first, as well as the second phalanges of the first and second fingers of the left hand were connected using two 4-mm Ag/AgCl electrodes. We analyzed the SCR waveforms offline via the BioTrace+ software for NeXus-10. The SCR excited by the CS was estimated by computing the difference between the average baseline (i.e., 1 s prior to CS onset) and peak waveforms within the 1–5-s period after the onset of the stimulus. A minimum response criterion set at 0.02 micro-Siemens (μS) was utilized. We scored all the other responses as zero and were kept in the assessments. Square root transformation of the raw SCR scores was performed to standardize the distributions.



Experimental Procedure

The entire experiment was carried out over the course of three successive days, with the modules separated by about 24 h. All the subjects arrived at the lab between 9:00 and 18:00 h and were instructed not to nap after the experimental sessions. Regular wake and sleep patterns were maintained on the experimental days. During each experimental module, the subjects sat 50 cm facing a computer screen on a table in a sound-attenuated room. We started each of the session with a 1-min acclimatization window comprising 70-dB broadband noise, which was continued to the end of the module information of background noise. This was succeeded by a habituation stage, which was composed of 10 startle probes to decrease the initial startle reactivity. The attributes of the CSs, ITIs, trial order, as well as the startle probes in the reactivation-extinction (day 2), and the re-extinction (day 3) tests were comparable with those in the acquisition (day 1). A schematic illustration of the experimental design is described in Figure 1A.
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FIGURE 1. (A) Schematic representation of the experimental design. During extinction, re-extinction, and re-instatement test, all CSs were presented without reinforcement. (B) Conditioning trials of a reinforced CS+ presentation. In the CS- and the unreinforced CS+ trials, no US was delivered. (C) Reinforcement schedule of the CS+ during the acquisition and reactivation phase for the experimental groups. For the predictable-shock acquisition conditions, each CS+ was paired with two shocks that occurred in fixed time. For the unpredictable-shock acquisition conditions, each CS+ was paired with two shocks that occurred pseudorandomly during the stimulus. The prediction error is defined by the interaction between the information in the reactivation session and the learning history. In the acquisition, participants learned that every CS+ was followed by two shocks (100% reinforcement schedule). In the reactivation, the no PE retrieval condition was manipulated as a single reactivation trial paired with two shocks (consistent with expectations). The PE retrieval condition involved a single reactivation trial paired with only one shock (violation of expectation). Furthermore, the increase of PE was manipulated as two reactivation trials (each paired with a shock, as in the multiple PEs retrieval group) or a single non-reinforced reactivation trial (the unreinforced CS retrieval group).



Day 1: Acquisition

The subjects sat facing a personal computer with EMG, SCR, as well as US-electrodes linked. Before conditioning learning, the uncomfortable but not painful shock strength was determined for each subject. The protocol was started with 10 habituation trials for stabilizing the general startle responding. In the conditioning training, CS+ was paired with two shocks, whereas CS– was never paired with shocks. The subjects were notified that a shock in the trials will follow one of the stimuli, while others would not be followed by the shock. Acquisition constituted six presentations for each CS, as well as six noise-alone presentations. We presented both CSs for 6 s, and the startle probe was conveyed 4,300 ms following the onset of CS. The order of different types of trials (i.e., CS+, CS–, and NA) was pseudorandomized, with the condition that the 1st trial not be followed by shocks and that no more than two stimuli of the same kind be presented consecutively. Intertrial intervals (ITI) fluctuated between 15, 16, and 17 s with a mean of 16 s (Figure 1B). The trial procedure is largely based on van Dis et al. (2019) and Yang et al. (2019). FPS has a short onset latency (21–120 ms for acoustically elicited blinks), while the latency of SCR is at least 1 s (more extended responses could be theoretically possible) (Blumenthal et al., 2005; Christopoulos et al., 2016). Assuming that the startle probe would elicit SCR, it also occurred 5 s after CS onset (beyond our SCR analysis window). Hence, we believe that SCR and FPS do not affect each other.

In the standard acquisition condition (predictable-shock/PE-retrieval group and predictable-shock/no PE-retrieval group in experiment 1), the US occurrence time of each CS+ was the same and was administered at 4,800 and 5,800 ms after CS+ onset. In the enhancement acquisition condition (unpredictable-shock/PE-retrieval group in experiment 1 and two groups in experiment 2), shocks were presented at 4,800 and 5,800 ms after the first CS+ onset, at 2,800 and 3,800 ms after the second CS+ onset, at 3,800 and 4,800 ms after the third CS+ onset, at 2,800 and 5,800 ms after the fourth CS+ onset, at 2,800 and 4,800 ms after the fifth CS+ onset, and at 3,800 and 5,800 ms after the sixth CS+ onset (Amadi et al., 2017) (Figure 1C). To prevent the influence of electric shocks on SCR, the peak within the 1–3-s window after the onset of the stimulus was used in the SCR analyses. Furthermore, subjects were pointedly informed to recall what they had acquired in the acquisition. These directions were set to promote retention of the CS-US contingency on the successive days (Norrholm et al., 2006) and to impede the subjects from incorrectly expecting a dissimilar contingency scheme during ensuing testing.



Day 2: Reactivation Sessions and Extinction

Reactivation of memory occurred 24 h following fear learning. The subjects were granted a 10-min to watch an excerpt called Planet Earth from a documentary by the British Broadcasting Corporation (Li et al., 2017). Extinction learning followed immediately and consisted of 10 NA presentations and 10 CS presentations, which were not followed by electric shocks.

Experiment 1: Reactivation included 1 CS+ and 1 NA. In the PE retrieval condition (predictable-shock/PE-retrieval group and unpredictable-shock/PE-retrieval group), an electric shock was presented at 5,800 ms after CS+ onset, lasted for 200 ms, and disappeared together with CS+. In the No-PE retrieval condition (predictable-shock/no PE-retrieval group), two electric shocks were administered at 4,800 and 5,800 ms after CS+ onset, and the procedure is the same as that in acquisition (Figure 1C).

Experiment 2: In the reactivation sessions, subjects in the multiple PE retrieval group underwent two CS+ for retrieval, with an electric shock presented at 5,800 ms after each CS+ onset. In addition, subjects in the unreinforced CS retrieval group underwent just one unreinforced CS+ for retrieval (Figure 1C).



Day 3: Re-extinction and Reinstatement Test

Subjects underwent tests of instinctive recovery, as well as reinstatement of fear 24 h following postretrieval extinction. During the re-extinction stage, we exposed the subjects to the CS+, as well as CS– for eight times without the US, and eight startle probes were delivered alone (NA). Postre-extinction, the subjects were presented with four unsignaled USs. The time between the last re-extinction trial and the reinstating USs was 1 min. After the unsignaled US, subjects took a 5-min break and were then presented with eight unreinforced CS+, CS–, and NA trials (reinstatement test).




Statistical Analyses

For both FPS and SCR data, the primary dependent variable was the mean differential (md), which was the response to the CS+ in each trial less the responses to the CS–, and then averaged across the subjects. The md FPS and md SCR underwent a mixed analysis of variance (ANOVA) for repeated measures between factors of groups and within-subject factors of time (early and late phase).

Paired samples t-tests of the differential responses in the last half of the acquisition were employed to estimate the fear acquisition, while comparisons of the differential responses of the last trial of extinction were utilized to explore extinction. The spontaneous recovery was examined via the fear recovery index: difference in the differential responses from last trial of extinction to the first trial of re-extinction. The reinstatement index was determined by evaluating the differential responses from the last trial of re-extinction to the first trial of the reinstatement test stage. Thereafter, one-way ANOVA between groups of differential responses of the first trial of spontaneous recovery and the first trial of reinstatement test were conducted respectively, to estimate the comparable superiority of each to impede the return of fear.

We performed the post-hoc tests via the Fisher's LSD between groups. P < 0.05 signified statistical significance and reported partial η2 indicated the estimate of effect size. We employed the Greenhouse-Geisser adjustments of degrees of freedom when appropriate.




RESULTS


Experiment 1


Fear-Potentiated Startle

Figure 2 indicates the mean fear-potentiated startle responses per trial for each group, across all experimental days and phase.
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FIGURE 2. Mean startle potentiation to the fear-conditioned stimulus (CS+), the control stimulus (CS–), and the noise-alone (NA) trials during acquisition, memory reactivation, extinction, re-extinction, and reinstatement test for (A) the predictable-shock/PE-retrieval group (n = 18), (B) the predictable-shock/no PE-retrieval group (n = 19), and (C) the unpredictable-shock/PE-retrieval group (n = 16). Error bars represent SEM.



Fear Acquisition and Post-retrieval Extinction

We conducted mixed ANOVAs with a between-subject factor of groups and within-factor of the time (early and late phase) and stimulus type to examine the conditioned fear acquisition, as well as extinction. In acquisition, a considerable stimulus × time interplay [F(1, 50) = 7.77, p < 0.01, [image: image] = 0.14] was reported but no marked interplay of the group × stimulus [F(2, 50) = 0.18, p = 0.84] or the group× time [F(2, 50) = 0.73, p = 0.49]. Besides, there was no remarkable interplay of the three factors [F(2,50) = 0.32, p = 0.72]. The correlated pairs t-test of the last three trials of acquisition exhibited a remarkably elevated FPS to CS+ in contrast with CS– [t(52) = 3.99, p < 0.001, d = 0.55]. These data demonstrated that subjects developed a conditioned fear to the CS+ and not to the CS–. In extinction, there was a distinct interplay between the stimulus × time [F(1, 50) = 18.51, p < 0.001, [image: image] = 0.27] but no remarkable interplay of the group × stimulus [F(2, 50) = 1.54, p = 0.23] or the group × time [F(2, 50) = 0.22, p = 0.80]. Moreover, there were no remarkable interplay of the three factors [F(2, 50) = 0.25, p = 0.78]. A correlated pairs t-test of the last trial of extinction exhibited no marked difference in FPS to CS+ relative to the CS– [t(52) = 1.40, p = 0.17]. These data show that extinction alleviated discrimination between the CS+ and CS–.

To measure the difference of fear memory strength caused by predictable-shock and unpredictable-shock acquisition, we examined the FPS of CS+ from the last trial of the acquisition to the trial of reactivation. There was no marked primary outcome of trials [F(2, 50) = 0.82, p = 0.45]. However, we observed a remarkable primary effect of group during reactivation [F(2, 50) = 3.41, p < 0.05, [image: image] = 0.12]. Moreover, one-way ANOVA between three groups of the early phase of extinction of the differential FPS revealed a distinct primary effect of the group [F(2, 50) = 3.26, p < 0.05, [image: image] = 0.12]. Post-hoc assessment exhibited remarkable difference between the predictable-shock/PE-retrieval group and the unpredictable-shock/PE-retrieval group (p < 0.05); the predictable-shock/no PE-retrieval group and the unpredictable-shock/PE-retrieval group (p < 0.05), whereas no difference was reported between the predictable-shock/PE-retrieval group and the predictable-shock/no PE-retrieval group.



Test Performance

Figure 4A indicates the mean differential FPS of the key trials of spontaneous recovery, as well as reinstatement test in three groups.

Spontaneous recovery. A mixed ANOVA with groups, as well as trials (last trial of extinction, first trial of re-extinction) exhibited a remarkable primary outcome of trials [F(1, 50) = 20.79, p < 0.001, [image: image] = 0.29] and groups [F(2, 50) = 5.76, p < 0.01, [image: image] = 0.19] and an interplay of both factors [F(2, 50) = 5.27, p < 0.01, [image: image] = 0.17].

To examine the spontaneous fear recovery, the md FPS between the last trial of extinction and the first trial of re-extinction in each group were compared. A paired samples t-test exhibited no marked difference only in the predictable-shock/PE-retrieval group [t(17) = 0.01, p = 0.99], but remarkable difference were revealed in the predictable-shock/no PE-retrieval group [t(18) = −3.79, p < 0.01, d = −0.87] and the unpredictable-shock/PE-retrieval group [t(15) = −3.17, p < 0.01, d = −0.79].

One-way ANOVA of the first trial of re-extinction of the differential FPS between CS+ and CS– indicated a remarkable primary effect of the groups [F(2, 50) = 7.64, p < 0.01, [image: image] = 0.23]. The post-hoc evaluation exhibited a distinct difference between the predictable-shock/PE-retrieval group and the predictable-shock/no PE-retrieval group (p < 0.05) and the predictable-shock/PE-retrieval group and the unpredictable-shock/PE-retrieval group (p < 0.01). No differences between the predictable-shock/no PE-retrieval group and the unpredictable-shock/PE-retrieval group were detected.

These results suggest that the three groups show different levels of FPS in spontaneous recovery. Specifically, the predictable-shock/PE-retrieval group exhibited the lowest levels of FPS response, whereas the predictable-shock/no PE-retrieval group, as well as the unpredictable-shock/PE-retrieval group exhibited remarkably higher levels of FPS response.

Reinstatement. A mixed ANOVA with groups, as well as trials (last trial of re-extinction, first trial of reinstatement) exhibited a marked primary outcome of trials [F(1, 50) = 15.93, p < 0.001, [image: image] = 0.24] and groups [F(2, 50) = 7.01, p < 0.01, [image: image] = 0.22] but no distinct interaction effect of both factors [F(2,50) = 0.61, p = 0.55].

To examine the fear reinstatement, the md FPS between the last trial of re-extinction and the first trial of reinstatement were compared in each group. Consequently, the paired samples t-test exhibited no remarkable difference in the predictable-shock/PE-retrieval group [t(17) = −1.70, p = 0.11], but there was marked difference in the predictable-shock/no PE-retrieval group [t(18) = −3.22, p < 0.01, d = −0.74] and the unpredictable-shock/PE-retrieval group [t(15) = −2.07, p < 0.05, d = −0.52].

One-way ANOVA between three groups of the first trial of reinstatement of the differential FPS revealed a remarkable primary effect of the groups [F(2, 50) = 4.67, p < 0.05, [image: image] = 0.16]. Post-hoc assessment exhibited a marked difference between the predictable-shock/PE-retrieval group and the predictable-shock/no PE-retrieval group (p < 0.05) and the predictable-shock/PE-retrieval group and the unpredictable-shock/PE-retrieval group (p < 0.01). No difference between the predictable-shock/no PE-retrieval group and the unpredictable-shock/PE-retrieval group was detected.

These results suggest that three groups show difference levels of FPS in reinstatement. Similar to spontaneous recovery, the predictable-shock/PE-retrieval group exhibited the lowest levels of FPS response, whereas the predictable-shock/no PE-retrieval group, as well as the unpredictable-shock/PE-retrieval group exhibited remarkably higher levels of FPS response.




Skin Conductance Response

Figure 3 indicates the mean skin conductance responses per trial for each group, across all experimental days, as well as phases.
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FIGURE 3. Mean skin conductance responses to the CS+ and CS– trials during acquisition, memory reactivation, extinction, re-extinction, and reinstatement test for (A) the predictable-shock/PE-retrieval group (n = 18), (B) the predictable-shock/no PE-retrieval group (n = 19), and (C) the unpredictable-shock/PE-retrieval group (n = 16). Error bars represent SEM.



Fear Acquisition and Post-retrieval Extinction

We conducted mixed ANOVAs with a between-subject factor of groups and within-factor of the time (early and late phase) and stimulus type to assess conditioned fear acquisition, as well as extinction. In acquisition, there was a remarkable stimulus × time interaction [F(1, 50) = 27.44, p < 0.01, [image: image] = 0.35] but no remarkable interplay of the group × stimulus [F(2, 50) = 0.52, p = 0.60] or the group× time [F(2, 50) = 0.87, p = 0.43]. Additionally, there was no marked interplay of the three factors [F(2, 50) = 0.42, p = 0.66]. The paired samples t-test of the last three trials of acquisition exhibited a remarkable elevated SCR to CS+ relative to CS– [t(52) = 5.59, p < 0.001, d = 0.77]. These data exhibited that subjects developed a conditioned fear to the CS+ and not to the CS–. In extinction, there was a remarkable interplay between the stimulus × time [F(1, 49) = 9.48, p < 0.01, [image: image] = 0.16] but not marked interplay of the group × stimulus [F(2, 49) = 0.36, p = 0.70] or the group × time [F(2, 49) = 1.05, p = 0.36]. There was also no remarkable interplay of the three factors [F(2, 49) = 1.26, p = 0.29]. A correlated samples t-test of the last trial of extinction show no remarkable difference in SCR to CS+ in contrast with CS– [t(50) = 1.92, p = 0.06]. These data demonstrated that extinction abrogated discrimination between the CS+ and CS–.

To measure the difference of fear memory strength caused by predictable-shock and unpredictable-shock acquisition, we examined the SCR of CS+ from the last trial of the acquisition to the trial of reactivation. A remarkable primary outcome of trials [F(1, 44) = 14.85, p < 0.01, [image: image] = 0.25] was reported. A correlated samples t-test of different SCR between the last trial of acquisition and the retrieval trial in each group exhibited a remarkable increase in the unpredictable-shock/PE-retrieval group [t(15) = −4.19, p < 0.001, d = −1.05] but not in the predictable-shock/PE-retrieval group [t(14) = −1.87, p = 0.08] and the predictable-shock/no PE-retrieval group [t(15) = −0.823, p = 0.42].



Test Performance

Figure 4B indicates the mean differential SCR of the key trials of spontaneous recovery, as well as reconsolidation test in three groups.
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FIGURE 4. Mean differential FPS (A) and SCR (B) (CS+ minus CS–) during extinction (last trial), re-extinction (first trial; last trial), and reinstatement (first trial) for the experiment 1. Error bars represent SEM. *p < 0.05; **p < 0.01.


Spontaneous recovery. A mixed ANOVA with groups and trials (last trial of extinction, first trial of re-extinction) revealed a remarkable primary outcome of trials [F(1, 50) = 12.72, p < 0.001, [image: image] = 0.20] and groups [F(2, 50) = 3.32, p < 0.05, [image: image] = 0.12] but no remarkable interaction effect of both factors[F(2, 50) = 2.27, p = 0.11].

To examine the spontaneous fear recovery, the md SCR between the last trial of extinction and the first trial of re-extinction in each group was compared. The correlated samples t-test exhibited no remarkable difference only in the predictable-shock/PE-retrieval group [t(17) = −0.34, p = 0.74], but a remarkable difference was revealed in the predictable-shock/no PE-retrieval group [t(18) = −3.14, p < 0.01, d = −0.72] and the unpredictable-shock/PE-retrieval group [t(15) = −3.25, p < 0.01, d = −0.81].

One-way ANOVA of the first trial of re-extinction of the differential SCR exhibited a remarkable primary outcome of the groups [F(2, 50) = 4.22, p < 0.05, [image: image] = 0.14]. Post-hoc analysis exhibited a remarkable difference between the predictable-shock/PE-retrieval group and the predictable-shock/no PE-retrieval group (p < 0.05) and the predictable-shock/PE-retrieval group and the unpredictable-shock/PE-retrieval group (p < 0.01). No differences between the predictable-shock/no PE-retrieval group and the unpredictable-shock/PE-retrieval group were detected.

In line with the FPS, these results suggest that three groups show difference levels of SCR in spontaneous recovery. Specifically, the predictable-shock/PE-retrieval group had the lowest levels of SCR, whereas the predictable-shock/no PE-retrieval group and the unpredictable-shock/PE-retrieval group had remarkably higher levels of SCR.

Reinstatement. A mixed ANOVA with groups, as well as trials (last trial of re-extinction, first trial of reinstatement) only exhibited a remarkable primary outcome of trials [F(1, 50) = 4.46, p < 0.05, [image: image] = 0.08] but no remarkable primary outcome of groups [F(2, 50) = 1.27, p = 0.29] and interaction outcome of both factors [F(2, 50) = 0.14, p = 0.87]. A correlated samples t-test of the md SCR from the last trial of re-extinction to the first trial of reinstatement exhibited no remarkable increase in each group [ts < −0.97, ps > 0.13, ds < −0.23]. As expected, one-way ANOVA of the first trial of reinstatement of the differential SCR revealed no remarkable primary outcome of the groups [F(2, 50) = 0.89, p = 0.42]. These results suggest that the three groups do not show any difference levels of SCR in reinstatement, which were inconsistent with FPS.




Experiment 2


Fear-Potentiated Startle

Figure 5 shows the mean fear-potentiated startle responses per trial for each group, across all experimental days and phases.


[image: Figure 5]
FIGURE 5. Mean startle potentiation to the fear conditioned stimulus (CS+), the control stimulus (CS–), and the noise-alone (NA) trials during acquisition, memory reactivation, extinction, re-extinction, and reinstatement test for (A) the multiple PE retrieval group (n = 17) and (B) the unreinforced CS retrieval group (n = 17). Error bars represent SEM.




Fear Acquisition and Post-retrieval Extinction

We conducted mixed ANOVAs with a between-subject factor of groups and within-factor of the time (early and late phase) and stimulus type to assess conditioned fear acquisition and extinction. In acquisition, a remarkable stimulus × time interaction [F(1, 32) = 14.08, p < 0.001, [image: image] = 0.31] but not remarkable interplay of the group × stimulus [F(1, 32) = 0.21, p = 0.65] or the group × time [F(1, 32) = 2.08, p = 0.16] were reported. Moreover, no remarkable interplay of the three factors [F(1, 32) = 0.01, p = 0.92] was reported. A correlated samples t-test of the last three trials of acquisition exhibited a remarkable higher FPS to CS+ relative to the CS– [t(33) = 4.14, p < 0.001, d = 0.71]. These data demonstrated that subjects developed a conditioned fear to the CS+ and not to the CS–. In extinction, there was a remarkable interplay between the stimulus × time [F(1, 32) = 17.57, p < 0.001, [image: image] = 0.35] but not remarkable interplay of the group × stimulus [F(1, 32) = 0.09, p = 0.97] or the group × time [F(1, 32) = 0.18, p = 0.68]. Additionally, no remarkable interplay of the three factors [F(1, 32) = 0.31, p = z0.58] was reported. A correlated samples t-test of the last trial of extinction show no remarkable difference in FPS to CS+ than to CS– [t(33) = 1.80, p = 0.08]. These data demonstrated that extinction abrogated discrimination between the CS+ and CS–.

To ensure that the two groups of subjects produce enhance fear by unpredictable-shock acquisition, we examined the FPS of CS+ from the last trial of the acquisition to the first trial of reactivation. A remarkable primary effect of trials [F(1, 32) = 20.57, p < 0.001, [image: image] = 0.39] was observed. A paired samples t-test exhibited a remarkable increase FPS to CS+ from the last trial of acquisition to the first retrieval trial [t(33) = −4.61, p < 0.001, d = −0.79], similar to unpredictable-shock/PE-retrieval group in experiment 1. Moreover, one-way ANOVA of the early phase of extinction of the differential FPS revealed no remarkable primary outcome of the group [F(1, 32) = 0.01, p = 0.93].



Test Performance

Figure 7A shows the mean differential FPS of the key trials of spontaneous recovery, as well as the reconsolidation test in two groups.

Spontaneous recovery. A mixed ANOVA with groups, as well as the trials (last trial of extinction, first trial of re-extinction) revealed no significance in all primary outcomes and interactions [F < 1.98, p > 0.17, [image: image] < 0.05]. A dependent samples t-test of the md FPS from the last trial of extinction to the first trial of re-extinction exhibited no remarkable increase in each group [t < −0.74, p > 0.23, d < −0.18]. As expected, one-way ANOVA of the first trial of re-extinction of the differential FPS revealed no remarkable primary outcome of the groups [F(1, 32) = 0.01, p = 0.93]. These data demonstrate that both groups have prevented the increase levels of SCR in spontaneous recovery.

Reinstatement. A mixed ANOVA with groups, as well as trials (last trial of re-extinction, first trial of reinstatement) exhibited a remarkable primary outcome of trials [F(1, 32) = 7.82, p < 0.01, [image: image] = 0.20] and groups [F(1, 32) = 6.08, p < 0.02, [image: image] = 0.16] but no remarkable interaction outcome of both factors[F(1, 32) = 1.00, p = 0.32].

To explore the reinstatement of fear, the md FPS between the last trial of re-extinction and the first trial of reinstatement was compared in each group. A correlated pairs t-test exhibited no remarkable difference in the multiple PE retrieval group [t(16) = −1.28, p = 0.22], but remarkable difference existed in the unreinforced CS retrieval group [t(16) = −2.67, p < 0.05, d = −0.65]. One-way ANOVA between groups of the first trial of reinstatement of the differential FPS revealed a remarkable primary outcome of the groups [F(1, 32) = 7.41, p < 0.05, [image: image] = 0.19].

These results suggest that two groups show difference levels of FPS in reinstatement. The unreinforced CS retrieval group had remarkably higher levels of FPS response than the multiple PE retrieval group.




Skin Conductance Response

Figure 6 shows the mean skin conductance responses per trial for each group, across all experimental days and phases.


[image: Figure 6]
FIGURE 6. Mean skin conductance responses to the CS+ and CS– trials during acquisition, memory reactivation, extinction, re-extinction, and reinstatement test for (A) the multiple PE retrieval group (n = 17) and (B) the unreinforced CS retrieval group (n = 17). Error bars represent SEM.



Fear Acquisition and Post-retrieval Extinction

We conducted mixed ANOVAs with a between-subject factor of groups and within-factor of the time (early and late phase) and stimulus type to assess conditioned fear acquisition and extinction. In acquisition, a remarkable stimulus × time interaction [F(1, 32) = 20.89, p < 0.001, [image: image] = 0.40] but no remarkable interplay of the group × stimulus [F(1, 32) = 0.09, p = 0.76] or the group × time [F(1, 32) = 1.25, p = 0.27] were reported. Moreover, no remarkable interplay of the 3 factors [F(1,32) = 0.08, p = 0.97] was observed. A dependent samples t-test of the last three trials of acquisition exhibited a remarkable elevated SCR to CS+ relative to CS– [t(33) = 4.99, p < 0.001, d = 0.86]. These data demonstrated that subjects developed a conditioned fear to the CS+ and not the CS–. In extinction, there was a remarkable interplay between the stimulus × time [F(1, 32) = 14.73, p < 0.001, [image: image] = 0.32] but not remarkable interplay of the group × stimulus [F(1, 32) = 4.54, p = 0.70] or the group × time [F(1, 32) = 0.49, p = 0.48]. Besides, no remarkable interplay of the three factors [F(1, 32) = 0.02, p = 0.90] was reported. A repeated measures t-test of the last trial of extinction exhibited no remarkable difference in SCR to CS+ relative to the CS– [t(33) = 0.32, p = 0.83]. These data demonstrated that extinction abrogated discrimination between the CS+ and CS–.

To ensure that the two groups of subjects fear enhanced by unpredictable-shock acquisition, we examined the SCR of CS+ from the last trial of the acquisition to the first trial of reactivation. A remarkable primary outcome of trials [F(1, 32) = 4.36, p < 0.05, [image: image] = 0.12] was observed. A repeated measures t-test exhibited a remarkable increase SCR to CS+ from the last trial of acquisition to the first retrieval trial [t(33) = −2.12, p < 0.05, d = −0.36]. Moreover, one-way ANOVA of the early phase of extinction of the differential SCR revealed no remarkable primary outcome of the group [F(1, 32) = 0.01, p = 0.92].



Test Performance

Figure 7B shows the mean differential SCR of the key trials of spontaneous recovery, as well as reconsolidation test in two groups.


[image: Figure 7]
FIGURE 7. Mean differential FPS (A) and SCR (B) (CS+ minus CS–) during extinction (last trial), re-extinction (first trial; last trial), and reinstatement (first trial) for the experiment 2. Error bars represent SEM. *p < 0.05; **p < 0.01.


Spontaneous recovery. A mixed ANOVA with groups, as well as trials (last trial of extinction, first trial of re-extinction) exhibited no significance in all primary outcomes and interactions [F < 2.61, p > 0.11, [image: image] < 0.07]. A paired samples t-test of the md SCR from the last trial of extinction to the first trial of re-extinction exhibited no remarkable increase in each group [t < −0.86, p > 0.11, d < −0.21]. As expected, one-way ANOVA of the first trial of re-extinction of the differential SCR revealed no remarkable primary outcome of the groups [F(1, 32) = 0.04, p = 0.84]. These results suggest that both two groups have prevented the increase levels of SCR in spontaneous recovery.

Reinstatement. A mixed ANOVA with groups, as well as trials (last trial of re-extinction, first trial of reinstatement) exhibited no significance in all primary outcomes and interactions [F < 0.22, p > 0.64, [image: image] < 0.01]. A dependent samples t-test of the md SCR from the last trial of re-extinction to the first trial of reinstatement exhibited no remarkable increase in each group [t < 0.22, p > 0.66, d < 0.05]. As expected, one-way ANOVA of the first trial of reinstatement of the differential SCR revealed no remarkable primary outcome of the groups [F(1, 32) = 0.09, p = 0.77]. These results suggest that in both groups, the increase in the levels of SCR in the reinstatement test was prevented, which were inconsistent with FPS.






DISCUSSION

In this study, we found that applied extinction training 10 min postretrieval did not prevent fear-potentiated startle, as well as skin conductance responses in spontaneous recovery, and reinstatement tests, when the parameters of acquisition and retrieval were identical (no PE). On the other hand, retrieval-extinction decreased spontaneous recovery (FPS and SCR) and reinstatement of fear (FPS) when a mismatch occurred between initial training and memory retrieval (PE). Our findings indicate that PE is necessary to destabilize consolidated memory in the behavioral reconsolidation inference procedure. The most important finding in this study is that the degree of PE needed to induce memory destabilization during memory retrieval may depend on the strength of fear memory. In other words, the sufficient degrees of PE needed to destabilize ordinary fear memory are insufficient to destabilize enhanced fear memory. In our study, the sufficient degree of PE for ordinary fear memory destabilization was single PE (one CS was paired with one shock), while that for destabilization of enhanced fear memory was multiple PE (two consecutive CSs in which each paired with one shock).

In human fear conditioning research, many methods have been used to measure conditioned responses, including skin conductance, startle electromyography, pupillometry, US expectancy, and valence ratings (Lonsdorf et al., 2017; Zuccolo and Hunziker, 2019). These measures could be sensitive to different aspects of learning and memory. For example, FPS is an indirect measure of fear modulated by emotional valence (it is enhanced during negative and reduced during positive). In contrast, SCR reflects peripheral autonomic responses, which is a valence-unspecific measure of emotional arousal (Hamm and Vaitl, 1996; Leuchs et al., 2019). In the present study, there are some inconsistencies in the measured results of FPS and SCR. No reinstatement effect could be indicated by differential SCR in all groups. A possible explanation is that the unsignaled reminder shocks after re-extinction caused a generalization of the previously acquired fear of the control stimulus, which has been shown in previous studies (Sevenster et al., 2012; Junjiao et al., 2019). SCR is a more general arousal measure, so it is more sensitive to this change than FPS, leading to an increased SCR response to CS-. The outcome, however, was further decreasing the differential SCR which distinguished responses to CS+ and CS–. This is consistent with the study by Soeter and Kindt (2011). The results of spontaneous recovery on FPS and SCR measurements are consistent because no unsignaled reminder shocks were presented before re-extinction.

In our study, the difference in memory strength caused by unpredictably timed shocks could not be detected in the acquisition. This difference did not appear until the reactivation sessions, consistent with a previous study that manipulated fear strength in humans (Kitamura et al., 2020). Kitamura et al. (2020) manipulated memory strength by changing the rate of learned reinforcement. They found that the SCR difference caused by low and high partial reinforcement was reflected during memory retrieval, and this difference significantly predicted recovery of fear at test. Even in the animal study by Amadi et al. (2017), the percentage of time that the rats in both predictable-shock and unpredictable-shock conditions exhibited freezing behavior during the acquisition was statistically indistinguishable. The group difference was found only in the interval after the second pairing of tone and foot shock and in the following recall test. Our analysis did not focus on the fear responses between the stimulus interval due to the differences between human and animal research paradigms. In future human studies, it may be possible to directly detect the enhanced fear from the stimulus presentation interval in the acquisition by improving the measurement method.

The setting of PE in the studies by Sevenster et al. (2013, 2014) on human-conditioned fear memory provided important insights into the experimental manipulation of prediction error and inspired a series of studies in this area. However, a few points of the protocol itself are open to debate. One of these is that a 50% interval reinforcement schedule cannot guarantee that participants form an expectation of the CS presence being followed by shocks every other trial. Another potential drawback is that this manner of inducing PE includes different numbers of CS presentation on different conditions during retrieval, which probably brings in irrelevant variables such as retrieval strength. Therefore, we explored an improved paradigm of PE setting, where participants could expect each CS to be followed by two shocks (US) through a 100% reinforcement schedule of fear conditioning and a CS presented during retrieval only followed by one shock. This manipulation is comparable to the US alone retrieval (Liu et al., 2014) and the over-expectation procedure (separate acquisition and compound retrieval with the equal reinforcement) (Reichelt and Lee, 2013) which induces the reconsolidation process by PE because it is over-expected. We believe that a 100% reinforcement schedule can form an explicit expectation in order to control individual differences. Furthermore, the number of retrieval trials was equal between the PE and no PE retrieval conditions, avoiding the possible effect of retrieval duration.

Based on the present settings, we tested two approaches to increasing the degree of PE in experiment 2: one is to increase the number of retrieval trials to generate multiple PE, the other is to enlarge the mismatch between what was acquired the day before and what actually appeared in the retrieval. Presenting an isolated, unreinforced CS trial is a common retrieval method for the retrieval-extinction procedure. Numerous studies have shown that a single unreinforced CS given shortly before extinction reduces spontaneous recovery and reinstatement of fear (Lee et al., 2017; Monfils and Holmes, 2018). In this study, there was no spontaneous recovery but a significant reinstatement effect in the unreinforced CS retrieval group, probably because of the enhanced fear memory acquired. It is difficult to determine from this result whether an unreinforced CS retrieval destabilizes the original memory trace or merely enhances the extinction memory caused by subsequent extinction training. However, since no significant spontaneous recovery and reinstatement exists in the multiple PE retrieval group, we can infer that multiple PE retrieval can destabilize the enhanced fear memory. Although results showed that the multiple PEs retrieval group prevented recovery more successfully than the unreinforced CS retrieval group, we cannot infer which approach produces more degree of PE. Hence, further studies are needed to keep on exploring the experimental model to build different degree of PE.

Although prediction error has been documented to be a pivotal condition to destabilize memory, the conclusion was primarily based on pharmacological intervention studies (Beckers and Kindt, 2017). Recently, other workers have argued that behavioral updating during destabilization does not require PE (Monfils and Holmes, 2018). Thus, consensus has not been attained yet on whether or not the behavioral intervention of fear memory destabilization still needs prediction error. However, our results indicate that PE is critical and necessary to trigger destabilization in retrieval-extinction, congruent with previous studies (Chen et al., 2018; Das et al., 2018; Sinclair and Barense, 2018; Junjiao et al., 2019). The aim of reconsolidation constitutes to update previously consolidated memories with new data to enhance environmental adaptation (Lee, 2009). In fear-conditioning studies, novel information consists of two sources: (1) the novelty of CS-US association violates expectancy of presentation or timing of US (Rescorla and Wagner, 1972; Fernandez et al., 2016b) and (2) the novelty of CS itself such as reminder duration and reduplication mediates the trace dominance of original and extinction memory (Li et al., 2017; Hu et al., 2018). A literature review by Fernandez et al. (2016b) indicates that PE can broadly be categorized into US processing models, CS processing models, and integration between models. That is, PE is a type of novel information that memory updates, regardless of the type of postretrieval interference.

Memory destabilization is the gateway to reconsolidation and assures a series of interventions based on the reconsolidation interference. Accumulating evidence from several studies (Diaz-Mataix et al., 2013; Sevenster et al., 2014; Alfei et al., 2015) suggests that the degree of PE during retrieval demarcates the shift from solo retrieval to reconsolidation, limbo, or extinction. Our current and previous studies also support this (Chen et al., 2018; Junjiao et al., 2019). These characteristics are referred to as reactivation-related factors, which constitute a type of boundary condition. The other type of boundary conditions are memory-related factors (e.g., age and strength of the memory) (Meir Drexler and Wolf, 2018; Wideman et al., 2018). A recent new viewpoint claims that the boundary conditions are not fixed but are variable due to the interplay between reactivation-related factors and memory-related factors (Fernandez et al., 2016a,b). This viewpoint is in accord with our observations that different degrees of PE are needed to destabilize enhanced fear memory and ordinary fear memory. The finding could be explained by the dynamic nature of memory: the brain decides the conditions of memory updating according to the characteristics of the memory itself. Furthermore, the formation and extinction of fear memory involve some critical brain areas. The amygdala is pivotal for threat memory generation and the engram cells in the basolateral amygdala are affected by some upstream brain areas. For example, the posterior insula delivers aversive somatosensory information to the amygdala for learning about prospective dangers in the environment (Berret et al., 2019), and the hippocampus sends error signals to promote the fear memory strength by escalating excitability or synchrony among neurons in the amygdala (Amadi et al., 2017). In addition, β-adrenergic signaling induces a labile state of fear memory by increasing hippocampal CA1 neuronal membrane excitability (Lim et al., 2018), indicating that upstream brain areas are also important for memory destabilization. Therefore, we speculate that the formation and destabilization of fear memory traces may share some common mechanisms. Hence, the boundary conditions of memory reconsolidation should be regarded as a “combined” factor, and both aspects should be considered when deciding the procedure to initiate memory destabilization.

There are several limitations to the present study. Firstly, on the analyses of reinstatement test, a statistically remarkable effect of the interplay between the trials and groups is lacking. One potential reason for this could be the limited sample size, which should be increased in future studies. Secondly, we do not use declarative US-expectancy ratings to measure PE in the current study, because we found that the online US-expectancy ratings may affect the sensitivity of SCR to conditioned fear in a pilot study. The study by Warren et al. (2014) also found that the inclusion of US-expectancy measures could affect the fear acquisition, extinction during reconsolidation, and reinstatement. However, the measurement of the degree of PE still needs an index. We will try to conduct a follow-up study using only FPS and tracking the US-expectancy across the different sessions further.

Finally, the primary limitation is that the control group used in our experimental design is the no PE retrieval extinction, not the standard (no retrieval) extinction. According to previous studies, retrieval without PE before intervention (behavioral or pharmacological) did not impede the return of fear, which is similar to the no retrieval intervention (Sevenster et al., 2013, 2014; Chen et al., 2018; Junjiao et al., 2019). In the present study, our hypothesis is based on previous evidence, that is, retrieval with PE can destabilize original memory, while retrieval without PE cannot (equivalent to no retrieval). However, if the no retrieval group is added as the control group, it can be more confirmed that the reconsolidation process is at work. In order to achieve more precise and convincing evidence, a no retrieval group should be included. Because of the absence of the no retrieval group, current results are only a preliminary exploration of the interaction between the two boundary conditions of memory strength and PE. We will make a stricter experimental design in our future explorations.

In conclusion, the present study suggests that boundary conditions of reconsolidation could be overcome through affecting the interplay between memory- and reactivation-related factors. These findings have remarkable implications for the clinical translation of emotional memory reconsolidation interferences. For clinical patients who are different in onset of symptoms, strength, and other characteristics, it is not feasible to use the same treatment parameters to intervene. To maximize the effect of memory reconsolidation intervention, it is imperative to select an appropriate memory retrieval scheme according to the actual situation of the patient, the critical factor of which is to produce an appropriate degree of PE.
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