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Reminder duration determines 
threat memory modification in 
humans
Jingchu Hu1,2, Wenqing Wang1, Philipp Homan3, Penggui Wang1, Xifu Zheng1 &  
Daniela Schiller4

Memory reminders can return a memory into an unstable state such that it will decay unless actively 
restabilized into long-term memory through reconsolidation. Exposure to a memory reminder, 
however, does not always lead to destabilization. The ‘trace dominance’ principle posits that the extent 
of exposure to memory reminders governs memory susceptibility to disruption. Here, we provide a 
first systematic investigation of reminder duration effects on threat memory modification in humans. 
Reminder duration was parametrically varied across 155 participants in a three-day protocol. We found 
that short reminders (1 s and 4 s) made the memory prone to interference from post-retrieval extinction, 
suggesting that the memory had been updated. In contrast, no reminder or long reminders (30 s 
and 3 min) made the memory resistant to such interference, and robustly return. Reminder duration 
therefore influences memory stability and may be a critical determinant of therapeutic efficacy.

Upon retrieval, a memory may return to an unstable state and become amenable to modification. Memory 
reminders destabilize the memory such that it will decay unless actively restabilized into long-term memory. 
Reconsolidation refers to the molecular and cellular processes that returns the memory to a stable state1,2. 
Pharmacological manipulations of reconsolidation result in memory enhancement or impairment, and new 
information can get incorporated during reconsolidation into an updated memory2–4. Mere exposure to mem-
ory reminders, however, does not necessarily imply that the memory has entered an unstable state and there-
fore does not guarantee reconsolidation. There are cases of retrieved memories that are resistant to change5–8. 
Whether retrieval results in destabilization depends on a host of cellular and molecular mechanisms, which 
actively transfer the retrieved memory into an unstable neural representation. There appears to be a requirement 
for protein degradation, receptor-signaling activity, dendritic spine remodeling, gene regulation and epigenetic 
mechanism7,9–20.

At the behavioral level, the ‘trace dominance’ principle posits that the extent of re-exposure to reminders 
determines the dominance of the memory, and hence, its stability. This principle emerged as a theoretical frame-
work for interpreting empirical data of associative memory modification21. In associative threat learning22, a con-
ditioned stimulus (CS) is initially benign until paired with an aversive outcome (US), after which the presentation 
of the CS alone elicits defensive responses. Multiple presentations of the CS without the US will eventually induce 
extinction memory, which diminishes defensive reactions to the CS.

Using threat conditioning in the Medaka fish, Eisenberg and colleagues21 found that administering an amne-
sic agent (protein synthesis inhibitor) following a single reminder abolished the expression of threat memory, 
whereas administration after multiple retrievals (i.e., extinction) induced the opposite effect resulting in high 
expression of threat memory. Similar results have been observed in other species, including crab23, mice24, and 
rats25,26. According to the trace dominance interpretation, a single CS reminder makes the threat memory dom-
inant and thus susceptible to interference. With multiple CS exposures, the extinction trace becomes dominant 
and hence vulnerable to disruption. This means that trace dominance and memory stability have an inverse rela-
tionship: reconsolidation interference will be effective following brief, but not extensive, reminder durations27.
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Extinction learning in itself, as well as other behavioral protocols such as counterconditioning or new learn-
ing, can interfere with reconsolidation if timed to the post-retrieval period3,4,28–30. Extinction after a single CS 
reminder has been shown to update memories in various paradigms and across species4,31. Similar to pharma-
cological blockade of reconsolidation, memory modification via post-retrieval extinction also depends on initial 
memory destabilization and obeys the trace dominance principle in rodents32,33.

The critical conditions under which post-retrieval memory modification occurs are a topic of intense interest 
for clinical applications4,34,35. Based on pre-clinical studies, successful destabilization is a prerequisite for modifi-
cation of maladaptive emotional memories via reconsolidation in a therapeutic setting. It is currently unknown, 
however, how reminder duration influences post-retrieval memory modification of threat memories in humans. 
We therefore set out to examine the trace dominance principle in 155 healthy participants using threat condition-
ing. Post-retrieval extinction served as the reconsolidation interference treatment following various reminder 
durations.

The experiment was conducted over three days (Fig. 1). On day 1, the participants underwent threat condi-
tioning, in which a 4 second visual stimulus (e.g., blue square) was paired with an electric shock on 38% of trials, 
whereas another visual stimuli (e.g., yellow square) was never paired with the shock. On day 2, the participants 
were randomly assigned into 5 experimental groups that differed in the reminder duration: the CS was presented 
for 0, 1, 4, 30 or 180 seconds. Approximately 10 minutes after the reminder session, all participants underwent 
extinction learning, which served here as the post-retrieval updating manipulation. On day 3, we examined the 
recovery of threat memory using re-extinction immediately followed by a reinstatement session. Skin conduct-
ance response (SCR) indexed conditioned defensive reactions. We examined the relationship between reminder 
duration and post-retrieval memory updating. Based on the trace dominance principle, we expected threat mem-
ory to recover following standard extinction (0 s reminder), but show a positive relationship with reminder dura-
tion such that longer durations will induce greater memory recovery.

Figure 1. Schematic depiction of the experimental design.

Figure 2. Stimulus discrimination in acquisition and extinction. Means with 95% confidence intervals in 
each group in the early and late phases of acquisition (a) and extinction (b). Confidence intervals that do not 
cross the vertical dashed line at zero indicate that the corresponding contrast is different from zero and thus 
statistically significant. The results show successful and similar acquisition and extinction in all groups.
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Results
Day 1 - Conditioned threat acquisition. To assure equivalent and significant acquisition across the ran-
domly assigned groups (Fig. 2a), we conducted ANOVA with factors of group (5 reminder conditions) x phase 
(first and second halves of the acquisition session) x stimulus (CS+, CS−). There was no evidence for group 
differences as indicated by the non-significant main effect of group (F4,150 = 0.25, P = 0.907), group x stimulus 
interaction (F4,150 = 1.39, P = 0.242), group x phase interaction (F4,150 = 1.45, P = 0.221), or group x stimulus x 
phase interaction (F4,150 = 1.84, P = 0.125). SCR responses were higher to the CS+ compared to the CS− and this 
differential responding increased from early to late phase as indicated by a main effect of phase (F1,150 = 23.62, 
P < 0.001) and stimulus (F1,150 = 200.89, P < 0.001), and also a phase x stimulus interaction (F1,150 = 24.05, 
P < 0.001).

Follow-up t-tests confirmed significantly higher responding to the CS+ vs. CS− in all groups during all 
phases (early phase: no-reminder, t33 = 4.74, P < 0.001; 1 s reminder, t27 = 3.31, P = 0.003; 4 s reminder, t29 = 3.12, 
P = 0.004; 30 s reminder, t30 = 5.47, P < 0.001; 3 min reminder, t31 = 3.41, P = 0.002; late phase: no-reminder, 
t33 = 5.10, P < 0.001; 1 s reminder, t27 = 5.34, P < 0.001; 4 s reminder, t29 = 4.78, P < 0.001; 30 s reminder, t30 = 6.33, 
P < 0.001; 3 min reminder, t31 = 4.17, P < 0.001). These results confirm sufficient and similar acquisition across 
all groups.

Day 2 - Conditioned threat extinction. To assure equivalent extinction across the groups (Fig. 2b), we 
conducted ANOVA with factors of group (5 reminder conditions) x phase (first and second halves of the extinction 
session) x stimulus (CS+, CS−). There was no evidence for group differences as indicated by the non-significant 
main effect of group (F4,150 = 0.15, P = 0.964), group x stimulus interaction (F4,150 = 0.25, P = 0.912), group x 
phase interaction (F4,150 = 2.27, P = 0.064), or group x stimulus x phase interaction (F4,150 = 0.29, P = 0.885). SCR 
responses were higher to the CS+ vs CS− and this differential responding decreased from early to late phase, as 
indicated by a main effect of phase (F1,150 = 227.18, P < 0.001) and stimulus (F1,150 = 36.96, P < 0.001), and also a 
phase × stimulus interaction (F1,150 = 20.96, P < 0.001).

Follow-up t-tests confirmed significantly higher responding to the CS+ vs. CS− in the first half of extinc-
tion in all groups (no-reminder, t33 = 3.69, P < 0.001; 1 s reminder, t27 = 2.81, P = 0.009; 4 s reminder, t29 = 2.52, 
P = 0.017; 30 s reminder, t30 = 4.71, P < 0.001; 3 min reminder, t31 = 2.12, P = 0.042; Fig. 2b), but no significant 
difference in any of the groups by the late phase of extinction (no-reminder, t33 = 1.86, P = 0.071; 1 s reminder, 
t27 = 0.82, P = 0.420; 4 s reminder, t29 = 0.44, P = 0.665; 30 s reminder, t30 = 1.18, P = 0.248; 3 min reminder, 
t31 = 1.39, P = 0.173), or by the last trial of extinction (no-reminder, t33 = 0.93, P = 0.360; 1 s reminder, t27 = 0.38, 
P = 0.705; 4 s reminder, t29 = 0.11, P = 0.911; 30 s reminder, t30 = 0.36, P = 0.721; 3 min reminder, t31 = 0.21, 
P = 0.838). These results confirm sufficient and similar extinction across all groups.

Reminder duration influences post-retrieval memory modification. To assess the overall 
post-retrieval memory modification effect as a function of reminder duration (Fig. 3), we examined responses 
to the stimuli during threat learning (day 1, late acquisition) relative to extinction (day 2, late extinction) and 
recovery (day 3, early re-extinction). We thus conducted a 3-way ANOVA with factors of group (5 reminder dura-
tions), stage (acquisition, extinction, recovery) and stimulus (CS+, CS−), which yielded a significant three-way 
interaction (F8,300 = 2.02, P = 0.044).

Follow up t tests indicated that threat memory recovery was evident only in the no-reminder, 30 s reminder, 
and 3 min reminder groups (no-reminder, t33 = 3.91, P < 0.001; 30 s reminder, t30 = 3.18, P = 0.003; 3 min 
reminder, t31 = 3.92, P < 0.001), but not in the 1 s reminder or 4 s reminder groups (1 s reminder, t27 = 1.45, 
P = 0.158; 4 s reminder, t29 = 0.66, P = 0.516). These results indicate that reminder duration that was shorter or 
similar to the learned CS duration destabilized the memory, allowing updating with extinction, whereas longer 
duration rendered the memory resistant to modification.

Memory expression relative to initial learning. A meaningful change in memory may be exhibited 
not only by lack of stimulus discrimination on Day 3, but also by a significant reduction in discrimination (CS+ 
minus CS−) relative to its initial acquisition (Fig. 4). To assess the degree of recovery on day 3 (early phase) 
relative to the degree of learning on day 1 (late phase), we conducted two-way ANOVA with factors of group (5 
reminder durations) and stage (acquisition, recovery). This analysis revealed a significant interaction of group x 
stage (F4,300 = 3.42, P = 0.009). Follow-up t-tests confirmed that the no-reminder and 3 min group maintained 
stimulus discrimination to a similar degree between Day 1 and Day 3 (no-reminder, t33 = 1.53, P = 0.136; 3 min 
reminder, t31 = 0.88, P = 0.384), whereas the 1 s, 4 s, and 30 s reminder groups showed a significant reduction in 
stimulus discrimination from acquisition to recovery (1 s reminder, t27 = 4.52, P < 0.001; 4 s reminder, t29 = 3.73, 
P < 0.001; 30 s reminder, t30 = 2.47, P = 0.019). As mentioned above, however, the 30 s reminder group continued 
to show significant discrimination during Day 3 despite this reduction, whereas discrimination was lost in the 1 s 
and 4 s reminder groups.

Persistence of post-retrieval memory modification. Following the early re-extinction session of Day 
3, the participants continued the extinction session (late extinction) and then were exposed to 4 unsignaled 
shocks followed by another re-extinction session (reinstatement). A detailed analysis of these sessions (Fig. 5) 
revealed that those groups that did not show recovery in early re-extinction (1 s and 4 s) continued to exhibit 
lack of stimulus discrimination through late re-extinction (Fig. 5a; late phase: 1 s reminder, t27 = 1.88, P = 0.071; 
4 s reminder, t29 = 0.71, P = 0.481) and reinstatement (Fig. 5b; early phase: 1 s reminder, t27 = 1.12, P = 0.274; 4 s 
reminder, t29 = 1.27, P = 0.213). Of the three other groups that showed memory recovery in early re-extinction 
(no reminder, 30 s reminder, and 3 min reminder), the no-reminder and 3 min reminder groups extinguished 
defensive responding by late re-extinction (Fig. 5a; late phase: no-reminder, t33 = 1.83, P = 0.077; 3 min reminder, 
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t31 = 1.94, P = 0.062) but proceeded to show significant reinstatement following re-extinction (Fig. 5b; early 
phase: no-reminder, t33 = 3.96, P < 0.001; 3 min reminder, t31 = 3.69, P < 0.001). These results support the persis-
tence of reminder duration effects on post-retrieval memory modification.

Memory reminders diminish the correlation between extinction and recovery. Finally, we 
assessed individual differences in extinction and recovery and whether the reminder influences the relationship 

Figure 3. Short but not long reminder duration prevents memory recovery. Mean SCR (CS+ and CS−) during 
acquisition (late phase), extinction (late phase) and re-extinction (early phase) of the 5 experimental groups 
with different reminder durations. A significant 3-way interaction of group x stage x stimulus and follow-up t-
tests confirmed memory recovery in the no-reminder, 30 s, and 3 min reminder groups, but not in the 1 s and 4 s 
reminder groups. **P < 0.01; ***P < 0.001. Error bars represent standard errors.
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between these two stages (Fig. 6). As demonstrated in rodents26, we would expect both parameters to correlate in 
standard extinction (i.e., no reminder), as participants with low differential SCR at the end of extinction should 
exhibit low discrimination in recovery. If retrieval-extinction impairs reconsolidation, however, we would expect 
an alteration of that correlation.

Consistent with these predictions and the rodent data26, we found a significant positive correlation (Pearson’s 
r = 0.548, P < 0.001) between extinction and recovery in the no-reminder group (the correlation remained sig-
nificant also after removing a potential outlier, r = 0.399, P = 0.022), but not for any of the reminder groups (1 s 
reminder group, r = 0.287, P = 0.139; 4 s reminder group, r = 0.01, P = 0.958; 30 s reminder group, r = −0.098, 
P = 0.598; 3 min reminder group, r = −0.102, P = 0.580).

Comparing the groups’ correlation coefficients using Fisher r-to-z transformation (Fig. 7) indicated a sig-
nificant difference between the no-reminder group and the 4 s (z = 2.3, P = 0.0214), 30 s (z = 2.74, P = 0.0061), 
and 3 min (z = 2.78, P = 0.0054) reminder groups; the difference with the 1 s reminder group did not reach 

Figure 4. Short but not long reminder duration reduced stimulus discrimination from Day 1 to Day 3. Means 
with 95% confidence intervals in each group. Threat reduction index is the change in stimulus discrimination 
(CS+ minus CS−) from late acquisition to early re-extinction (Day 1 subtracted from Day 3). Confidence 
intervals that do not cross the vertical dashed line at zero indicate that the corresponding contrast is different 
from zero and thus statistically significant. The results show that on Day 3, the no-reminder and 3 min reminder 
groups expressed about the same level of threat discrimination acquired on Day 1 (threat reduction index 
around zero), whereas the 1 s, 4 s and 30 s reminder duration groups showed a significant reduction (negative 
threat reduction index) from acquisition to re-extinction. Note that in the 30 s reminder group (but not in the 
1 s or 4 s reminder groups) stimulus discrimination remained significant despite this reduction.

Figure 5. The effects of reminder duration persist through re-extinction and reinstatement. Means with 95% 
confidence intervals in each group in the early and late phases of re-extinction (recovery) and reinstatement. 
Confidence intervals that do not cross the vertical dashed line at zero indicate that the corresponding contrast 
is different from zero and thus statistically significant. The results show memory recovery (significant stimulus 
discrimination in early re-extinction) in the no-reminder, 30 s and 3 min reminder groups, but not in the 1 s 
and 4 s reminder groups. Stimulus discrimination was then extinguished in all groups (late re-extinction) and 
recovered only in the no-reminder and 3 min reminder groups (early reinstatement).
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significance (z = 1.19, P = 0.234). The results show that memory reminders change the relationship between 
extinction learning and memory expression, suggesting a qualitative change in memory representation.

Discussion
We report here that short reminder durations, rather than long, were more effective in preventing the return 
of threat memory. Akin to having no reminder at all, long reminders produced a robust return of the defensive 
response. This pattern of results aligns with the dominant trace principle: brief reminder duration makes the 
threat memory dominant whereas extensive durations make the extinction trace dominate. The inverse relation-
ship between trace dominance and memory stability predicts that short but not long reminders will render the 
memory unstable and prone to reconsolidation interference. We now demonstrate this relationship in human 
threat conditioning memory, adding to evidence accumulated in other species21,23–26,36.

Figure 6. Memory reminders diminish the correlation between extinction and recovery. To examine the effects 
of reminder duration on the relationship between extinction learning the memory recovery we assessed the 
correlation between stimulus discrimination in Day 3 (early re-extinction) and stimulus discrimination in Day 
2 (late extinction) in each group. Only the no reminder group showed a significant positive correlation between 
two parameters. There was no correlation in any of the groups with memory reminder. ***P < 0.001.
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In addition to reminder duration, previous studies delineated other boundary conditions on post-retrieval 
memory modification37. These conditions include an element of surprise in the reminder (i.e., prediction error), 
such as a temporal mismatch between the CS and US38–40; the age and strength of the memory24,41–43 and cue 
specificity44,45.

To account for all of these conditions, Gershman et al.27 developed the latent cause theory of conditioning, 
offering a unifying normative account of post-retrieval memory modification. At the heart of this theory is the 
idea that when encountering surprising events, the brain attempts to infer what caused them. Retrieving a mem-
ory pushes the brain toward inferring that an old cause is once again active, which means that the memory 
becomes eligible for updating. If the brain otherwise infers a new cause for the surprising event, a new memory 
will be formed.

The reminder duration effect features a central component of the theory: in absence of strong evidence to 
the contrary, the brain preferentially assigns new observations to causes previously inferred. Thus, limited expo-
sure favors assignment of the reminder to the initial threat learning cause. With more extensive exposure to the 
reminder, prediction errors accumulate, nudging the brain to infer a new latent cause (e.g., ‘extinction’ or ‘safe’ 
cause). This is also seen in our results: short reminders (1 s and 4 s) made the memory prone to interference from 
post-retrieval extinction, suggesting that the memory had been updated and therefore did not return. In contrast, 
no reminder or long reminders (30 s and 3 min) made the memory resistant to such interference, and it thus 
robustly returned.

When examining individual differences in extinction and recovery, we found that memory reminders mod-
ified the relationship between extinction learning and memory expression: the correlation coefficients in par-
ticipants that had reminders scaled negatively with reminder duration. Thus, the positive relationship between 
extinction learning and recovery, exhibited by the no-reminder group, became more negative with longer 
reminder durations. These findings suggest that despite the phenotypic similarity between no reminder and long 
reminders – as threat memory recovers following extinction in both cases – the nature of memory representa-
tion might be different. Borrowing from the latent cause model, it is possible that re-extinction following stand-
ard extinction triggers the previous ‘extinction’ cause. Long reminders, however, perhaps induce a new ‘safe’ 
cause that is different from the ‘extinction’ cause learned through extinction training in the absence of a memory 
reminder. This new ‘safe’ cause then incorporates extinction learning into a new memory representation. In other 
words, while both standard extinction and long reminders promote the formation of a new ‘safe’ memory, they 
do so via different mechanisms. These differences are manifested in the relationship between extinction and 
recovery: if re-extinction triggers the ‘extinction’ cause, the relationship between extinction and recovery will be 
preserved; if re-extinction triggers the ‘safe’ cause inferred during the long reminder, the relationship between 
extinction and recovery will diminish since recovery no-longer reflects what was learned in extinction but rather 
the formation of a ‘safe’ memory already at the reminder phase.

Demonstrating the trace dominance effect in human threat memory substantiates the relevancy of this prin-
ciple to therapeutic settings. Exposure therapy, the gold-standard behavioral treatment for post-traumatic stress 
and anxiety disorders, is considered to reflect extinction learning mechanisms46,47. The structure of extinction 
training and its manifestation in the clinic may critically determine whether new learning or memory updating 
occurs4,8. This, in turn, can have an impact on the success of therapy, given that extinction learning per se appears 
difficult to remember following treatment48,49. This study suggests that clinicians may assess the efficacy of mem-
ory reactivation approaches that vary in degree, intensity and duration, as some techniques may foster emotional 
memory modification while others may hinder treatment.

Materials and Methods
Participants. All participants that completed the 3-day paradigm were included in the final analysis (n = 155; 
48 men, 107 women; age range 18–22 years; mean age 19.78 ± 1.18. Sample size per group indicated in Fig. 1). 
Participants discontinued after day 1 (n = 17) if they had non-measurable SCR signal (<0.02 μS; n = 6) or showed 

Figure 7. Memory reminders change the relationship between extinction learning and memory expression. 
Correlation coefficients of the experimental groups were compared by using Fisher r-to-z transformation. 
Significant differences were found between the no-reminder group and the 4 s, 30 s and 3 min reminder groups, 
but not for the 1 s reminder group. *P < 0.05; **P < 0.01. Error bars represent standard errors.
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an opposite pattern of responding to the stimuli (mean CS− > CS+ in late acquisition; n = 11). Participants 
were recruited from South China Normal University and were interviewed regarding their health and medical 
conditions. All participants were right-handed, had normal or corrected-to-normal vision, and free from any 
current or previous medical condition that would contraindicate participation (i.e., pregnancy; seizure disorder; 
cardiovascular disease). Participants were paid a small amount (¥50) for their participation in the experiment. 
The ethical committee of South China Normal University approved the study and informed consent was obtained 
from all participants. All experiments were performed in accordance with relevant guidelines and regulations.

Apparatus and materials. Stimuli. We employed images of two squares with different colors (yellow, 
blue) that served as CS+ and CS−. The CS+ was paired with a mild shock (US) on a partial reinforcement 
schedule (38% of presentation), and the CS− was never paired with a shock. Assignment of colors to stimuli was 
counterbalanced across participants, and the images were identical in size and resolution. The US was a mild 
electric shock with a duration of 200 ms, delivered to the wrist of the non-preferred hand using a SD-9 Square 
Pulse Stimulator (made by Grass Technologies, an Atro-Med, Inc. Product Group) with a bead of conductance 
gel applied to each of the electrode heads. The subjects were asked to set the level of the shock themselves. In this 
procedure, a subjects was first given a very mild shock (10 V) which was gradually increased to a level the subject 
indicated as “uncomfortable, but not painful” with a maximum level of 60 V.

Skin conductance response. SCR was measured by the Spirit NeXus-10 BioTrace system. Two Ag/AgCI elec-
trodes were attached to the tips of the second and third fingers of the participant’s opposite the hand of the 
shock electrode. The electrodes were connected to the GSR100 C module, which recorded SCR at 200 Hz. The 
level of SCR was assessed for each trial as the base-to-peak amplitude difference in skin conductance of the 
largest deflection (in microSiemens) in the 0.5–4.5 s latency window after stimulus onset. The minimal response 
criterion was 0.02 μS. Responses below this criterion were encoded as zero. The raw skin conductance scores 
were square root transformed to normalize the distributions, and scaled according to each subject’s mean 
square-root-transformed US response.

Experimental procedure. The experiment was conducted over the course of three consecutive days, where 
the sessions were separated by approximately 24 h. During each day, participants sat behind a table with a 21-inch 
LCD monitor at a distance of 50 cm in a sound-attenuated and temprature-controlled room (25 °C). The monitor 
ran at a refresh rate of 60 Hz and had a resolution of 1024 × 768 pixels. The software package E-Prime 2.0 was used 
for stimuli presentation and BioTrace software was used for SCR data recording.

Day 1: Acquisition. Prior to the experiment, the participants signed the consent form and filled out an anxiety 
questionnaire (STAI; data not included). After attachment of the skin conductance and shock electrodes, the 
intensity of the US was determined. Participants were instructed to stay still and pay attention to the relationship 
between the squares and the shock. In the acquisition phase, the CS+ and CS− were presented 10 times each for 
4s without the US; and additional 6 CS+ presentations co-terminated with the US. Stimulus order was pseudor-
andomized. Intertrial intervals (ITI) varied between 10 s, 11 s, and 12 s. At the conclusion of the day 1, partici-
pants were asked if they learned the relationship between CS and US (data not included).

Day 2: Reminder and Extinction. Participants were randomly assigned into five experimental groups: No 
reminder; 1 s reminder; 4 s reminder; 30 s reminder; and 3 min reminder. During the reminder phase, the 
CS+ was presented once (unreinforced) for the different durations. Participants were given a 10 min break and 
instructed to rest; the no-reminder group similarly stayed in the room for 10 min prior to the extinction ses-
sion. Extinction followed and consisted of 11 nonreinforced presentations of the CS+ and CS− each in the no 
reminder group. For the other groups, there were 10 CS+ and 11 CS− presentations (since the CS− was not 
presented during the reactivation session, an extra presentation was added to the extinction session such that all 
CSs were presented an equal number of times during day 2). Stimulus order was pseudorandomized and counter-
balanced across participants. Intertrial intervals varied between 10 s, 11 s, and 12 s.

Note that due to the reminder duration manipulation the total exposure time to the CS+ differs between the 
groups. This is unlikely to be a critical factor here, since both the no-reminder and 3 min reminder groups (short-
est and longest total exposure times, respectively) showed equivalent levels of memory recovery.

Day 3: Re-extinction recovery test and Reinstatement test. During the recovery test, participants received 10 non-
reinforced presentations of the CS+ and CS− each, in order to assess the extent to which conditioned defensive 
responses could be recovered. After 18 s, a reinstatement session commenced where participants were adminis-
tered with 4 unsignalled shocks (ITI 10-12 s), and then presented with additional nonreinforced presentations of 
10 CS+ and 10 CS−. Stimulus order was pseudorandomized and counterbalanced across participants. Intertrial 
intervals varied between 10 s, 11 s, and 12 s.

Statistical analysis. Skin conductance response was analyzed using a mixed analysis of variance (ANOVA)  
for repeated measures with reminder duration as a between-subjects factor, and stage and stimulus as 
within-subjects factors. The specific ANOVAs are indicated where appropriate. The significance threshold was 
set at 0.05, two-tailed.



www.nature.com/scientificreports/

9SCIeNTIFIC RepoRts | (2018) 8:8848 | DOI:10.1038/s41598-018-27252-0

References
 1. Dudai, Y. Reconsolidation: the advantage of being refocused. Current opinion in neurobiology 16, 174–178, https://doi.org/10.1016/j.

conb.2006.03.010 (2006).
 2. Nader, K. Reconsolidation and the Dynamic Nature of Memory. Cold Spring Harb Perspect Biol 7, a021782, https://doi.org/10.1101/

cshperspect.a021782 (2015).
 3. Lee, J. L. Reconsolidation: maintaining memory relevance. Trends Neurosci 32, 413–420, https://doi.org/10.1016/j.tins.2009.05.002 

(2009).
 4. Lee, J. L. C., Nader, K. & Schiller, D. An Update on Memory Reconsolidation Updating. Trends Cogn Sci 21, 531–545, https://doi.

org/10.1016/j.tics.2017.04.006 (2017).
 5. Cammarota, M., Bevilaqua, L. R., Medina, J. H. & Izquierdo, I. Retrieval does not induce reconsolidation of inhibitory avoidance 

memory. Learning & memory 11, 572–578, https://doi.org/10.1101/lm.76804 (2004).
 6. Auber, A., Tedesco, V., Jones, C. E., Monfils, M. H. & Chiamulera, C. Post-retrieval extinction as reconsolidation interference: 

methodological issues or boundary conditions? Psychopharmacology 226, 631–647, https://doi.org/10.1007/s00213-013-3004-1 
(2013).

 7. Flavell, C. R., Lambert, E. A., Winters, B. D. & Bredy, T. W. Mechanisms governing the reactivation-dependent destabilization of 
memories and their role in extinction. Front Behav Neurosci 7, 214, https://doi.org/10.3389/fnbeh.2013.00214 (2013).

 8. Clem, R. L. & Schiller, D. N. Learning and Unlearning: Strangers or Accomplices in Threat Memory Attenuation? Trends Neurosci 
39, 340–351, https://doi.org/10.1016/j.tins.2016.03.003 (2016).

 9. Milton, A. L. et al. Double dissociation of the requirement for GluN2B- and GluN2A-containing NMDA receptors in the 
destabilization and restabilization of a reconsolidating memory. The Journal of neuroscience: the official journal of the Society for 
Neuroscience 33, 1109–1115, https://doi.org/10.1523/jneurosci.3273-12.2013 (2013).

 10. Almeida-Correa, S. & Amaral, O. B. Memory labilization in reconsolidation and extinction–evidence for a common plasticity 
system? Journal of physiology, Paris 108, 292–306, https://doi.org/10.1016/j.jphysparis.2014.08.006 (2014).

 11. Balaban, P. M. et al. Nitric oxide is necessary for labilization of a consolidated context memory during reconsolidation in terrestrial 
snails. The European journal of neuroscience 40, 2963–2970, https://doi.org/10.1111/ejn.12642 (2014).

 12. Gazarini, L., Stern, C. A., Piornedo, R. R., Takahashi, R. N. & Bertoglio, L. J. PTSD-like memory generated through enhanced 
noradrenergic activity is mitigated by a dual step pharmacological intervention targeting its reconsolidation. The international 
journal of neuropsychopharmacology 18, https://doi.org/10.1093/ijnp/pyu026 (2014).

 13. Lee, J. L. & Flavell, C. R. Inhibition and enhancement of contextual fear memory destabilization. Front Behav Neurosci 8, 144, https://
doi.org/10.3389/fnbeh.2014.00144 (2014).

 14. Merlo, E., Bekinschtein, P., Jonkman, S. & Medina, J. H. Molecular Mechanisms of Memory Consolidation, Reconsolidation, and 
Persistence. Neural plasticity 2015, 687175, https://doi.org/10.1155/2015/687175 (2015).

 15. Ortiz, V., Giachero, M., Espejo, P. J., Molina, V. A. & Martijena, I. D. The effect of Midazolam and Propranolol on fear memory 
reconsolidation in ethanol-withdrawn rats: influence of d-cycloserine. The international journal of neuropsychopharmacology 18, 
https://doi.org/10.1093/ijnp/pyu082 (2015).

 16. Stiver, M. L. et al. Cholinergic manipulations bidirectionally regulate object memory destabilization. Learning & memory 22, 
203–214, https://doi.org/10.1101/lm.037713.114 (2015).

 17. Holehonnur, R., Phensy, A. J., Kim, L. J., Milivojevic, M. & Vuong, D. Increasing the GluN2A/GluN2B Ratio in Neurons of the Mouse 
Basal and Lateral Amygdala Inhibits the Modification of an Existing Fear Memory Trace. 36, 9490–9504, https://doi.org/10.1523/
jneurosci.1743-16.2016 (2016).

 18. Jarome, T. J., Ferrara, N. C., Kwapis, J. L. & Helmstetter, F. J. CaMKII regulates proteasome phosphorylation and activity and 
promotes memory destabilization following retrieval. Neurobiology of learning and memory 128, 103–109, https://doi.org/10.1016/j.
nlm.2016.01.001 (2016).

 19. Yu, Y. J., Huang, C. H., Chang, C. H. & Gean, P. W. Involvement of protein phosphatases in the destabilization of methamphetamine-
associated contextual memory. Learning & memory 23, 486–493, https://doi.org/10.1101/lm.039941.115 (2016).

 20. Bal, N. V. et al. Cued memory reconsolidation in rats requires nitric oxide. 45, 643–647, https://doi.org/10.1111/ejn.13503 (2017).
 21. Eisenberg, M., Kobilo, T., Berman, D. E. & Dudai, Y. Stability of retrieved memory: inverse correlation with trace dominance. Science 

301, 1102–1104, https://doi.org/10.1126/science.1086881 (2003).
 22. Pavlov, I. P. Conditioned reflex: An investigation of the physiological activity of the cerebral cortex. Ann Neurosci 8, 136–141 (1927).
 23. Pedreira, M. E. & Maldonado, H. Protein synthesis subserves reconsolidation or extinction depending on reminder duration. 

Neuron 38, 863–869 (2003).
 24. Suzuki, A. et al. Memory reconsolidation and extinction have distinct temporal and biochemical signatures. The Journal of 

neuroscience: the official journal of the Society for Neuroscience 24, 4787–4795, https://doi.org/10.1523/jneurosci.5491-03.2004 
(2004).

 25. Lee, J. L., Milton, A. L. & Everitt, B. J. Reconsolidation and extinction of conditioned fear: inhibition and potentiation. The Journal 
of neuroscience: the official journal of the Society for Neuroscience 26, 10051–10056, https://doi.org/10.1523/JNEUROSCI.2466-06. 
2006 (2006).

 26. Cassini, L. F., Flavell, C. R. & Amaral, O. B. On the transition from reconsolidation to extinction of contextual fear memories. 24, 
392–399, https://doi.org/10.1101/lm.045724.117 (2017).

 27. Gershman, S. J., Monfils, M. H., Norman, K. A. & Niv, Y. The computational nature of memory modification. 6, https://doi.
org/10.7554/eLife.23763 (2017).

 28. Flavell, C. R., Barber, D. J. & Lee, J. L. Behavioural memory reconsolidation of food and fear memories. Nature communications 2, 
504, https://doi.org/10.1038/ncomms1515 (2011).

 29. De Beukelaar, T. T., Woolley, D. G. & Wenderoth, N. Gone for 60 seconds: reactivation length determines motor memory 
degradation during reconsolidation. Cortex; a journal devoted to the study of the nervous system and behavior 59, 138–145 (2014).

 30. Scully, I. D., Napper, L. E. & Hupbach, A. Does reactivation trigger episodic memory change? A meta-analysis. Neurobiology of 
learning and memory 142, 99–107, https://doi.org/10.1016/j.nlm.2016.12.012 (2017).

 31. Kredlow, M. A., Unger, L. D. & Otto, M. W. Harnessing reconsolidation to weaken fear and appetitive memories: A meta-analysis of 
post-retrieval extinction effects. Psychol Bull 142, 314–336, https://doi.org/10.1037/bul0000034 (2016).

 32. Ferrer Monti, R. I. et al. A comparison of behavioral and pharmacological interventions to attenuate reactivated fear memories. 
Learning & memory 24, 369–374, https://doi.org/10.1101/lm.045385.117 (2017).

 33. Pineyro, M. E., Ferrer Monti, R. I., Alfei, J. M., Bueno, A. M. & Urcelay, G. P. Memory destabilization is critical for the success of the 
reactivation-extinction procedure. Learning & memory 21, 46–54, https://doi.org/10.1101/lm.032714.113 (2013).

 34. Beckers, T. & Kindt, M. Memory Reconsolidation Interference as an Emerging Treatment for Emotional Disorders: Strengths, 
Limitations, Challenges, and Opportunities. Annu Rev Clin Psychol 13, 99–121, https://doi.org/10.1146/annurev-clinpsy-032816- 
045209 (2017).

 35. Treanor, M., Brown, L. A., Rissman, J. & Craske, M. G. Can Memories of Traumatic Experiences or Addiction Be Erased or 
Modified? A Critical Review of Research on the Disruption of Memory Reconsolidation and Its Applications. Perspectives on 
psychological science: a journal of the Association for Psychological Science 12, 290–305, https://doi.org/10.1177/1745691616664725 
(2017).

http://dx.doi.org/10.1016/j.conb.2006.03.010
http://dx.doi.org/10.1016/j.conb.2006.03.010
http://dx.doi.org/10.1101/cshperspect.a021782
http://dx.doi.org/10.1101/cshperspect.a021782
http://dx.doi.org/10.1016/j.tins.2009.05.002
http://dx.doi.org/10.1016/j.tics.2017.04.006
http://dx.doi.org/10.1016/j.tics.2017.04.006
http://dx.doi.org/10.1101/lm.76804
http://dx.doi.org/10.1007/s00213-013-3004-1
http://dx.doi.org/10.3389/fnbeh.2013.00214
http://dx.doi.org/10.1016/j.tins.2016.03.003
http://dx.doi.org/10.1523/jneurosci.3273-12.2013
http://dx.doi.org/10.1016/j.jphysparis.2014.08.006
http://dx.doi.org/10.1111/ejn.12642
http://dx.doi.org/10.1093/ijnp/pyu026
http://dx.doi.org/10.3389/fnbeh.2014.00144
http://dx.doi.org/10.3389/fnbeh.2014.00144
http://dx.doi.org/10.1155/2015/687175
http://dx.doi.org/10.1093/ijnp/pyu082
http://dx.doi.org/10.1101/lm.037713.114
http://dx.doi.org/10.1523/jneurosci.1743-16.2016
http://dx.doi.org/10.1523/jneurosci.1743-16.2016
http://dx.doi.org/10.1016/j.nlm.2016.01.001
http://dx.doi.org/10.1016/j.nlm.2016.01.001
http://dx.doi.org/10.1101/lm.039941.115
http://dx.doi.org/10.1111/ejn.13503
http://dx.doi.org/10.1126/science.1086881
http://dx.doi.org/10.1523/jneurosci.5491-03.2004
http://dx.doi.org/10.1523/JNEUROSCI.2466-06.2006
http://dx.doi.org/10.1523/JNEUROSCI.2466-06.2006
http://dx.doi.org/10.1101/lm.045724.117
http://dx.doi.org/10.7554/eLife.23763
http://dx.doi.org/10.7554/eLife.23763
http://dx.doi.org/10.1038/ncomms1515
http://dx.doi.org/10.1016/j.nlm.2016.12.012
http://dx.doi.org/10.1037/bul0000034
http://dx.doi.org/10.1101/lm.045385.117
http://dx.doi.org/10.1101/lm.032714.113
http://dx.doi.org/10.1146/annurev-clinpsy-032816-045209
http://dx.doi.org/10.1146/annurev-clinpsy-032816-045209
http://dx.doi.org/10.1177/1745691616664725


www.nature.com/scientificreports/

1 0SCIeNTIFIC RepoRts | (2018) 8:8848 | DOI:10.1038/s41598-018-27252-0

 36. Jarome, T. J. et al. The timing of multiple retrieval events can alter GluR1 phosphorylation and the requirement for protein synthesis 
in fear memory reconsolidation. Learning & memory 19, 300–306, https://doi.org/10.1101/lm.024901.111 (2012).

 37. Nader, K. & Hardt, O. A single standard for memory: the case for reconsolidation. Nature reviews. Neuroscience 10, 224–234, https://
doi.org/10.1038/nrn2590 (2009).

 38. Diaz-Mataix, L., Ruiz Martinez, R. C., Schafe, G. E., LeDoux, J. E. & Doyere, V. Detection of a temporal error triggers reconsolidation 
of amygdala-dependent memories. Current biology: CB 23, 467–472, https://doi.org/10.1016/j.cub.2013.01.053 (2013).

 39. Sevenster, D., Beckers, T. & Kindt, M. Prediction error governs pharmacologically induced amnesia for learned fear. Science 339, 
830–833, https://doi.org/10.1126/science.1231357 (2013).

 40. Exton-McGuinness, M. T., Lee, J. L. & Reichelt, A. C. Updating memories–the role of prediction errors in memory reconsolidation. 
Behavioural brain research 278, 375–384, https://doi.org/10.1016/j.bbr.2014.10.011 (2015).

 41. Milekic, M. H. & Alberini, C. M. Temporally graded requirement for protein synthesis following memory reactivation. Neuron 36, 
521–525 (2002).

 42. Wang, S. H., de Oliveira Alvares, L. & Nader, K. Cellular and systems mechanisms of memory strength as a constraint on auditory 
fear reconsolidation. Nature neuroscience 12, 905–912, https://doi.org/10.1038/nn.2350 (2009).

 43. Winters, B. D., Tucci, M. C. & DaCosta-Furtado, M. Older and stronger object memories are selectively destabilized by reactivation 
in the presence of new information. Learning & memory 16, 545–553, https://doi.org/10.1101/lm.1509909 (2009).

 44. Doyere, V., Debiec, J., Monfils, M. H., Schafe, G. E. & LeDoux, J. E. Synapse-specific reconsolidation of distinct fear memories in the 
lateral amygdala. Nature neuroscience 10, 414–416, https://doi.org/10.1038/nn1871 (2007).

 45. Debiec, J., Diaz-Mataix, L., Bush, D. E., Doyere, V. & LeDoux, J. E. The selectivity of aversive memory reconsolidation and extinction 
processes depends on the initial encoding of the Pavlovian association. Learning & memory 20, 695–699, https://doi.org/10.1101/
lm.031609.113 (2013).

 46. Milad, M. R. & Quirk, G. J. Fear extinction as a model for translational neuroscience: ten years of progress. Annu Rev Psychol 63, 
129–151, https://doi.org/10.1146/annurev.psych.121208.131631 (2012).

 47. Foa, E. B. & McLean, C. P. The Efficacy of Exposure Therapy for Anxiety-Related Disorders and Its Underlying Mechanisms: The 
Case of OCD and PTSD. Annu Rev Clin Psychol 12, 1–28, https://doi.org/10.1146/annurev-clinpsy-021815-093533 (2016).

 48. Vervliet, B., Baeyens, F., Van den Bergh, O. & Hermans, D. Extinction, generalization, and return of fear: a critical review of renewal 
research in humans. Biological psychology 92, 51–58, https://doi.org/10.1016/j.biopsycho.2012.01.006 (2013).

 49. Dunsmoor, J. E., Murty, V. P., Davachi, L. & Phelps, E. A. Emotional learning selectively and retroactively strengthens memories for 
related events. Nature 520, 345–348, https://doi.org/10.1038/nature14106 (2015).

Acknowledgements
Funding was provided by NIMH 105535 R01 grant and a Klingenstein-Simons Fellowship Award in the 
Neurosciences to D.S.; and by a grant from the National Natural Science Foundation of China (31771218) to X.Z.; 
The authors thank Xiaoping Liu, Xiuting Liu and Weixin Zhang for assistance with data collection.

Author Contributions
J.H., W.W., X.Z. and D.S. designed the study. W.W. collected and scored the data. J.H. analyzed the data. P.H., P.W. 
and D.S. contributed to data analysis. J.H. and D.S. wrote the first draft of the manuscript. All authors contributed 
to the final version of the manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1101/lm.024901.111
http://dx.doi.org/10.1038/nrn2590
http://dx.doi.org/10.1038/nrn2590
http://dx.doi.org/10.1016/j.cub.2013.01.053
http://dx.doi.org/10.1126/science.1231357
http://dx.doi.org/10.1016/j.bbr.2014.10.011
http://dx.doi.org/10.1038/nn.2350
http://dx.doi.org/10.1101/lm.1509909
http://dx.doi.org/10.1038/nn1871
http://dx.doi.org/10.1101/lm.031609.113
http://dx.doi.org/10.1101/lm.031609.113
http://dx.doi.org/10.1146/annurev.psych.121208.131631
http://dx.doi.org/10.1146/annurev-clinpsy-021815-093533
http://dx.doi.org/10.1016/j.biopsycho.2012.01.006
http://dx.doi.org/10.1038/nature14106
http://creativecommons.org/licenses/by/4.0/

	Reminder duration determines threat memory modification in humans
	Results
	Day 1 - Conditioned threat acquisition. 
	Day 2 - Conditioned threat extinction. 
	Reminder duration influences post-retrieval memory modification. 
	Memory expression relative to initial learning. 
	Persistence of post-retrieval memory modification. 
	Memory reminders diminish the correlation between extinction and recovery. 

	Discussion
	Materials and Methods
	Participants. 
	Apparatus and materials. 
	Stimuli. 
	Skin conductance response. 

	Experimental procedure. 
	Day 1: Acquisition. 
	Day 2: Reminder and Extinction. 
	Day 3: Re-extinction recovery test and Reinstatement test. 

	Statistical analysis. 

	Acknowledgements
	Figure 1 Schematic depiction of the experimental design.
	Figure 2 Stimulus discrimination in acquisition and extinction.
	Figure 3 Short but not long reminder duration prevents memory recovery.
	Figure 4 Short but not long reminder duration reduced stimulus discrimination from Day 1 to Day 3.
	Figure 5 The effects of reminder duration persist through re-extinction and reinstatement.
	Figure 6 Memory reminders diminish the correlation between extinction and recovery.
	Figure 7 Memory reminders change the relationship between extinction learning and memory expression.


