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Abstract  22 

Reactivation renders consolidated memory labile again, and the ensuing temporary 23 

reconsolidation process is highly susceptible to mnemonic modification. Here, we 24 

show that memories in such an unstable state could be reprogrammed by sheer 25 

behavioral means, bypassing the need for pharmacological intervention. In two 26 

experiments using a “face-location association” paradigm in which participants 27 

experienced a “Learning – New-learning – Final-test” programme, we demonstrate 28 

that reactivated memory traces were robustly hampered when the new learning was 29 

strategically administered within a critical 20-minute time window. Using fMRI, we 30 

further advance our theoretical understanding that this lability can be mechanistically 31 

explained by the differential activation in the hippocampal-amygdala memory system 32 

implicated by the new-learning whereas the mnemonic intrusion caused by newly 33 

learned memories is efficaciously reconciled by the left inferior frontal gyrus. Our 34 

findings provide important implications for educational and clinical practices in 35 

devising effective strategies for memory integration.  36 

 37 

Keywords. non-emotional declarative memory, reconsolidation, non-invasive 38 
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1 Introduction  41 

Memory recall is constructive in nature and the mere act of recalling a memory 42 

renders it labile and highly susceptible to modification (Nader, Schafe et al. 2000, Lee, 43 

Everitt et al. 2004, Lee, Di Ciano et al. 2005, Alberini and LeDoux 2013, Lee, Nader 44 

et al. 2017, Scully, Napper et al. 2017). While emotional factors are known to exert 45 

effects on reconsolidation of emotional declarative memories (Schwabe and Wolf 46 

2009, Strange, Kroes et al. 2010, Chan and LaPaglia 2013), controversies still 47 

surround reconsolidation theories on non-emotional declarative memories. 48 

Empirically, post-retrieval manipulations gave rise to inconclusive patterns of results, 49 

with some studies showing such manipulation can induce update (Hupbach, Gomez et 50 

al. 2007, Hupbach, Gomez et al. 2009, Forcato, Rodriguez et al. 2010), forgetting 51 

(Forcato, Burgos et al. 2007), extinction (Nader, Schafe et al. 2000, Schiller, Monfils 52 

et al. 2010, Agren, Engman et al. 2012), or enhancement (Coccoz, Maldonado et al. 53 

2011, Coccoz, Sandoval et al. 2013), whereas another set of studies revealing no 54 

observable effect (Cammarota, Bevilaqua et al. 2004, Debiec, Doyère et al. 2006, 55 

Hupbach, Hardt et al. 2008, Forcato, Argibay et al. 2009, Hupbach, Gomez et al. 2011, 56 

Gershman, Schapiro et al. 2013). These previous studies indicate that manipulations 57 

after reactivation would induce multiple, and at times conflicting, effects under 58 

different conditions (Nader, Schafe et al. 2000, Pedreira, Perez-Cuesta et al. 2002, 59 

Walker, Brakefield et al. 2003, Debiec, Doyère et al. 2006, Forcato, Argibay et al. 60 

2009, Sederberg, Gershman et al. 2011, Sevenster, Beckers et al. 2012), it was thus 61 

important to characterize these contributory factors. Specifically, reconsolidation is 62 
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known to be time-sensitive. The presence of this time-dependence in humans has been 63 

coarsely derived from studies utilizing either one of the two extreme 64 

reactivation-intervention intervals: either too short such that the reconsolidation was 65 

still ongoing (e.g., 5 or 10 minutes, (Forcato, Burgos et al. 2007, Forcato, Argibay et 66 

al. 2009, Schiller, Monfils et al. 2010, Agren, Engman et al. 2012)), or too long such 67 

that the reconsolidation had concluded before the intervention began (e.g., 6 or 10 68 

hours, (Forcato, Burgos et al. 2007, Schiller, Monfils et al. 2010, Agren, Engman et al. 69 

2012)). Here we investigated the detailed temporal characteristics of reconsolidation 70 

of declarative memory using gradient-like post-reactivation delays. 71 

In light of the controversies surrounding theories on the reconstructive nature of 72 

declarative memories, we evinced that human associative memories can be 73 

exquisitely rendered labile by newly-acquired memories within a critical time-window. 74 

Using a face-location association learning paradigm, human participants were made to 75 

experience acquisition, test of associative-learning, reactivation, new-learning, and 76 

final-test across three consecutive days. In a behavioral experiment (Fig. 1A, upper 77 

panel), participants encoded 30 face-location associations on Day 1 (day1-Acquisition) 78 

and following a 24-hour retention period, they were then divided into 5 groups and 79 

asked to recall the associations they had acquired previously on day1 80 

(day2-Reactivation). Importantly, the four different groups of participants received a 81 

critical time-dependent new-learning manipulation (i.e., acquiring a new location 82 

associated with the original 30 faces) whilst a fifth group acted as a control group and 83 

did not receive any new-learning. The day2-New-learning served a critical 84 
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interventional purpose, aiming at interfering the originally acquired memories during 85 

reconsolidation. On the third day (day3-Final-test), these participants were required to 86 

recall again the face-location associations they had learned on day1-Acquisition. We 87 

revealed the new-learning that occurred right after reactivation significantly 88 

diminished the memory of the originally learned associations in a time-dependent 89 

manner. 90 

To elucidate the behavioral effects induced by the new-learning and the neural 91 

underpinnings of the reconsolidation processes, we replicated the behavioral 92 

experiment with a new group of participants performing a corresponding experiment 93 

while their blood-oxygen-level-dependent (BOLD) activity was measured. We probed, 94 

at a macro-anatomical level, in which regions might lie the influence of the 95 

new-learning on the reconsolidation of non-emotional episodic memory (i.e., how 96 

new-learning affected the originally learned memory) and how the intrusive effects 97 

thereby induced by the newly-learned associations might manifest neurally. In this 98 

fMRI experiment we included only one experimental group, which began their 99 

new-learning immediately after reactivation on Day 2 (Fig. 1B-D). We employed 100 

fMRI to unravel the mechanisms underlying the processes of integrating new 101 

information into consolidated memories during reconsolidation. 102 

 103 
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 104 

Figure 1. Paradigm Overview. (A) Experimental overview for behavioral and fMRI 105 

experiments. There were five and two groups in the two experiments, respectively. 106 

Each of the experiments, spanning across 3 daily sessions, consisted of four stages: 107 

Acquisition, Test of Associative-learning (Day 1), Reactivation, New-learning, Test of 108 
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New-learning (Day 2), and Final-test (Day 3). On Day 1, the subjects acquired a set of 109 

face-location associations (Acquisition). On Day 2, they were first asked to recall 110 

original associations (Reactivation) and were then divided into 4 experimental groups 111 

and one control group. After variable delays (i.e., 0', 20', 30', and 40'), they learned 112 

another set of associations of linking a new location to each of the original faces 113 

(New-learning). The control group did not receive any new learning. Finally, on Day 114 

3, these subjects were asked to recall the originally learned associations which they 115 

had acquired on Day 1 (Final-test). The participants in the fMRI experiment were 116 

scanned on Days 2 and 3. The cycle “×4” and “×2” denote the numbers of repetition 117 

in each of the tests. (B) Original learning (Acquisition) consisted of 30 118 

face-to-location associations. On each trial, a unique face was presented together with 119 

a location (out of five possible locations) on the screen for 4 s. The participants were 120 

instructed to memorize the associations. Their memories were then tested with Tests 121 

of Associative-learning. No feedback was given. (C) Importantly, using the identical 122 

procedure, on Day 2, 30 new associations were acquired de novo by the participants in 123 

the New-learning stage. (D) In Test of Associative-learning (AT), Reactivation (RE), 124 

Test of New-learning (NT), and Final-test (FT) stages, on each trial, the participants 125 

were required to indicate the correct location matched to each of the faces by pressing 126 

a 5-button keypad. In the Final-test, each response was classified into either a Correct 127 

response (blue discs), an Intrusive error (red discs), or a Non-intrusive error (grey 128 

discs). The colored discs, the face ID numbers and the location numbers (0-4) were 129 

not shown in the actual experiment. The order of face-presentation was randomized 130 

within and across participants in all stages. 131 

 132 

 133 

2 Method 134 

The entire study consisted of one behavioral and one fMRI experiment. Each 135 

consisted of four experimental sessions across three days. The separation between 136 
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days was strictly controlled to be 24 hours (Fig. 1). 137 

2.1 Subjects  138 

151 participants took part in the behavioral experiment proper (four experimental 139 

groups n = 28 each; control group n = 39) and 46 participants took part in the fMRI 140 

experiment (experimental group n = 18; control group n = 28). All of them were 141 

recruited from the East China Normal University (17 – 30 years old, mean = 142 

22.05±2.51, SD, 26 males). All had normal or corrected-to-normal vision and reported 143 

regular nocturnal sleep and no history of any neurological, psychiatric or endocrine 144 

disorder. The participants received monetary compensation for their participation. 145 

Written informed consents were obtained from all participants and the study was 146 

approved by the University committee on Human Research Protection (UCHRP) at 147 

East China Normal University. An additional 60 participants (37 and 23 for the 148 

behavioral and fMRI experiments, respectively) were recruited but were not invited to 149 

enter the subsequent sessions because their performance accuracy was below 40% in 150 

the last round of the Test of Associative-learning on Day 1.  151 

2.2 Stimuli  152 

60 grayscale front-facing faces of neutral expression from unfamous volunteers 153 

(30 males) were selected from CAS-PEAL-R1 database 154 

(http://www.jdl.ac.cn/peal/index.html). These were divided into two sets of 30 faces 155 

each (each set consisted of 15 males and 15 females). One set was used in the 156 

behavioral and fMRI experiments, in which both day1-Acquisition and 157 

day2-New-learning employing the same set of 30 faces (Fig. 1). The second set was 158 
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specifically used in the day2-New-learning phase for a control experiment wherein 159 

the 30 faces used in the new-learning were different from those used in the original 160 

learning session (Supplementary Fig. S1). 161 

2.3 Behavioral experiments and analysis 162 

The behavioral experiment investigated how the time interval between memory 163 

recall (i.e., reactivation) and interference (i.e., new-learning) affects memory 164 

reconsolidation. Four gradient-like time intervals between memory recall and 165 

interference were chosen: 0, 20 minutes, 30 minutes, and 40 minutes (four 166 

experimental groups). To obtain a reliable baseline for comparison, a control group 167 

was included in which no interference was applied (control group). 168 

In a face-location association learning paradigm, the participants first familiarized 169 

themselves with the 30 faces on Day 1 (familiarization session) by viewing these 170 

faces passively. Each face was presented at the center of the screen for 3 s and 171 

separated by a jittered inter-trial interval of 2-4 s (mean = 3s). The whole set of 30 172 

faces was presented three times in a randomized order. 173 

Following the familiarization phase, the participants were then asked to 174 

memorize 30 face-location associations (day1-Acquisition; A), involving each face 175 

being paired with one of five location points on the screen. They were allowed 4 s to 176 

learn each pairing (Fig. 1B). Immediately after each acquisition of the 30 177 

face-location pairings, a memory test ensued (Test of Associative-learning, AT, Fig. 1). 178 

On each test trial, the face cue and all five location points were presented together, 179 

and the participants were asked to indicate within 4 s which location disc was 180 
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originally paired with the face in the Acquisition stage by pressing the button 181 

corresponding to the target location using an MRI-compatible keypad (see cartoon in 182 

Fig. 1D). This Acquisition – Test of Associative-learning procedure was repeated four 183 

times with the set of face-location associations presented in a new randomized order 184 

in each cycle. The trials were separated by jittered inter-trial intervals of 3-7 s (mean 185 

= 5s) and no feedback was given. 186 

On Day 2, the participants were asked to recall their memory of the previously 187 

learned face-location associations by identifying the target location that was 188 

associated with a given face (day2-Reactivation; RE, Fig. 1). A New-learning 189 

procedure was then administered aiming to interfere the processes of memory 190 

reconsolidation. The participants were asked to learn to associate the 191 

originally-learned faces with a new target location (i.e., learning new face-location 192 

associations, Fig. 1C). This New-learning session consisted of four cycles of 193 

New-learning (NL) and Test of New-learning (NT).  194 

In order to pinpoint the temporal characteristics of interference on memory 195 

reconsolidation, four temporal intervals, namely 0', 20', 30', and 40', between the 196 

day2-Reactivation and New-learning were administered separately to the four 197 

experimental groups. During these post-reactivation intervals, the participants listened 198 

to light music without having to perform any task.  199 

On Day 3, the participants recalled the face-location associations they had 200 

acquired on Day 1 (day3-Final-test; FT), identifying the target locations that were 201 

associated with given faces from Day 1. 202 
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A mixed 5 (between-group factor, four experimental conditions and control 203 

condition) × 3 (within-group factor: Day1, Day2 and Day3) analysis of variance 204 

(ANOVA) was applied on percentage correct data from the behavioral experiment. 205 

Analogously, a mixed 2 (Group Exp. and Ctrl.) � 3 (Day1, Day2 and Day3) ANOVA 206 

was applied on the data from the fMRI experiment.  207 

Moreover, to account for inter-subject variability, the within-subjects correct rates 208 

were normalized to obtain relative correct rates using the following equations, 209 

 210 

Relative Correct Rate2-1=
Correct RateDay2-Reactivation - Correct RateDay1-Acquisition

Correct RateDay1-Acquisition
×100% 

Relative Correct Rate3-2=
Correct RateDay3-Final - Correct RateDay2-Reactivation

Correct RateDay2-Reactivation
×100% 

 211 

The within-subjects relative Correct Rate2-1 reflects the memory decay after 212 

Day1-Acquisition before Day2-Reactivation, whereas the relative Correct Rate3-2 213 

reflects the memory change due to the New-learning intervention.  214 

2.4 Classification of correct, intrusive and non-intrusive responses  215 

During the Final-test session, the participants were instructed to respond to the 216 

target location as they learned in the acquisition on Day 1. Since the experimental 217 

groups experienced new-learning on Day 2, there were three categories of responses 218 

in the day3-Final-test. If the response was correctly matched with acquisition, it was a 219 

correct hit. If it was incorrectly matched with the location they acquired in the new 220 

learning on Day 2, it was classified as an intrusive error. Responses made to the other 221 

three locations would be non-intrusive errors (Fig. 1D). We compared the difference 222 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted March 13, 2018. ; https://doi.org/10.1101/281261doi: bioRxiv preprint 

https://doi.org/10.1101/281261
http://creativecommons.org/licenses/by-nc-nd/4.0/


12 

 

between the correct and the intrusive proportions among the groups. If the correct 223 

rate/intrusive ratio was not significantly different between the experimental groups 224 

and the control group, then we would infer that new learning did not cause any 225 

significant effect. By contrast, if there were significant differences in the correct 226 

rate/intrusion ratio between the groups, we would conclude that the new learning 227 

might have disrupted the original-memory more severely in the experimental 228 

group(s). 229 

2.5 Control experiment: Effectiveness of content-similarity in memory intervention  230 

In declarative memories, content similarity shared between the acquisition and 231 

new-learning material is a key factor for effective intervention as only similar new 232 

materials were found to induce memory update, disruption or enhancement via 233 

reconsolidation (Forcato, Burgos et al. 2007, Hupbach, Gomez et al. 2007, Coccoz, 234 

Maldonado et al. 2011, Forcato, Rodriguez et al. 2011). We hypothesized that material 235 

used in the post-reactivation intervention has to be similar enough to those used in the 236 

acquisition to cause any discernible effect on the reconsolidation processes. To test 237 

this prediction, we ran an additional control experiment in which we utilized new and 238 

unencountered faces as the post-reactivation new-learning material (i.e., new faces to 239 

be paired up with the original locations). 240 

2.6 MRI acquisition and preprocessing  241 

Participants were scanned in a 3T MRI scanner (Trio Tim, Siemens) with a 242 

quadrature volume head coil at the Shanghai Key Laboratory of Magnetic Resonance. 243 

Thirty-three slices of functional MR images were acquired using a gradient EPI 244 
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sequence (EPI volumes per run = 192, FOV = 210×210 mm2, matrix = 64×64, 245 

in-plane resolution = 3.75×3.75 mm2, thickness = 4 mm, without gap, repetition time 246 

= 2 s, echo time = 30 ms, flip angle = 90°), covering the entire brain. A 247 

high-resolution structural image for each participant wasp also acquired using 3D 248 

MRI sequences for anatomical co-registration and normalization (FOV = 256×256 249 

mm2, matrix = 256×256, slice thickness=1 mm, without gap, repetition time = 2530 250 

ms, echo time = 2.34 ms, flip angle = 7°).  251 

SPM8 (Wellcome Department of Cognitive Neurology, London, UK; 252 

http://www.fil.ion.ucl.ac.uk/spm/) was used for data processing. For each participant, 253 

the functional images were realigned to correct for head movements. The structural 254 

image was co-registered with the mean EPI image, then segmented and generated 255 

normalized parameters to MNI space. Functional images were then normalized to the 256 

MNI space using these parameters, re-sampled to 2 mm isotropic voxel size and then 257 

spatially smoothed using an isotropic Gaussian kernel of 8 mm FWHM (full-width 258 

half-maximum). High-pass temporal filtering with a cut-off of 128 s was performed to 259 

remove low-frequency drifts. 260 

2.7 fMRI data analysis 261 

The fMRI experiment examined the neural correlates underlying the several 262 

aspects elicited by the new-learning interference on memory reconsolidation. The 263 

same face-location association learning paradigm as in the behavioral experiment was 264 

adopted. We implemented two Reactivation sessions on Day 2 and also two Final-test 265 

sessions on Day 3 to ensure a decent volume of data to be collected for the fMRI 266 
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analyses. Across the two sessions, we collected data for 60 test trials (i.e., two 267 

repetitions of the complete set of the 30 face-location pairs). Informed by the 268 

behavioral experiment that the memory reconsolidation processes were susceptible 269 

after a 0’-delay, we accordingly targeted at the 0’ condition here. We included one 270 

control group, which received no new-learning after reactivation, for comparison. 271 

Trials were separated by jittered inter-trial intervals of 3-7 s (mean = 5s) and 18 4-s 272 

blank trials were included as baseline measurement. Each of the New-learning runs 273 

lasted for 10 min and each of the Reactivation/Final-test runs lasted for 6 min (Fig. 274 

1C-D). The fMRI data for the day2-New-learning were not included for analysis. 275 

Two sets of analyses (Day×Group model and Intrusion model) were carried out 276 

using a general linear model (Error! Reference source not found.). Statistical 277 

inference was based on a random effects approach, which comprised first-level 278 

analyses estimating contrasts of interest for each subject and second-level analyses for 279 

statistical inference at the group level with non-sphericity correction. For both models, 280 

in the first-level, each of the 60 test trials was modelled with a canonical 281 

hemodynamic response function time-locked to the trial onset as an event-related 282 

response with that trial’s duration (mean duration = 2466 ms). The design matrix 283 

included six head motion regressors to remove the residual effects of head motion. 284 

The blank trials were not modelled. The estimated parameters values were used for 285 

the second-level group analysis. 286 

The first model (Day×Group model) sought to identify brain areas that activated 287 

during reactivation and final-test. This allowed us to calculate the interaction effect 288 
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between the two factors for finding any evidence of episodic memory reconsolidation. 289 

In the first-level analysis, the model included five regressors: R(Day2,Exp), R(Day3,Exp), 290 

R(Day2,Ctrl), R(Day3,Ctrl), Misses, reflecting the responses of the experimental and control 291 

groups in day2-Reactivation and day3-Final-test. For the group-level analysis, the 292 

single-subjects contrast images for the 2 experimental conditions (i.e., “Day2/Day3” 293 

trials, averaged across the two fMRI-runs) for each of the two groups were entered 294 

into a mixed design ANOVA with “Day” as the within-subject variable and “Group” 295 

as the between-groups variable. The random effects analysis consisted of an ANOVA 296 

assessing the significance of Delta T-covariate at the group level. The statistical 297 

threshold was set to P-FWE=0.05, whole brain corrected at peak level (cluster size 298 

estimated at P-unc. = 0.005). With our a prior prediction, we performed small volume 299 

correction (SVC) using a functional mask derived from subsequent memory effects as 300 

the volume of interest (covering the hippocampus and the amygdala, (Kim 2011)). 301 

The second model (Intrusion model) concerned responses during the final-test, 302 

specifically investigating how new learning affected the original memory trace during 303 

the reconsolidation process. The first-level model included three regressors obtained 304 

from the day3-Final-test, reflecting the three types of the responses (correct, intrusive 305 

or non-intrusive). Six motion regressors were also included. For the group-level 306 

analysis, the single-subjects contrast images for the 3 experimental conditions (i.e., 307 

“correct/intrusive/non-intrusive” trials, averaged across the two fMRI-runs) were 308 

entered into an ANOVA. The statistical threshold was set to P-FWE=0.05, whole 309 

brain corrected at peak level (cluster size estimated at P-unc. = 0.005). The random 310 
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effects analysis consisted of a one-sample t-test assessing the significance of Delta 311 

T-covariate at the group level. Specifically, the “Intrusive > Non-intrusive” contrast 312 

revealed a cluster in the left inferior frontal gyrus. We accordingly extracted the beta 313 

estimates of the left IFG from each subject using Marsbar and correlated these beta 314 

estimates with the proportion of correct responses and the proportion of intrusive 315 

errors separately. 316 

3 Results 317 

3.1 Behavioral results: Main experiment 318 

We revealed compelling evidence in support of the existence of reconsolidation. 319 

In the behavioral experiment, the Day × Group repeated measures ANOVA  on 320 

percentage correct showed a strong “Day × Group” interaction effect (F (8, 292) = 7.26, 321 

P < 0.001, Fig. 2A, Supplementary Table S1). We then ran two separate ANOVAs and 322 

found the group differences were only in the day3-Final-test, (F (4, 146) = 5.11, P = 323 

0.002, Fig. 2A, Supplementary Table S1) but not in day2-Reactivation (F (4,146) =0.39, 324 

P = 0.81). In order to account for individual variances, we normalized the percentage 325 

correct data and re-ran ANOVAs on these synthetic, more sensitive indices. A 2 326 

(correct rate2-1; correct rate3-2) x 5 (Group) repeated measures ANOVA equally 327 

showed a strong interaction between the factors (F (4,146) = 6.00, P < 0.001). Two 328 

separate ANOVAs showed that the interaction was driven by a main effect in relative 329 

correct rate3-2 between Days 2 and 3, confirming that the significant between-group 330 

differences were specifically caused by new-learning (relative correct rate3-2: F (4, 146) 331 

= 9.75, P  � 0.001, Fig. 2B right, Supplementary Table S2) but not before 332 
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new-learning (relative correct rate2-1: F (4, 146) = 0.39, P = 0.81, Fig. 2B left).  333 

Motivated by previous findings on the time-dependence of post-retrieval 334 

manipulations (Forcato, Burgos et al. 2007, Schiller, Monfils et al. 2010, Agren, 335 

Engman et al. 2012, Chan and LaPaglia 2013), we then tested the hypothesis that 336 

there would be a critical time-window for the observable post-reactivation 337 

reconsolidation. As expected, the difference in the relative correct rates between Day 338 

2 and Day 3 for Group 0’ and 20’ were significantly lower that other three groups (all 339 

Ps < 0.05, LSD multi-comparison, Fig. 2B), indicating the influence of new-learning 340 

was indeed highly time-dependent.  341 

It has been reported that new-learning could produce an intrusive effect to our 342 

memories by replacing the original memories in a specific retrograde manner 343 

(Hupbach, Gomez et al. 2007, Hupbach, Gomez et al. 2009, Schiller, Monfils et al. 344 

2010). In view of this, we tested for the intrusive effect in the current context. On 345 

each trial, there were five location points; each of which could be a potential choice. 346 

Operationally, for the experimental groups, at day3-Final-test, responses made to the 347 

target location would be a hit, responses made to the newly-learned location would be 348 

an intrusive error, whereas responses made to any of the other three locations would 349 

be a non-intrusive error (see Methods). The intrusive proportion of Group 20’ was 350 

significantly higher than other three groups (all Ps < 0.05, Fig. 2C, Supplementary Fig. 351 

S2, Supplementary Table S3), whereas these intrusive errors in the other three groups 352 

did not differ. Interestingly, in Group 20’, the intrusive proportion did not differ from 353 

the correct rate, while in other three groups the correct rates were significantly higher 354 
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than the intrusive proportions (Supplementary Fig. S2, Supplementary Table S3), 355 

implying the new-learning might have caused differential effects on Group 0’ and 20’. 356 

We further analyzed these intrusive effects in all experimental groups. 357 

Interestingly, the quantity of intrusive errors in the 20’ condition is significantly 358 

higher than those in the other conditions (F (3,108) = 5.08, P = 0.003; LSD 359 

multi-comparison: P (20’>0’) = 0.035*, P (20’>30’) = 0.001**, P (20’>40’) = 0.001** vs. P 360 

(0’>30’) = 0.21, P (0’>40’) = 0.23, P (30’>40’) = 0.96), indicating the intrusive effects 361 

induced by new-learning following different post-reactivation delays are differential. 362 

 363 

 364 

Figure 2. Behavioral results of both experiments. (A) Memory performance plotted 365 

as a function of days in the behavioral experiment. Memory of the face-to-location 366 

associations diminished in all five groups gradually across days but a main effect of 367 

Group was found on Day 3 at the Final-test. (B) The reduction in memory in the 368 

behavioral experiment was plotted for relative correct rate2-1 and relative correct 369 
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rate3-2, respectively. There was no difference in Group for relative correct rate2-1 but 370 

there was a significant interaction for the relative correct rate3-2. Post-hoc tests 371 

confirmed that the memory for the Group 0’ and 20’ decreased far more drastically 372 

than Group 30’, 40’ and the control group. (C) The intrusive proportion of Group 20’ 373 

was significantly larger than other groups. (D) Behavioral result in the fMRI 374 

experiment was consistent with that of the behavioral experiment. Both Group Exp. 375 

and Ctrl. performed similarly on Day 2. But the performance of the Group Exp., who 376 

had received post-reactivation New-learning on Day 2, diminished far more severely 377 

than Group Ctrl. at the Final-test. (E) Using a relative measure, in the fMRI 378 

experiment, there was no Group difference in the relative correct rate2-1, but Group 379 

Exp. was significantly more impaired than Group Ctrl. in the relative correct rate3-2. 380 

(F) The intrusive proportion of Group Exp. in the fMRI experiment (21.2%) was 381 

similar as Group 0’ in the behavioral experiment (cf. leftmost bar in Fig. 2C). Error 382 

bar denotes standard error of the means. * P<0.05, ** P<0.01, *** P<0.001. 383 

 384 

3.2 Control experiment results: Effective manipulation requires high 385 

content-similarity between acquisition and intervention 386 

In this control experiment, the new-face-learning caused no effect on 387 

reconsolidation. We ran a 3 × 2 repeated measures ANOVA (Day×Group) on 388 

percentage correct and found neither a group main effect nor an interaction effect 389 

(group main effect: F (1,2) = 1.49, p = 0.24; interaction: F (2, 2) = 1.29, p = 0.29; 390 

Supplementary Fig. S1). We conducted the post-hoc tests regardless and confirmed 391 

there were no group differences in day2-Reactivation (t (1, 20) = 0.47, p = 0.65) or 392 

day3-Final-test (t (1, 20) = -0.22, p = 0.82), nor in the relative correct rate3-2 between 393 

Days 2 and 3 (t (1, 20) = -1.36, p = 0.19). These indicate that new-learning using “new 394 

faces” was ineffective in causing interference in the memory traces during 395 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted March 13, 2018. ; https://doi.org/10.1101/281261doi: bioRxiv preprint 

https://doi.org/10.1101/281261
http://creativecommons.org/licenses/by-nc-nd/4.0/


20 

 

reconsolidation. 396 

3.3 fMRI experiment results 397 

We have thus far established in the behavioral experiment that new-learning 398 

following reactivation did intrude into the already encoded, yet labile memories, and 399 

produce overt changes in terms of memory behavior. We then tap into the rather 400 

complicated and unresolved mechanisms of reconsolidation by means of functional 401 

imaging. We replicated these behavioral patterns in the fMRI experiment with a new 402 

group of participants. A 2×2 repeated measures ANOVA (Day×Group) showed an 403 

interaction effect (F (2, 88) = 6.86, P = 0.002, Fig. 2D). The performance for the 404 

experimental group was significantly lower than that of control group in the relative 405 

correct rate3-2 (t (44) = -3.65, P � 0.001, Fig. 2E right) but not in the relative correct 406 

rates2-1 (t (44) = 0.18, P = 0.860, Fig. 2E left). 407 

To look into the neural correlates, we ran a “Day×Group” model to test for the 408 

interaction between Day and Group to look for the effects of new-learning on original 409 

memory. Specifically, the interaction term (RDay2,Exp-RDay3,Exp) vs. (RDay2,Ctrl-RDay3,Ctrl) 410 

revealed activation of left hippocampus and right amygdala (Fig. 3). Both regions 411 

yielded significant activation (hippocampus: peak P-svc = 0.049; amygdala: peak 412 

P-svc = 0.037) with small volume correction (SVC) (volume-of-interest obtained 413 

from a subsequent memory effects contrast: remembered vs. forgotten)(Kim 2011). 414 

Notably, the amygdala has been known to be related to emotional processes especially 415 

by those that are involved in fear and threat memory reconsolidation (Agren, Engman 416 

et al. 2012, Schiller, Kanen et al. 2013). However, in the present setting, considering 417 
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our paradigm did not contain any emotional factors, the right amygdala was 418 

implicated regardless.  419 

 420 

 421 

 422 

Table 1. Summary of all 1st-/2nd-level analyses and contrasts for both models. 423 

Models First-level Second-level 

 Regressors Contrasts Search Volume 

Day×Group 

RDay2,Exp, RDay3,Exp, RDay2,Ctrl, 

RDay3,Ctrl, Misses 

(RDay2,Exp-RDay3,Exp) >  

(RDay2,Ctrl-RDay3,Ctrl) 

SVC (hippocampus and 

amygdala) 

Intrusion 

Correct, Intrusive, 

Non-intrusive (including 

Misses) 

Intrusive > Non-intrusive 

Whole-brain; SVC (left IFG) 

 

R refers to trials in which subjects made a response on day2-Reactivation and 424 

day3-Final-test, irrespective of being correct or incorrect; Misses refer to trials of no 425 

response. Corrects, Intrusive and Non-intrusive errors classification are illustrated in 426 

Fig. 1D. 427 

 428 
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 429 

Figure 3. Neural correlates associated with the impact of new-learning on 430 

reconsolidation. Hippocampal and amygdala are differentially activated at the 431 

Final-test following New-learning administered during reconsolidation on Day 2, as 432 

given by the interaction term: (RDay2, Exp-RDay3, Exp) > (RDay2, Ctrl-RDay3, Ctrl); P-svc ＜433 

0.05.  434 

 435 

In a separate model (Intrusion model), the contrast “Intrusive Non-intrusive 436 

errors” revealed activation of the left inferior frontal gyrus (IFG, Fig. 4). This 437 

indicated the post-reactivation new-learning was associated with activation in the 438 

inferior frontal area, which has long been implicated in resolving interference between 439 

competing mnemonic representations of the originally learned and newly acquired 440 

associations (Badre, Poldrack et al. 2005). For consistency, we also performed SVC 441 

for the IFG using a functional mask defined in a previous study (mid-ventrolateral 442 

PFC, post-retrieval selection) (Badre, Poldrack et al. 2005) and confirmed the results 443 

(peak P-svc = 0.010). 444 

To elucidate the functional significance of the inferior frontal activation in 445 
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relation to the behavioral results, we extracted the beta estimates of BOLD signal 446 

from the left IFG cluster and correlated these individual beta estimates with subjects’ 447 

percentage correct and intrusive proportion respectively. The individual beta estimates 448 

showed a significant positive correlation with the percentage correct rates (r = 0.48, P 449 

= 0.045, Fig. 4 left panel), whereas the beta estimates showed a negative correlation 450 

with the subjects’ intrusive proportion (r = -0.45, P = 0.060, Fig. 4 right panel). We 451 

interpret these pattern of results as that the IFG is involved in mediating the 452 

recollection bias towards the originally learned information. The more strongly the 453 

inferior frontal cortex is activated, the successful the participant would be in 454 

discriminating the respective memory traces associated with the original acquisition 455 

and new-learning, whereas a weaker inferior frontal involvement signifying a lower 456 

ability in dealing with the competition between mnemonic representations of the 457 

initially-learned and newly-acquired associations.  458 

 459 

 460 

Figure 4. Engagement of IFG by new-learning intrusion. Left IFG activation 461 
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measured on the Final-test reflects individuals’ variability in guarding against memory 462 

intrusion imposed by New-learning during reconsolidation on Day 2. The left inferior 463 

frontal gyrus is more activated by intrusive errors than by non-intrusive errors during 464 

Final-test (P ＜0.05). This difference in neural activation mediated the behavioral 465 

performance. Activation in the left IFG across participants is correlated positively 466 

with the percentage correct (P = 0.045, left), but is correlated in a negative trend with 467 

the number of intrusive errors (P = 0.060, right). Such IFG activation is however not 468 

correlated with the number of non-intrusive errors (P > 0.5, not shown). This result 469 

shows that post-reactivation new-learning manipulates memory by affecting 470 

reconsolidation on day 2, with the intrusion-effects being observed on day 3 in the 471 

Final-test. Triangles on the scatterplots represent individual subjects. The central line 472 

is the best linear fit with 90% confidence interval. 473 

 474 

4 Discussion 475 

In light of the previous studies which failed to observe the reconsolidation 476 

process in humans and non-human animals (Cammarota, Bevilaqua et al. 2004, 477 

Debiec, Doyère et al. 2006, Forcato, Argibay et al. 2009), we deduced several factors 478 

which might be instrumental for the reconsolidation processes at play. In declarative 479 

memories, content similarity shared between the acquisition and new-learning 480 

material is a key factor for effective intervention as only similar new materials were 481 

found to induce memory update, disruption or enhancement via reconsolidation 482 

(Forcato, Burgos et al. 2007, Hupbach, Gomez et al. 2007, Coccoz, Maldonado et al. 483 

2011, Forcato, Rodriguez et al. 2011). Based on the results of the control experiment, 484 

we ascertain that the new-learning was most effective in affecting reconsolidation 485 

when “same faces” were employed. We thus assert that reconsolidation could be 486 
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disrupted by post-reactivation new-learning if and only if the new material was similar 487 

enough to those involved in the acquisition, establishing content similarity in the 488 

associative memory traces between acquisition and new-learning to be a determinant 489 

factor. If the new-face-learning was distinct from the reactivated memory traces then 490 

these new-face-learning might have induced a different set of consolidation processes 491 

independently of the targeted reactivation. 492 

In the rodents, any intervention disrupting memory reconsolidation is only 493 

effective when it is administered shortly after reactivation (Nader, Schafe et al. 2000, 494 

Debiec, LeDoux et al. 2002, Pedreira, Perez-Cuesta et al. 2002, Debiec and Ledoux 495 

2004), suggesting that reconsolidation is a highly time-dependent phenomenon. In the 496 

humans, there has not been a consensus on the precise interval for this mnemonic 497 

fragility (Forcato, Burgos et al. 2007, Schiller, Monfils et al. 2010, Agren, Engman et 498 

al. 2012). Our current study incorporated a range of gradient-like post-reactivation 499 

delays. The New-learning administered within 20 minutes caused retrograde amnesia, 500 

whereas delays longer than that elicited no effect. Our results thus provide a qualifier 501 

on defining the critical time-window for post-reactivation manipulation to be effective 502 

for inducing forgetting: immediately after reactivation when memory is being updated. 503 

When the interval was long and beyond the susceptible period, the reactivated 504 

memories would become stable again and immune to any new-learning, thus no effect 505 

would be observed. This conclusion is further verified by the analyses of the intrusive 506 

effect reported in Fig. 2C, which illustrate that the differential intrusive effects 507 

induced by new-learning following different post-reactivation delays. 508 
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Our fMRI findings demonstrate how the memory systems might have acted 509 

interactively in declarative memory reconsolidation. It is known that memory 510 

reactivation will render consolidated memory (hippocampus-independent) to be 511 

hippocampus-dependent again (Debiec, LeDoux et al. 2002, Kelly, Laroche et al. 512 

2003, Lee, Everitt et al. 2004). Our fMRI results reveal that memory processes during 513 

reconsolidation are hippocampus-dependent, strengthening the view that the 514 

hippocampal and amygdala involvement change with the passage of time during 515 

reconsolidation (Agren, Engman et al. 2012, Schwabe, Nader et al. 2012). When the 516 

post-reactivation manipulation requiring the hippocampus (and amygdala) to process 517 

new but similar information during active reconsolidation, the originally acquired 518 

memories would be affected by disruption or intrusion. 519 

In contrast to previous studies (Nader, Schafe et al. 2000, Debiec and Ledoux 520 

2004, Lee, Di Ciano et al. 2005), the amygdala activation was presently observed in 521 

the absence of emotional input or incentive factors (neutral faces � location 522 

association). We proposed two possible explanations for this: First, the faces encoded 523 

by the participants might inherently carry emotional valence and collaterally engaged 524 

the amygdala. However, an alternative, more nascent, account is that the amygdala 525 

has a seat during declarative memories reconsolidation, irrespective of emotion 526 

aspects, acting in concert with the hippocampus. We are in favor of the latter account 527 

especially our results align with some recent causal evidence that the human 528 

amygdala possesses a general capacity to endogenously initiate memory prioritization 529 

processes of declarative memories without eliciting any subjective emotional response 530 
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(Inman, Manns et al. 2018), establishing the amygdala as an overarching operator of 531 

downstream memory processes.  532 

The activation in the left inferior frontal gyrus was differentially increased by 533 

intrusive events, suggesting that left IFG is involved in discriminating the originally 534 

learned and newly-learned memories and deciding which memories should be 535 

reactivated according to the cue (Zhang, Feng et al. 2004, Badre, Poldrack et al. 2005, 536 

Moss, Abdallah et al. 2005, St Jacques, Olm et al. 2013). Due to the high similarity 537 

between the originally learned and newly learned memories, the participants have to 538 

recollect the episodes in greater detail to overcome the competition and meet the goal 539 

in recalling the relevant, correct memories among competitive sources. In line with 540 

the view that the left ventral PFC mediates post-retrieval selection during source 541 

recollection and decision (Badre, Poldrack et al. 2005, Badre and Wagner 2007), our 542 

findings of increased left IFG activation characterize this region as a target area for 543 

manipulating memory retrieval especially during reconsolidation. The individual 544 

difference in left IFG activation among participants further serves as an indicator of 545 

individual’s ability in reconciling the mnemonic intrusion during memory 546 

reconsolidation. 547 

5 Conclusion 548 

Overall, we reveal three neuro-behavioral features in declarative memory 549 

reconsolidation in humans. The results provided insights into the mechanisms of 550 

episodic memory reconsolidation, suggesting that reactivation can indeed effectively 551 

trigger reconsolidation with several qualifiers. First, new-learning is effective only 552 
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when sharing common components with initial learning (acquisition). Second, we 553 

establish the existence of a critical time-window for reconsolidation, defining it to be 554 

20 minutes. Third, we show the involvement of the hippocampus and amygdala in 555 

integrating newly-formed memories during reconsolidation, and with the IFG 556 

resolving the mnemonic competition caused by the intrusion by newly-formed 557 

memories. From a translational perspective, the present findings support the 558 

possibility that non-invasive manipulation may one day make drug therapy obsolete 559 

and carry important implications for educational and clinical practices in devising 560 

learning strategies. 561 

 562 

Supplementary information containing 2 figures and 3 tables is included.  563 

  564 
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