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Abstract

When retrieved, seemingly stable memories can become sensitive to modification through
significant events, such as acute stress. While memory dynamics after retrieval have
profound implications, for instance, in eyewitness testimony or aberrant memory in mental
disorders, the mechanisms underlying these dynamics remain poorly understood. Here, we
show in healthy humans that increases in noradrenaline after memory retrieval impairs
subsequent remembering, depending on hippocampal and cortical reactivation during
retrieval. In a three-day fMRI study, we measured brain activity during initial encoding (Day
1), 24h-delayed memory cueing accompanied by administration of placebo, hydrocortisone,
or the α2-adrenoceptor antagonist yohimbine (Day 2), and final recall, 24h later (Day 3).
While post-retrieval hydrocortisone did not affect subsequent memory (i.e., final recall), the
impairing effect of yohimbine on final recall depended on the strength of hippocampal
reactivation and category-level reinstatement in ventral temporal cortex during Day 2
retrieval. Notably, the effect of yohimbine on subsequent memory was contingent specifically
on the neural reactivation during retrieval. While patterns from online reactivation were
also reinstated in the post-retrieval rest-period, this offline reinstatement did not interact
with the pharmacological manipulation. Additionally, the original memory trace from
encoding was not significantly reactivated during retrieval and not reinstated offline during
rest, further supporting the critical dependency of post-retrieval manipulations on the neural
signal emerging during retrieval-related reactivation. Our findings demonstrate that,
depending on the neural reactivation of memories, noradrenergic arousal after retrieval can
alter the future accessibility of consolidated memories.
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We show that pharmacological elevations of noradrenergic but not glucocorticoid activity
after retrieval impair subsequent remembering. These impairments were bound to strong
hippocampal and cortical neural reactivation before drug action.
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eLife assessment

This work presents valuable findings of a modulatory effect of yohimbine, an alpha2-
adrenergic antagonist that raises noradrenaline levels, on the reconsolidation of
emotionally neutral word-picture pairs, depending on the hippocampal and cortical
reactivation during retrieval. The evidence supporting the conclusion is incomplete
so far, particularly considering concerns about the median-splitting approach for
reaction times and hippocampal activity. The work will be of broad interest to
researchers working on memory.

https://doi.org/10.7554/eLife.100525.1.sa2

Introduction

Memories are not stable entities but can undergo changes long after initial consolidation (Dudai
and Eisenberg 2004     ; Nadel et al. 2012     ). The updating of existing memories in light of new
information or experiences is a key feature of adaptive memory. A potential mechanism
underlying such updating is memory reconsolidation. According to reconsolidation theory,
memories become labile again upon their reactivation, requiring another period of stabilization
(i.e. reconsolidation; Lee, Nader, and Schiller 2017     ; Nader and Einarsson 2010     ; Schwabe,
Nader, and Pruessner 2014     ). During the reconsolidation window, memories are assumed to be
modifiable (Galarza Vallejo et al. 2019     ; Kroes et al. 2014     ). Alternative views posit that post-
reactivation changes in memory are due to the emergence of new traces during retrieval,
potentially interfering with the retrieval of the original memory (Nadel et al. 2000     ; Polyn,
Norman, and Kahana 2009     ; Sederberg et al. 2011     ). The dynamics of memory after retrieval,
whether through reconsolidation of the original trace or interference with retrieval-related traces,
have fundamental implications for educational settings, eyewitness testimony, or mental disorders
(Clem and Schiller 2016     ; Schacter and Loftus 2013     ; Schwabe et al. 2014     ). In clinical contexts,
post-retrieval changes of memory might offer a unique opportunity to retrospectively modify or
render less accessible unwanted memories, such as those associated with posttraumatic stress
disorder (PTSD) or anxiety disorders (Björkstrand et al. 2016     ; Walsh et al. 2018     ; Xue et al.
2012     ). Given these far reaching implications, understanding the mechanisms underlying post-
retrieval dynamics of memory is essential.

Stress has a major impact on memory (de Quervain, Roozendaal, and McGaugh 1998     ;
Roozendaal, McEwen, and Chattarji 2009     ; Schwabe et al. 2022     ). While most studies have
focused on stress effects on memory formation or retrieval, accumulating evidence suggests that
stress may also alter the dynamics of memory after retrieval. The majority of studies suggest a
disruptive influence of post-retrieval stress on subsequent remembering (Dongaonkar et al.
2013     ; Hupbach and Dorskind 2014     ; Larrosa et al. 2017     ; Maroun and Akirav 2008     ; Schwabe
and Wolf 2010     ), but see (Bos et al. 2014     ; Coccoz, Maldonado, and Delorenzi 2011     ) for an
opposite effect). Although post-retrieval stress-induced changes in putative memory
reconsolidation or accessibility are highly relevant in legal or clinical contexts, the mechanisms
involved in these effects remain poorly understood. Exposure to stressful events triggers the
release of various hormones, peptides, and neurotransmitters (Joëls and Baram 2009     ). Among
these, noradrenaline and glucocorticoids appear to be of particular relevance for stress-induced
changes in memory (de Quervain et al. 1998     ; Roozendaal et al. 2006     ; Strange and Dolan 2004).
Pharmacological studies in humans and rodents demonstrate a significant impact of
noradrenaline and glucocorticoids on the posited reconsolidation or mnemonic interference
processes after retrieval. However, their exact roles remain elusive. Some studies suggest
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enhancing effects of post-retrieval glucocorticoids on subsequent memory (Antypa et al. 2019     ;
Meir Drexler et al. 2015     ), while others report impairing effects of glucocorticoid receptor
activation after retrieval (Antypa et al. 2021     ; Maroun and Akirav 2008     ; Vafaei et al. 2023     ;
Wang et al. 2008     ). For noradrenaline, several studies indicate that post-retrieval blockade of
noradrenergic activity impairs putative reconsolidation or future memory accessibility (Kindt,
Soeter, and Vervliet 2009     ; Przybyslawski, Roullet, and Sara 1999     ; Schramm, Everitt, and Milton
2016     ; Schwabe, Joëls, et al. 2012). However, this effect is not consistently found (Bos et al.
2014     ; Elsey et al. 2020     ; Muravieva and Alberini 2010     ; Wood et al. 2015     ) and might depend
on the arousal state of the individual (Maroun and Akirav 2008     ) or the exact timing of drug
administration(Otis, Fitzgerald, and Mueller 2014     ; Thomas et al. 2017     ). The brain mechanisms
underlying the potential effects of post-retrieval glucocorticoids or noradrenergic arousal on
subsequent remembering are largely unknown, especially in humans.

Extant studies suggest that brain regions implicated in initial memory formation, such as the
hippocampus, may also play a role in the modification of memories after their reactivation (Nader,
Schafe, and Le Doux 2000     ; Przybyslawski and Sara 1997     ; Schwabe, Nader, et al. 2012).
Research in transgenic mice indicates that effective post-reactivation interventions require the
reactivation of specific neuronal subsets within the engram, underscoring the significant
contribution of the original memory trace to changes during the proposed reconsolidation
window (Khalaf et al. 2018     ). While human neuroimaging studies cannot assess the reactivation
of individual neurons within an engram, multivariate pattern analysis (MVPA) enables the
assessment of neural pattern reinstatement at the stimulus category or event level (Kuhl et al.
2011     ; Polyn et al. 2005     ; Staresina et al. 2012     ; Thakral, Wang, and Rugg 2015     ; Wing,
Ritchey, and Cabeza 2015     ). Notably, memory reactivation occurs not only during goal-directed
retrieval (online) but also offline during post-retrieval rest periods. Online reactivation reflects the
immediate impact of memory retrieval on neural networks and may involve modifications of the
existing memory trace and/or the encoding of a new memory trace in response to retrieval
demands (Johnson and Rugg 2007     ; Tanaka et al. 2014     ). Offline reactivation offers a pivotal
window for the consolidation and stabilization of these memory alterations (Oudiette and Paller
2013     ; Staresina et al. 2013     ; Tambini, Ketz, and Davachi 2010     ). The transition from online to
offline reactivation involves complex neural cascades, influencing the persistence and strength of
the reactivated memory trace (Yagi et al. 2023     ). Fundamental knowledge gaps remain about the
role of online and offline neural reactivation in post-retrieval dynamics of human memory in
general, and its modulation by stress mediators in particular.

This pre-registered study aimed to elucidate the brain mechanisms underlying the impact of post-
retrieval glucocorticoids and noradrenaline on subsequent remembering in humans, with a
specific focus on whether the effects of post-retrieval stress are contingent on online or offline
neural reinstatement. To this end, healthy participants underwent a three-day experiment. On Day
1, participants encoded a series of word-picture pairs and subsequently completed an immediate
cued recall test. On Day 2 (24 hours later), half of the learned words were presented again during a
Memory Cueing task, prompting participants to consciously retrieve the associated pictures and
thereby reactivate their underlying neural representations. Notably, according to both
reconsolidation and interference accounts of post-retrieval changes in memory (Nader and
Einarsson 2010     ; Sederberg et al. 2011     ), only cued items that were reinstated should be
susceptible to post-retrieval manipulations. The remaining words served as non-reactivated
controls. Importantly, shortly before the Memory Cueing task, participants received orally either a
Placebo (N=20), 20mg Hydrocortisone (N=21), or 20mg of the α2-adrenoceptor antagonist
yohimbine (N=21) leading to increased noradrenergic stimulation. This timing of drug
administration was chosen to result in significant elevations of glucocorticoid or noradrenergic
activity after completion of the Memory Cueing task, during the proposed post-retrieval
consolidation or reconsolidation window. The action of the drugs was assessed by arousal and
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salivary cortisol measured before and after drug intake. On Day 3 (another 24 hours later),
participants underwent a final cued recall memory test, enabling assessment of the impact of post-
retrieval noradrenergic and glucocorticoid activation on subsequent memory performance.

Critically, brain activity was recorded using fMRI throughout all stages of the memory paradigm,
on all three days. On Day 2, we also included resting-state scans before and after the Memory
Cueing task to assess offline memory reactivation. Given that associative memories rely on the
hippocampus and cortical representation areas (Kim 2010     ; Ranganath et al. 2004     ), such as the
ventral temporal cortex (VTC), which represents stimulus categories (scenes, objects) encountered
during encoding (Bracci, Ritchie, and de Beeck 2017; Grill-Spector and Weiner 2014     ), and the
posterior cingulate cortex (PCC), which is assumed to represent memory traces formed during
retrieval (Bird et al. 2015     ; Thakral et al. 2015     ), we focused our analysis on these key regions.
Building on recent findings in rodents (Khalaf et al. 2018     ), we hypothesized that the effects of
post-retrieval noradrenergic and glucocorticoid activation would critically depend on the
reinstatement of the neural event representation during retrieval. To investigate memory
reinstatement, we employed multivariate pattern analysis (MVPA) and representational similarity
analysis (RSA) across experimental days.

Results

Day 1: Successful Memory Encoding
After completing an associative encoding task comprising 164 word-picture pairs (Fig. 1     ),
participants engaged in an immediate cued recall task in which 144 previously presented ‘old’
word cues (plus eight catch trials) were presented intermixed with 152 ‘new’ foils. On each trial,
participants could respond with one of four options: ‘old/scene‘, ‘old/object‘, ‘old‘, or ‘new‘ (4AFC
decision; Fig. 1     ). Participants successfully distinguished between old words and new words,
with a 74.4% hit rate (response ‘old’, ‘old/scene’, ‘old/object’ to an old word) and a 16.8% false
alarm rate (response ‘old’, ‘old/scene, ‘old/object’ to a new word). Participants recognized the word
and correctly identified the associated image category in 47.3% of trials (associative category hit
rate) with an associative error rate of 13.1%. Signal detection theory-based analysis revealed an
average associative d’ of 1.13 (SE = 0.09).

Because the critical stress system manipulations were implemented only on Day 2
(hydrocortisone, yohimbine, placebo groups), we confirmed that immediate cued recall
performance on Day 1 did not differ between pairs later cued and uncued on Day 2 (F(1,58) = 1.25,
P = .267, η2 < 0.01), nor between groups (all main or interaction effects; all Ps > .481; see
Supplemental Table S1). Moreover, groups did not differ in mood, arousal, or cortisol levels before
encoding on Day 1 (all Ps > .564; see Supplementary Table S2). Whole-brain fMRI analyses on
immediate cued recall data (associative category hits > associative misses), considering the within-
subject factor Cued and the between-subjects factor Group, revealed no significant main or
interaction effects (all Ps > .564; see Supplementary Table S2). These outcomes suggest comparable
neural underpinnings of immediate (Day 1) memory retrieval for pairs that, on Day 2, were
subsequently cued and correctly remembered and pairs subsequently uncued, as well as across
experimental groups on Day 1.

Day 2: Neural Signatures of Successful Memory Reactivation

Successful Memory Cueing

On Day 2, participants returned to the MRI scanner for a Memory Cueing task (cued recall; 2AFC;
Fig. 1     ) in which half of the word-picture associations encoded on Day 1 were cued. Before the
Memory Cueing task, there were no significant differences between groups in subjective mood,
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Fig. 1.

Experimental task.

The impact of post-retrieval yohimbine and hydrocortisone on subsequent memory was tested in a 3-day paradigm,
recording fMRI data on all days. On Day 1, participants encoded word-picture pairs across three runs and then underwent an
immediate cued recall test. On Day 2, 24 hours later, participants started with a 10-minute resting-state fMRI scan, followed
by the oral administration of 20 mg yohimbine (YOH), 20 mg hydrocortisone (CORT), or a placebo (PLAC). Thereafter, in the
Memory Cueing task, half of the word-picture pairs were cued by presenting the corresponding word; Day 2 ended with
another 10-minute resting-state scan. On Day 3, again 24 hours later, participants completed a final cued recall test including
word cues for all 144 pairs from Day 1 encoding, half of which had been cued and half of which had not been cued on Day 2,
along with 152 new foils.
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autonomic arousal, or salivary cortisol (all Ps > .096, Supplemental Table 2). During this task,
participants were presented 76 old cue words (36 previously paired with scenes, 36 previously
paired with objects, and four catch trials). Participants were instructed to recall the picture
associated with the word cue in as much detail as possible and to indicate whether the picture
depicted an object or a scene. Due to the absence of new foils in this task, memory outcomes were
restricted to associative hits (i.e., correct trials) and associative misses (i.e., incorrect trials).
Overall, participants performed well, accurately identifying the correct picture category in 67.5%
of trials (SE = 2.6%; chance = 50%), and the three groups did not differ in performance (F(2,58) =
1.53, P = .224, η2 = 0.05).

Neural Reactivation in Hippocampus and
Cortical Areas during Memory Cueing

Drawing upon recent discoveries in rodent studies (Khalaf et al. 2018     ), we hypothesized that the
impact of post-retrieval noradrenergic and glucocorticoid activation would hinge significantly on
the reactivation of neural event representations during and after retrieval. To initially elucidate
the neural underpinnings of successful memory retrieval (i.e., retrieval success), we examined
univariate brain activity on associative hits vs. associative misses in the Memory Cueing task. A
whole-brain fMRI analysis revealed significant activation in bilateral hippocampi (Left: [-26, -32,
-10], t = 7.93, P(FWE) < .001; Right: [32, -40, -12], t = 7.89, P(FWE) < .001), ventral temporal cortex
(VTC; Left: [-30, -40, -12], t = 7.75, P(FWE) < .001; Right: [52, - 50, -14], t = 7.26, P(FWE) < .001), and
PCC ([4, -42, 38], t = 8.10, P(FWE) < .001), along with other regions central for episodic memory
retrieval (e.g., medial prefrontal cortex; see Supplemental Table S3). Importantly, there were no
group differences in univariate brain activity related to successful retrieval during the Memory
Cueing task (all Retrieval success × Group interaction Ps > .420).

A linear mixed-effects model (LMM) using participants’ reaction times as a proxy for memory
confidence/memory strength revealed that higher hippocampal as well as PCC activity was
associated with faster 2AFC reaction times (Left hippocampus: β = -0.51 ± 0.18, t = -2.88, P = .018,
R2conditional = 0.08; Right hippocampus: β = -0.47 ± 0.18, t = -2.60, P = .033, R2conditional = 0.11;
PCC: β = -0.75 ± 0.20, t = -3.67, P < .001, R2conditional = 0.09), while no such relation was observed
in the VTC (P = .282). Importantly, LMMs did not reveal main or interaction effects including the
factor Group (all Ps > .131). Thus, while these four regions were generally more active during
successful vs. unsuccessful memory cueing, activity in the hippocampus and PCC also tracked
memory confidence/memory strength (also shown in (Gordon et al. 2014     ).

Category-Level Pattern Reinstatement in Hippocampus
and Cortical Areas during Memory Cueing

In an independent localizer task, we assessed the discriminability of category-related beta patterns
in the VTC, hippocampus, and PCC while participants viewed scenes, faces, and objects (Fig. 2A     ).
Employing a leave-one-run-out cross-validated L2-regularized logistic regression analysis, we
classified scenes versus objects and evaluated classifier performance based on accuracy. For the
VTC, the average classifier accuracy was high (M±SD: 90.0% ± 0.1%); t(60) = 25.99, P < .001, d = 3.83)
indicative of reliable category-level processing in the VTC. Importantly, there were no significant
group differences in classification accuracy (F(1,59) = 2.56, P = .115, η2 = 0.04). Further probing VTC
category processing, we next tested the localizer-trained classifier on the Day 1 Encoding task (Fig.
2B     ), in which objects and scenes were presented. Average accuracy was again high (M±SD:
77.9% ± 0.9%, t(60) = 29.88, P < .001, d = 3.80), further supporting category-level processing in the
VTC, again without significant group differences in classification accuracy (F(2,58) = 0.44, P = .643,
η2 = 0.01).

Next, we quantified the reinstatement of visual category-level representations during successful
memory cueing on Day 2 in the VTC. Using the localizer-trained logistic classifier, testing on all
trials of the Memory Cueing task (in which only words but not associated images were presented)
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Fig. 2.

Trial-wise pattern reinstatement during Encoding and the Day 2 Memory Cueing task.

A To derive an index of visual category reinstatement in the VTC, an independent localizer task was conducted at the end of
Day 3. During this task, pictures of scenes and objects were presented block-wise to participants. B The resulting neural
patterns of both categories were then used to train an L2-regularized logistic regression. This function served to classify trial-
wise patterns during the Day 1 Encoding task as well as the Day 2 Memory Cueing task, while also providing the strength of
category-level online reinstatement (quantified as logits).
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confirmed that associative hits were accompanied by stronger visual category pattern
reinstatement in VTC, compared to associative misses (main effect Retrieval Success: F(1,58) =
12.45, P < .001, η2 = 0.13). Importantly, there were no significant differences between groups in VTC
reinstatement during the Memory Cueing task (all main and interaction effects, Ps > .504).
Subsequently, we tested whether the strength of single-trial category-level reinstatement (logits) in
VTC was predicted by Day 2 memory performance. A generalized linear mixed model revealed a
main effect of Retrieval success (F(1,58) = 12.61, P = .003, η2 = 0.13)., but no effect of Group and no
Group × Retrieval success interaction (both Ps =1), showing that successful memory cueing on Day
2 was associated with greater trial-wise category-level reinstatement in the VTC, without
differences between groups. Finally, we tested the VTC-trained classifier selectively on associative
hit trials, corresponding to remembered scenes and objects, during the Memory Cueing task.
Overall, the classifier distinguished remembered scenes from remembered objects, performing
significantly above chance-level (50%; M±SE = 54.4% ± 1.0%; t(60) = 4.44, P < .001, d = 1.14), without
a difference between scenes and objects (P = .092). By contrast, when tested on associative miss
trials, the classifier failed to differentiate forgotten scenes from forgotten objects (M±SE = 50.1% ±
1.7%; P = 1). Again, classifier accuracy on remembered trials in VTC did not differ between groups
(F(2,58) = 0.86, P = 1, η2 = 0.03).

We also examined scene vs. object classification accuracy in the left and right hippocampus, using
data from the independent localizer. The average accuracy scores did not significantly differ from
chance (50%; Left: M±SD: 53.3% ± 1.8%, t(60) = 1.72, P = .501, d = 0.22; Right: M±SD: 52.9% ± 1.5%,
t(60) = 1.50, P = .520, d = 0.18), indicating poor category-coding in the hippocampus (Liang, Wagner,
and Preston 2013     ). We also trained the classifier on the localizer runs (scenes vs. objects) and
tested it on the Day 1 Encoding task data, in which objects and scenes were presented. The average
accuracy scores were above chance-level (50%; Left: M±SD: 53.8% ± 0.9%, t(60) = 3.29, P = .006, d =
0.42; Right: M±SD: 53.4% ± 0.9%, t(60) = 3.71, P <. 001, d = 0.93) indicating category-coding in the
hippocampus during visual encoding, without significant group differences in classification
accuracy (Left: F(1,59) = 0.02, P = .874, η2 < .01; Right: F(1,59) = 0.03, P = .784, η2 < 0.01). However, in
contrast to VTC, classifiers trained on localizer activation patterns in the left and right
hippocampus were neither able to distinguish remembered scenes and remembered objects (Left:
M±SE = 50.71% ± 1.0%; t(60) = 0.69, P = 1, d = 0.09; Right: M±SE = 51.82% ± 0.9%; t(60) = 2.10, P =
.156, d = 0.23), nor forgotten scenes and forgotten objects (Left: M±SE = 47.95% ± 1.6%; t(60) = -1.31,
P = 1, d = 0.17; Right: M±SE = 49.61% ± 1.3%; t(60) = -0.27, P = 1, d = 0.09) when tested on Day 2
Memory Cueing task data.

Finally, we examined scene vs. object classification accuracy in the PCC using localizer task data.
The average accuracy scores significantly exceeded chance level (50%; M±SD: 62.4% ± 2.24%, t(60)
= 5.39, P < .001, d = 0.69), indicating category-coding in PCC, without group differences (F(1,59) =
0.81, P = .370, η2 = 0.01). We also trained the classifier on the localizer runs (scenes vs. objects) and
tested it on the Day 1 Encoding task data. The average accuracy scores were above chance (50%;
M±SD: 54.6% ± 1.0%, t(60) = 4.43, P < .001, d = 0.57), indicating category-coding in the PCC during
visual encoding, with no significant group differences in classification accuracy (F(1,59) = 0.45, P =
1, η2 < 0.01). The classifier trained on localizer activation patterns in the PCC was neither able to
distinguish remembered scenes and remembered objects during the Day 2 Memory Cueing task
(M±SE = 52.3% ± 0.98%; P = .092), nor forgotten scenes and forgotten objects (M±SE = 49.5% ±
1.70%; t(60) = -0.27, P = 1, d = 0.03).

Contrasting within-localizer classifier accuracies revealed a main-effect of Region (F(2,174) =
101.74, P < .001, η2 = .054). Post-hoc tests revealed significantly higher accuracy for the VTC
compared to PCC (t(60) = -12.00, P < .001, d = 1.54) and hippocampus (t(60) = - 17.40, P < .001, d =
2.24), and for the PCC compared to hippocampus (t(60) = -3.90, P < .001, d = 0.50). Moreover, while
we found evidence for category-level reinstatement during Day 1 Encoding in the VTC, PCC and
hippocampus, a main-effect of Region (F(2,174) = 192.32, P < .001, η2 = 0.69) revealed significantly
higher accuracy for the VTC compared to PCC (t(60) = - 16.90, P < .001, d = 2.18) and hippocampus
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(t(60) = -19.01, P < .001, d = 2.45). Classifier accuracy of PCC and hippocampus did not differ during
the Encoding task (t(60) = 0.94, P = 1, d = 0.12). Finally, significant category-level reinstatement of
remembered trials during the Day 2 Memory Cueing task was observed in cortical areas (VTC,
PCC), but not in the hippocampus. Comparing corresponding accuracy estimates revealed a main-
effect of Region (F(2,174) = 3.45, P = .034, η2 = 0.04). Post-hoc tests showed no difference between
VTC and PCC (t(60) = - 1.69, P = .283, d = 0.22) nor PCC and hippocampus (t(60) = 1.24, P = .660, d =
0.16), whereas VTC accuracy was significantly higher than hippocampal accuracy (t(60) = -2.61, P =
.034, d = 0.34).

No Evidence for Event-level Online Reinstatement

Beyond category-level reinstatement, we assessed event-level memory trace reinstatement from
initial encoding (Day 1) to memory cueing (Day 2), via RSA, correlating neural patterns in each
region (hippocampus, VTC, and PCC) across days. To test for evidence that associative hits during
memory cueing entailed the reinstatement of representations established at encoding, we
compared the average event-level Day 1 (encoding) to Day 2 (memory cueing) similarity of the
associative hits against 0. In PCC and hippocampus, we did not obtain evidence for event-level
memory trace reinstatement (t-test against 0; both Ps > .296). By contrast, for the VTC, average
similarity was significantly negative, suggesting that from Day 1 (encoding) to Day 2 (memory
cueing), neural patterns became more dissimilar (t(60) = -7.87, P < .001, d = 1.01). As the VTC is
implicated in category-level processing, we next compared trial-wise event- vs category-level
similarities. Results revealed that memory trace reinstatement during successful memory cueing
on Day 2 (i.e., associative hits) was characterized by significantly higher category-level
representations compared to event-level representations in all three regions (hippocampus: t(60) =
5.51, P < .001, d= 0.71; VTC: t(60) = -11.83, P < .001, d= 1.51; PCC: t(60) = 8.25, P < .001, d= 1.06). This
outcome is consistent with the above MVPA outcomes demonstrating that associative hits on Day 2
are accompanied by category-level reinstatement (as quantified by the localizer-trained classifier).
Given this finding, all subsequent analyses focused on category-level, rather than event-level,
patterns.

Day 2: Noradrenergic Activity and Glucocorticoid Concentrations
Shortly before the Memory Cueing task, participants were administered either 20 mg YOH (n = 21),
20 mg CORT (n = 21), or a PLAC (n = 20). Given the known pharmacodynamics of YOH and CORT,
we expected the drugs to be effective after the Memory Cueing task and subsequent resting-state
interval (Kluen et al. 2017     ; Krenz et al. 2021     ), exerting their influence during the putative post-
retrieval (re)consolidation window. To confirm successful noradrenergic and glucocorticoid
activation, and to verify that their effects occurred only after (but not during) the Memory Cueing
task, we assessed autonomic arousal (blood pressure, heart rate, and skin conductance), salivary
cortisol, and subjective mood throughout Day 2.

Analysis of autonomic measures revealed a significant Time × Group interaction in systolic blood
pressure (F(8.71, 256.99) = 5.87, P < .001, η2 = .03; Fig. 3A     ), but not in diastolic blood pressure or
heart rate (both Ps > .120; Supplemental Table S4). Post-hoc t-tests showed significantly higher
systolic blood pressure in the YOH group compared to the PLAC group 70 minutes (t(29.77) = -3.31,
P = .014, d = 1.02), 85 minutes (t(34.15) = -3.33, P = .012, d = 1.03), and 100 minutes after pill intake
(t(36.94) = -3.98, P < .001, d = 1.23). The CORT group did not significantly differ from the PLAC group
in systolic blood pressure (all Ps > .229). Importantly, systolic blood pressure in the YOH and CORT
groups did not differ from the PLAC group immediately before or after the MRI session, suggesting
that the drug was not yet effective during the Memory Cueing task and the post-reactivation
resting-state scan (both Ps > .485).

We also recorded skin conductance, a continuous indicator of autonomic arousal, during the MRI
scans (i.e., during the Memory Cueing task and the resting-state scans), when the drug should not
have been active yet. Skin conductance response analysis during the Memory Cueing task and pre-
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Fig. 3.

Effective noradrenergic and glucocorticoid action after Day 2 memory cueing.

Systolic blood pressure (A) and salivary cortisol (B) did not differ between groups before or immediately after the Memory
Cueing task. However, 70 minutes after pill intake, systolic blood pressure was significantly higher in the YOH group relative
to the PLAC group. Conversely, salivary cortisol was significantly higher in the CORT group relative to PLAC starting 40 min
after pill intake. Light yellow shades indicate the pre- and post-memory cueing resting-state fMRI scan periods. Data
represent means (± SE). ***P< .001, **P< .01.
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and post-reactivation resting-state scans showed no Time × Group interaction (F(3.30, 97.44) = 0.33,
P = .819, η2 < 0.01) and no main effect of Group (F(2,59) = 2.60, P = .083, η2 = 0.07), suggesting that
groups did not reliably differ in autonomic arousal during the MRI scans.

In contrast to systolic blood pressure, salivary cortisol increased, as expected, in the CORT group
but not in the YOH or PLAC groups (Time × Group interaction: F(5.33, 157.17) = 43.80, P < .001, η2 =
.472). Post-hoc t-tests indicated a significant cortisol increase in the CORT group compared to the
PLAC group at 40 minutes (t(27.91) = 2.30, P = .020, d = 0.99), 70 minutes (t(20.64) = -11.23, P < .001,
d = 3.42), and 100 minutes after pill intake (t(20.19) = - 10.36, P < .001, d = 3.15; Fig. 3B     ), whereas
salivary cortisol of PLAC and YOH groups revealed no significant difference at any timepoint (all
Ps > .350). Importantly, salivary cortisol concentrations did not differ between groups immediately
before or during the MRI session, suggesting that CORT was not yet effective during the Memory
Cueing task or post-reactivation resting-state scan (both Ps > .162). Finally, subjective mood
analyses across Day 2 revealed no significant Time × Group interaction on any scale (all interaction
Ps > .460; Supplemental Table S5).

Day 3: Memory Cueing Increases
Subsequent Memory Performance
On Day 3, 24 hours after memory cueing and drug administration, participants returned to the
MRI scanner for a final cued recall task. Groups did not differ in subjective mood, autonomic
arousal, or salivary cortisol before this final memory test (all Ps > .158, see Supplemental Table S2).
The Day 3 cued recall task was identical to that on Day 1, except that it contained novel lures.
Participants successfully distinguished between old words and new words, with an 81.1% hit rate
(response ‘old’, ‘old/scene’, ‘old/object’ to an old word) and a 21.75% false alarm rate (response
‘old’, ‘old/scene, ‘old/object’ to a new word). Participants recognized the word and correctly
identified the associated image category in 50.1% of trials (associative category hit rate) with an
associative error rate of 11.6%. Day 3 associative d’ was 1.14 (SE = 0.15). Importantly, across
groups, memory was significantly enhanced for associations that were cued and successfully
retrieved on Day 2 (M = 2.05; SE = 0.21) compared to uncued associations (M±SE = 1.14 ±0 .15;
F(1,58) = 143.51, P < .001, η2 = 0.29; Fig. 4     ), in line with the established testing effect (Karpicke
and Roediger 2008     ; Roediger and Karpicke 2006     ), and confirming the efficacy of the selective,
association-specific cueing manipulation.

According to both memory reconsolidation and mnemonic interference accounts, drugs should
selectively affect subsequent memory for associations cued and reactivated before the effective
action of the drugs on Day 2 but not for uncued items. When collapsing across all cued
associations (i.e., not considering whether the memory was indeed reactivated), a mixed-design
ANOVA on associative d’ scores revealed neither a significant Cued × Group interaction nor a main
effect of Group (all Fs < 2.08, all Ps > .134), suggesting that the mere presentation of the word cue
on Day 2 was insufficient to induce post-retrieval stress hormone effects that change future
memory performance. Furthermore, univariate analyses showed no Cued × Group interactions in
whole-brain or ROI activity.

Day 3: Effects of Post-retrieval Noradrenergic
Stimulation on Subsequent Memory Depend on
Prior Online Hippocampal and Cortical Reactivation
We hypothesized that the post-retrieval effects of noradrenergic arousal and cortisol on
subsequent memory depend on robust neural memory reactivation shortly before the action of
the drugs on Day 2. We therefore tested whether the strength of neural reinstatement during
successful memory cueing (Day 2) predicted the impact of post-retrieval noradrenergic and
glucocorticoid activation on subsequent memory (Day 3). Overall, univariate activity on cued and
correct trials (Day 2 associative hits) in hippocampus, PCC and VTC did not reveal any interaction
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Fig. 4.

Subsequent memory performance on Day 3, split for cued and correct (Day 2) and uncued trials.

Average memory performance (associative d’) was significantly increased for cued and correct (Day 2) trials compared to
uncued trials. This effect was, however, unaffected by the pharmacological manipulation. Data represent means +- SE. ***P<
.001.
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with Group on subsequent memory (Day 3 associative d’), suggesting that the average activation
across trials and voxels within a single brain area may not suffice to predict post-retrieval effects
of noradrenaline or cortisol (all interaction Ps > .711).

Reaction times from the Day 2 Memory cueing task, revealed a trial-specific gradient in
reactivation strength. Thus, we turned to single-trial analyses, differentiating (median splitting)
Day 3 trials by short and long reaction times during memory cueing on Day 2, putatively indicative
of high/low underlying memory reactivation. A GLMM was employed to predict associative
category hits on Day 3 by Group and Day 2 Reaction time (short, long). A significant interaction
(Group × Reaction time (Day 2) interaction: β = 0.79 ± 0.30, z = 2.61, P = .008, R2conditional = 0.27 ;
Figure 5A     ) revealed that the relationship between Day 2 reactivation and the probability of an
associative hit on Day 3 varied across groups. Post-hoc marginal means tests revealed a
differential decrease in the probability of associative hits on Day 3 in light of short Day 2 reaction
times when comparing YOH vs. CORT (β = 2.55 ± 0.94, z-ratio = 2.55, P = .031) and YOH vs. PLAC (β =
0.34 ± 0.14, z-ratio = -2.55, P = .032). By contrast, comparing CORT vs. PLAC revealed no such
difference (β = 0.88 ± 0.37, z-ratio = -0.29, P = 1), suggesting that noradrenergic arousal specifically
interacts with strongly reactivated representations after retrieval.

As hippocampal and PCC activity scaled with Reaction times from the Day 2 Memory cueing task,
we next differentiated trials according to the strength of their neural reactivation. To relate Day 2
reactivation strength to subsequent memory (Day 3), we fit GLMMs, predicting Day 3 associative
category hits by ROI activity (Day 2), Reaction time (Day 2) and Group. Strikingly, shorter reaction
times and stronger hippocampal activity on Day 2 predicted an increased probability of an
associative category hit on Day 3 memory in the PLAC group, whereas these measures of stronger
reactivation on Day 2 predicted a lower probability of an associative category hit on Day 3 in the
YOH group (Group × Hippocampal activity (Day 2) × Reaction time (Day 2) interaction: β = 0.90 ±
0.36, z = 2.45, P = .038, R2conditional = 0.27) but not in the CORT group (β = 0.89 ± 0.39, z = 2.28, P =
.068). Post-hoc comparisons confirmed significant differences in strongly reinstated trials between
YOH and PLAC groups (β = -1.12 ± 0.35, z-ratio = -3.13, P = .005) and between YOH and CORT groups
(β = 0.88 ± 0.34, z-ratio = 2.58, P = .029), but not between PLAC and CORT groups (β = -0.23 ± 0.36, z-
ratio = -0.63, P = 1; Fig. 5A     ). Parallel models with univariate PCC and right hippocampal activity
did not yield a significant interaction with Group (all Ps > .081), suggesting that cued memories
specifically accompanied by left hippocampal reactivation during Day 2 was associated with
increased vulnerability to the influence of post-retrieval YOH, disrupting post-retrieval processing
and subsequent memory on Day 3.

We further hypothesized that the post-retrieval effects of noradrenergic arousal and cortisol on
subsequent memory would depend on the reinstatement of the original memory trace (as assayed
by the similarity of neural patterns during Encoding and Memory Cueing). We therefore tested
whether the strength of memory trace reinstatement in the hippocampus, VTC and PCC during
successful memory cueing (Day 2) predicted the impact of post-retrieval noradrenergic and
glucocorticoid activation on subsequent memory (Day 3). In contrast to our prediction, none of
these regions showed a significant effect that included the factor Group (all Ps > .257). These
results suggest that the previously observed post-retrieval noradrenergic subsequent memory
impairment may be associated with retrieval-related univariate activity but not the reinstatement
of encoding-related neural patterns.

Building on our observation that category-level pattern reinstatement during Day 2 memory
cueing (assessed by MVPA) in the VTC was linked to successful memory retrieval, we next
classified cued and correct (Day 2) trials as strongly or weakly reactivated based on a median-split
on the strength of VTC category-level pattern reinstatement (assayed by logits), allowing us to
include the uncued trials in further analyses. Testing whether Reactivation strength (uncued, low
VTC reinstatement, high VTC reinstatement) interacted with Group and Hippocampal activity (Day
2) to predict Day 3 (24-hour-delayed) memory performance yielded a significant interaction (β =
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Fig. 5.

Subsequent memory impairment by noradrenergic activation
depends on hippocampal and VTC online reactivation.

A Reactivation strength was initially indexed using trial-wise reaction times (memory confidence) during the Day 2 Memory
Cueing task. In all three groups, the probability of a later associative category hit on Day 3 was greater on trials for which
there was shorter reaction times/higher confidence during recall on Day 2. However, post-retrieval adrenergic activation
(YOH group) differentially impaired subsequent memory following high confidence Day 2 retrieval, suggesting that trials
which are reactivated more strongly prior to noradrenergic activation are affected most by the intervention. B Such
reductions in the probability of later associative category hits on Day 3 was further related to high hippocampal activity
during Day 2 memory cueing specifically for the YOH group. Notably, trials which were retrieved with low confidence during
memory cueing were not affected by any drug. C Further reductions in the probability of later associative category hits on
Day 3 were observed for strong category level reinstatement in the VTC in conjunction with strong hippocampal univariate
activity in YOH group on Day 2, which differed from the relationships seen in the PLAC and CORT groups. As such, post-
retrieval adrenergic activation (YOH group) impaired subsequent memory as a function of the strength of memory
reactivation prior to drug efficacy. *P<.05,***P<.001.
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-0.21±0.07, z = -3.08, P = .002, R2conditional = 0.18; Fig. 5B     ). Post-hoc slope tests confirmed that
noradrenergic activation significantly affected Day 3 memory for the trials associated with
stronger trial-wise VTC category-level pattern reinstatement and hippocampal univariate activity
on Day 2, resulting in an impairment of subsequent retrieval on Day 3 (YOH vs. PLAC: β =
0.14±0.05, z-ratio = 2.57, P = .030; YOH vs. CORT: β = 0.13±0.05, z-ratio = 1.31, P = .708; Fig. 5C     ). By
contrast, neither drug affected Day 3 memory for the trials associated with weaker trial-wise VTC
category-level pattern reinstatement and hippocampal univariate activity on Day 2 (all Ps > .210).
Notably, when directly comparing the slopes of weak and strong category-level VTC reinstatement
in interaction with hippocampal activity, only the YOH group showed a significant decrease
related to Day 3 performance (YOH: β = 0.12±0.05, z-ratio = 2.72, P = .018; CORT: β =- 0.02±0.05, z-
ratio = -0.42, P = 1; PLAC: β =- 0.09±0.05, z-ratio = -1.68, P = .274).

Offline Reinstatement Analyses
Aside from examining neural activity related to retrieval during the Memory Cueing task, we also
investigated offline reactivation, which is manifested in neural reinstatement observed during the
resting-state scans conducted both pre and post memory cueing (Supplemental Methods S2).
Neural representations from the Memory Cueing task were reinstated significantly offline (i.e.,
post > pre resting state) in the hippocampus, PCC, and VTC. Moreover, the initial patterns from
encoding were reinstated offline in the VTC (Supplemental Results S2). However, in contrast to the
above reported online reactivation × drug effects, none of these factors interacted with Group
when considering Day 3 subsequent memory performance (Supplemental Results S3).

Discussion

Upon their retrieval, memories can become sensitive to modification (Dudai and Eisenberg
2004     ; Nadel et al. 2012     ). Such post-retrieval changes in memory may be fundamental for
adaptation to volatile environments, yet the brain mechanisms involved in the dynamics of
memory after retrieval are largely unknown, especially in humans. Here, we aimed to shed light
on the neural mechanisms underlying the impact of post-retrieval elevations in the major stress
mediators noradrenaline and cortisol on subsequent remembering. Our results revealed that post-
retrieval noradrenergic activation led to an impairment in subsequent memory, depending on
memory strength/confidence, hippocampal activation, and VTC pattern reinstatement during
memory reactivation. By contrast, post-retrieval glucocorticoid activation did not influence
subsequent memory in any way.

Previous research showed that administering the beta-blocker propranolol after memory
reactivation reduces subsequent memory, potentially interfering with the putative reconsolidation
process (Kindt et al. 2009     ; Przybyslawski et al. 1999     ; Schramm et al. 2016     ; Schwabe, Joëls, et
al. 2012). While this impairing influence has not been consistently replicated (Bos et al. 2014     ;
Elsey et al. 2020     ; Muravieva and Alberini 2010     ; Wood et al. 2015     ), these results suggest that
post-retrieval noradrenaline may facilitate subsequent remembering. In contrast to this idea, our
results demonstrate that increased noradrenergic stimulation after memory retrieval impairs
subsequent memory. However, a key distinction between our study and prior research using
propranolol lies in the emotional nature of the memory task. Previous studies predominantly
focused on emotionally arousing information or fear memories (Dębiec and LeDoux 2004     ; Lee,
Milton, and Everitt 2006     ; Phelps et al. 2004     ), assuming that post-retrieval propranolol may
weaken reconsolidation by attenuating the emotional salience of memories, making them more
comparable to neutral ones (Schwabe, Nader, et al. 2012). In our study, we employed emotionally
neutral scene images, offering a novel context to explore noradrenergic effects on memory
(re)consolidation or mnemonic interference. Furthermore, our findings suggest a potential
inverted u-shaped relationship between post-retrieval noradrenergic arousal and subsequent
memory, where both noradrenergic blockade by propranolol and strong noradrenergic
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stimulation induced by yohimbine result in a subsequent memory impairment. This idea is in line
with previous reports of inverted u-shaped relationships between noradrenergic arousal and
memory processes (Arnsten 2011     ; Birnbaum et al. 1999     ; Hernaus et al. 2017     ; Li and Mei
1994     ). Most importantly, our results suggest that the yohimbine-induced memory impairment
critically depended on hippocampal reactivation during memory cueing. The hippocampus,
crucial for episodic memory formation and retrieval, is highly sensitive to noradrenergic
modulation, which can impact hippocampal long-term potentiation and depression (Katsuki, Izumi,
and Zorumski 1997     ; Strange et al. 2014     ). Excessive noradrenergic activity in the hippocampus
may further have disrupted neurotransmission (Diamond et al. 2007     ; Kim and Kim 2023     ). This
disruption may have manifested as deficits in consolidating new retrieval-related memory traces
or reconsolidating existing memories. Furthermore, the subsequent memory impairment in the
YOH group was additionally dependent on robust activation of the VTC during memory cueing.
These effects could relate to an impeding of the (re)consolidation of visual memory contents, given
the VTC’s role in processing complex visual stimuli and encoding categorical information, such as
scenes (Bracci et al. 2017     ; Grill-Spector and Weiner 2014     ).

In addition to noradrenergic activation, acute stress is accompanied by a significant increase in
cortisol levels, which has been associated with impairments in putative memory reconsolidation
after retrieval (Antypa et al. 2021     ; Maroun and Akirav 2008     ; Vafaei et al. 2023     ; Wang et al.
2008     ). Our results revealed that post-retrieval glucocorticoid activation did not influence
subsequent memory, as the placebo and cortisol groups performed similarly in the subsequent
memory task. Acute stress triggers a series of neurochemical changes, and it has been shown that
noradrenergic and glucocorticoid activation are strongly intertwined. Accordingly, previous
studies have highlighted that the effects of glucocorticoids on memory processes are particularly
pronounced when accompanied by high noradrenergic arousal, commonly observed during
stressful situations (de Quervain, Aerni, and Roozendaal 2007     ; Roozendaal et al. 2006     ;
Schwabe et al. 2022     ). Notably, in the current study, the administration of hydrocortisone was not
associated with an increase in arousal or negative mood. As such, our findings may imply that
cortisol alone is not sufficient to influence post-retrieval updating and necessitates concurrent
noradrenergic arousal for its memory-modulating effects to fully manifest (Maroun and Akirav
2008     ; Roozendaal et al. 2006     ).

There is evidence suggesting that memory updating depends not only on neural processes during
retrieval (i.e., online processing) but also on offline neural reinstatement or replay during post-
retrieval rest (Schlichting and Preston 2014     ; Staresina et al. 2013     ). However, whether offline
neural reinstatement after retrieval is involved in post-retrieval changes of subsequent memory
remains unclear. Here, we tested for the first time whether post-retrieval manipulations of
memory are dependent on neural offline reinstatement after memory cueing. While we generally
observed significant offline reactivation events in the post-cueing interval compared to pre-cueing
(see Supplement Results), our findings revealed that neither drug significantly affected subsequent
memory via interacting with offline reinstatement dynamics. To explain this absence of an effect,
it is important to note the differences between the estimated neural online compared to offline
parameters. While it might seem that offline reinstatement reflects a mere repetition of the neural
signal reactivated during retrieval, these two parameters are not directly comparable.

We investigated offline reactivation in the brain during rest periods before and after a Memory
Cueing task by examining neural patterns with RSA. We compared neural activity from the
Memory Cueing task with resting-state fMRI scans taken before and after the task, focusing on the
hippocampus, VTC, and PCC. To identify reactivation events, we calculated the mean correlation
plus 1.5 standard deviations from the pre-cueing phase and applied this threshold to assess pre-
and post-cueing correlation matrices. We repeated this process using the post-cueing threshold.
Finally, we quantified the number of offline reactivation events by counting the correlations that
exceeded these thresholds. The reported offline reinstatement events are hence based on
differences in correlations that exceed a threshold, and do not reflect the direct strength of the
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underlying neural correlate (such as e.g. trial-wise hippocampal activity). Given that the observed
impairments in subsequent memory in the YOH group were directly dependent on the trial-
specific strength of online neural reactivation (i.e., hippocampal activity and reaction times) one
would need to derive a comparable assay from the offline intervals. Finally, on that matter is
important to note that the reaction time (confidence) during memory cueing was the most
powerful predictor of post-retrieval effects; a predictor that cannot be derived from resting state
intervals.

In line with central tenets of reconsolidation theory (Lee et al. 2017     ; Nader and Einarsson
2010     ; Schwabe et al. 2014     ), the disruptive effects of YOH were contingent on memory
reactivation. There were no differential effects of noradrenergic activation on cued but incorrectly
recalled events relative to uncued events, suggesting that memories, if not correctly recalled,
remained resistant to modification. Moreover, the extent of neural reactivation on Day 2
correlated with subsequent memory performance, further underlining the crucial role of neural
memory reactivation for post-retrieval modifications of memory. Notably, the triggering of
putative reconsolidation is posited to be initiated by prediction errors (PEs; Díaz-Mataix et al.
2013     ; Fernández, Boccia, and Pedreira 2016     ; Sevenster, Beckers, and Kindt 2013     ). In the
present study, PEs may have resulted from the incomplete reminder structure during cued recall
(Kroes et al. 2014     ; Sinclair and Barense 2019     ). That said, our findings are more in line with
disruption of the consolidation of retrieval-related memory presentations rather than
reconsolidation theory, as we did not observe interactions of any drug with the reinstatement of
the original memory trace. Thus, the observed effects of post-retrieval noradrenaline on
subsequent remembering were potentially owing to alterations in new memory traces formed
during retrieval, as suggested by multiple trace theory (or interference) accounts of post-retrieval
changes in memory. This interpretation is speculative and limited by the fact that we also did not
observe any drug interactions with pattern reconfigurations across days.

Finally, it is important to note that we administered drugs before memory cueing on Day 2, in
order to achieve, in light of the known pharmacodynamics of hydrocortisone and yohimbine
(Krenz et al. 2021     ; Schwabe et al. 2010     ), effective drug actions shortly after memory
reactivation, during the proposed (re)consolidation window. However, as we administered drugs
before memory cueing, these could have potentially affected the memory reactivation itself, rather
than post-retrieval processes. Our physiological data indicated that the drugs were effective only
after the Memory Cueing task. Moreover, groups did not significantly differ in performance or
associated neural activity in the Memory Cueing task. These data support the assumption that the
drugs did not interfere with memory cueing or reactivation processes, but rather most likely
affected post-retrieval (re)consolidation processes.

Previous research demonstrated that acute stress after retrieval, during the proposed
reconsolidation window, can impair subsequent memory (Dongaonkar et al. 2013     ; Hupbach and
Dorskind 2014     ; Larrosa et al. 2017     ; Maroun and Akirav 2008     ; Schwabe and Wolf 2010     ).
Here, we show that post-retrieval increases of noradrenergic arousal, but not of cortisol, reduce
subsequent remembering. Critically, the observed memory impairment depended on the strength
of online neural reinstatement occurring during retrieval, but not offline reinstatement after
retrieval, especially in the hippocampus and neocortical representation areas. Our findings
provide novel insights into the mechanisms involved in post-retrieval dynamics of memory in
general and in those involved in the impact of stress mediators after retrieval in particular.
Beyond their theoretical relevance, these findings may have relevant implications for attempts to
employ post-retrieval manipulations to modify unwanted memories in anxiety disorders or PTSD
(Parsons and Ressler 2013     ; Wessa and Flor 2007     ). Specifically, the present findings suggest
that such interventions may be particularly promising if combined with cognitive or brain
stimulation techniques ensuring a sufficient memory reactivation.
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Materials and Methods

This study was preregistered before the start of data collection at the German Clinical Trials
Register (DRKS; https://drks.de/search/en/trial/DRKS00029365     ).

Participants
Sixty-eight healthy, right-handed adults (28 women, 40 men) with no history of neurological or
psychiatric diseases were recruited for this experiment. Additional exclusion criteria included
smoking, drug abuse, prescribed medication use, pregnancy or lactation, a history of kidney- or
liver-related diseases, body-mass index below 19 or above 26 kg/m², diagnosed cardiovascular
problems as well as any contraindications for MRI measurements. Women were not tested during
their menses and excluded if they used hormonal contraceptives due to potential interactions with
the pharmacological intervention. Participants were instructed to abstain from caffeinated
beverages, exercise, and eating or drinking (except water) for 2 hours before the experiment
(Heinbockel, Wagner, and Schwabe 2024     ). Seven participants were excluded from analyses due
to acute claustrophobia (n = 1) or technical failure (n = 3), no Day 3 memory performance (n =1), or
because they did not return on Day 2 or 3 (n = 2), thus leaving a final sample of n = 61 participants
(25 women, 36 men, age = 19-34 years, mean = 25 years, SD = 4 years). The study employed a fully
crossed, placebo-controlled, double-blind, between-subjects design, with participants randomly
assigned to one of three groups: placebo (PLAC), Yohimbine (YOH), or Cortisol (CORT).. All
participants provided written informed consent and received monetary compensation.. An a
priori power calculation with G*Power (Faul et al. 2007     ) indicated that a sample size of N = 66 is
required to detect a medium-sized Group × Reactivation interaction effect with a power of .95. The
study was approved by the ethics committee of the Medical Chamber of Hamburg (PV5960).
Groups did not differ significantly from each other with respect to depressive mood, chronic
stress, and state or trait anxiety (see Supplemental Results S1 and Supplemental Table S6).

Experimental Procedure
The study took place on three consecutive days, with all tasks conducted in the MRI scanner
during morning hours (8:30 am - 12:30 pm) to control for the diurnal rhythm of cortisol. On each
day we obtained measures of blood pressure, heartrate, salivary cortisol and mood to control for
potential baseline differences between groups as well as to assess the effective pharmacological
manipulation on Day 2. The used three-day memory task including the training session was
identical to the paradigm applied in Heinbockel, Wagner, and Schwabe 2024     .

Experimental Day 1: associative encoding task Participants engaged in a brief (∼5 min) training
session before the encoding task to become familiar with the procedure. This training replicated
the 3-day paradigm structure, which included an encoding session and a cued recall test using
word-picture associations that were not part of the main experiment. For the actual encoding task,
participants were required to memorize 164 unique word-picture pairs across three runs. Each
pair was presented three times (once per run), consisting ofGerman nouns (see Supplemental
Methods S1) paired with images of colored scenes (Xiao et al. 2010     ) or objects (Brodeur, Guérard,
and Bouras 2014     ). During each trial, a word and picture appeared for 3 s (words on top of the
screen, pictures in the centre), and participants rated the fit of each pair on a 4-point Likert scale
using an MRI-compatible button box. A black fixation cross was diplayed between trials for 5-9 s
(jitter: 0 – 4 s, mean-jitter: 2 s). Each run lasted about 25 min, with a 2-minute break between runs,
making the total duration for the three runs approximately 90 minutes. Of the 164 word-picture
pairs presented during encoding, 20 pairs were designated as catch trials for the subsequent cued
recall tasks (see Supplemental Methods S2). As such, all memory analyses were based on 144 of the
encoded word-picture pairs.
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Experimental Day 1: immediate cued recall

After the encoding task, participants took a 15 min break before receiving instructions for the
immediate cued recall task. Returning tothe MRI scanner, they were presented with 152 words
from the prior encoding phase (’old’) and 152 new words, including eight catch trials.. Each test
word appeared for 4 s, prompting participants to make one of four memory decisions: ‘new,’ ‘old,’
‘old/scene,’ or ‘old/object.’ The latter two responses were used if participants recognized the word
as old and to indicate the category of the associated image. Responses were made using an MRI-
compatible button box, with the positions of ‘old/scene’ and ‘old/object’ randomized (50%)
between the ring and little fingers for each trial. A black fixation cross appeared between trials for
5-9 seconds (jitter: 0-4 seconds, mean jitter: 2 seconds).

Experimental Day 2: drug administration and memory cueing

Participants returned to the MRI scanner on Day 2, and initially underwent 10 minutes of eyes-
open resting state scanning. Next, participants orally received one of the pharmacological agents
(YOH, CORT) or a PLAC, depending on the experimental group. YOH is a α2-adrenoceptor
antagonist that leads to increased adrenergic stimulation, while CORT is the synthetic variant of
the stress hormone cortisol. The timing and dosage of the drugs were chosen in accordance with
previous studies (Kausche et al. 2021     ; Zerbes, Kausche, and Schwabe 2022     ). They were taken
orally under supervision of the experimenter immediately before the Memory Cueing task, in
order to ensure the action of the drug shortly after the reactivation, i.e. during the reconsolidation
window. The pills were indistinguishable, and the experimenter remained unaware of
participants’ group assignments, ensuring double-blind testing. Following pill intake, participants
completed a Memory Cueing task, which lasted about 20 minutes. The task included half of the
previously studied old words (72 trials, 36 word-scene associations and 36 word-object
associations) and four catch-trials. The words from Day 1 were re-presented for 4 s, with an ITI of
5 to 9 s (jitter: 0 – 4 s, mean-jitter: 2 s). On each trial, participants were asked to remember the
specific picture that had been associated with this word (i.e., the retrieval cue) during the Day 1
encoding session. Participants were requested to indicate the category of the picture belonging to
the presented word. The position of the response options (objects vs. scene; category level 2AFC)
were randomly switched between the ring and little fingers on each trial. Because the task
involved a two-alternative forced choice (2AFC) for categories, hits and misses could indicate not
only correct or incorrect retrieval of the associated category, but also correct or incorrect guesses
about the associated category. Hits could result from recognizing the word as old and accurately
guessing the category, while misses could result from failing to recognize the word but correctly or
incorrectly guessing the category. This complexity underscores the importance of neural measures
of memory reactivation, which can differentiate between associative hits based on strong,
moderate, or minimal memory reactivation. Examining the gradient between stronger and weaker
reactivation is crucial for understanding the effects of post-retrieval interventions on memory
processes. Strong reactivation during Day 2 may render the memory more susceptible to the
effects of pharmacological agents. The task aimed to reactivate half of the word-picture pairs,
allowing for the examination of ‘testing effects’ and potentially opening a reconsolidation window.
The remaining pairs were not reactivated and served as baseline/control memories. After the
Memory Cueing task, participants underwent a 10-minute, eyes-open resting state scan. Following
this, they were taken out of the scanner and led to a separate room where they spent an hour
completing mood questionnaires and having physiological measurements (e.g., blood pressure)
taken to validate the action of the drugs, all while being provided with magazines to read. To
assess the efficacy of the pharmacological manipulation and the temporal dynamics of the drug
action, we measured systolic and diastolic blood pressure, heart rate, salivary cortisol (Sarstedt,
Germany) and subjective mood before drug administration (baseline), after the post-reactivation
resting state scan (40 min) and then in four further intervals of 15 minutes (55, 70, 85, 100 min
after drug intake). In order to verify that neither agent would take effect during the critical
Memory Cueing task, we additionally obtained a saliva sample directly after the Memory Cueing
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task (25 min) and recorded the heartrate as well as skin conductance rate continuously throughout
the three MRI sessions. In line with previous studies, saliva samples were stored at −20 °C until the
end of the study. From saliva we analysed the free fraction of cortisol by means of an
luminescence assay (IBL, Germany; see Heinbockel, Wagner, and Schwabe 2024     ; Meier and
Schwabe, 2024). Inter- and intra-assay coefficients of variance were below 10%.

Experimental Day 3: cued recall and functional localizer

Twenty-four hours after the reactivation session, participants returned to the MRI unit for the
final cued recall task, identical to the recall task on Day 1. Participants were presented with 152 of
the encoded words and 152 new words in random order. For each word, they had to indicate it
was ‘new’, ‘old’, ‘old’ and associated with a scene (’old/scene’), or ‘old’ and associated with an
object (’old/object’). . Following the final cued recall task, participants completed two runs of a
visual category localizer task inside the MRI scanner (Gagnon et al., 2018; Heinbockel, Wagner, and
Schwabe 2024     ). This task aimed to identify subject-specific patterns of category-level visual
representations, particularly in the VTC. During this task, participants made judgments about
images from three different categories: faces (CFD database (Ma, Correll, and Wittenbrink 2015     ),
objects (BOSS database (Brodeur et al. 2014     ), and scenes (SUN database (Xiao et al. 2010     ). Ten
pictures of each category were presented in twelve blocks (4 blocks per picture category) and
repeated in two runs. Categories were randomly switched between blocks. During each block a
picture was presented for 0.5 s, with an ITI of 1. During the image presentation, participants had to
judge whether in case of scenes it was ‘indoor’ or ‘outdoor’, in case of objects it was ‘artificial’ or
‘living’, and in case of faces whether it was ‘female’ or ‘male’. Upon completion of the first run, a
one-minute break was provided. The second run included the exact same blocks as the first, block-
categories were however randomly mixed again.

Behavioural memory data analysis

In our investigation of word-picture associative memory during the cued recall tasks on Day 1 and
Day 3 (using a 4AFC paradigm),, we recorded associative category hits when participants correctly
matched old word cues with the corresponding picture category (e.g., responding ‘old/scene’ for a
scene associate). This indicated the recognition of the presented word as old and retrieval of the
associated picture category at the category level. Associative category errors occurred when an old
word was recognized, but the wrong category was chosen (e.g., responding ‘old/object’ for a scene
associate). We termed all old trials that did not result in associative category hits as ‘associative
misses’, encompassing instances where an old word was presented, and the participant responded
‘new’, ‘old’, or ‘old’ with the wrong category. The average rates of associative category hits, misses,
and errors were calculated based on correct/incorrect responses relative to the total number of
cued and correct (from the Day 2 Memory Cueing task) and non-cued trials.

During the 2AFC Memory Cueing task on Day 2, participants could only select ‘scene’ or ‘object’ as
responses. Therefore, associative hits were recorded when participants correctly identified the
picture category (e.g., selecting ‘object’ for an object associate), while associative misses occurred
when participants selected the incorrect category. Hits and misses in this task could indicate either
correct/incorrect retrieval of the associated category or recognition of the word as old along with a
correct/incorrect category guess.Hits and misses in this task could indicate either correct/incorrect
retrieval of the associated category or recognition of the word as old along with a correct/incorrect
category guess. Neural measures of memory reactivation play a critical role in distinguishing
between 2AFC associative hits based on strong, moderate, or minimal reactivation. Average rates
of associative hits and misses were calculated based on correct/incorrect responses relative to the
total number of trials during the Day 2 Memory Cueing task.
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Imaging Methods

fMRI acquisition and preprocessing
A 3 T Magnetom Prisma MRI scanner (Siemens, Germany), equipped with a 64-channel head coil,
was used to collect functional and structural imaging data. Gradient-echo T2*-weighted
echoplanar images (EPIs) were obtained for the functional volumes, with a slice thickness of 2 mm
and an isotropic voxel size of 2 mm2. A descending interleaved multiband method aligned sixty-
two slices to the anterior commissure–posterior commissure line. The imaging parameters
included a repetition time (TR) of 2000 ms, an echo time (TE) of 30 ms, a flip angle of 60%, and a
field of view of 224 x 224 mm. Before the Day 2 Memory Cueing task, we acquired high-resolution
T1-weighted structural images for each participant using a magnetization-prepared rapid
acquisition gradient echo (MPRAGE) sequence. These structural images had a voxel size of 0.8 x 0.8
x 0.9 mm and comprised 256 slices. The imaging parameters for the MPRAGE sequence included a
TR of 2.5 s and a TE of 2.12 ms. Both the structural and functional images underwent
preprocessing using SPM12 (http://www.fil.ion.ucl.ac.uk/spm/     ) implemented in MATLAB. To
mitigate T1 saturation effects, we discarded the first three functional images of each run.
Preprocessing steps involved spatial realignment, slice time correction, coregistration to the
structural image, normalization to the Montreal Neurological Institute (MNI) standard space, and
spatial smoothing with a 6-mm full-width at half-maximum (FWHM) Gaussian kernel.

fMRI wholebrain GLM analysis of cued recall on Days 1, 2 and 3
For each participant, a general linear model (GLM) was estimated using smoothed and normalized
functional images for all tasks, applying a high-pass cut-off filter at 128 s to eliminate low-
frequency drifts. T-statistic maps from GLM analyses represented contrasts of interest. Cluster
correction via Gaussian random fields (GRF) theory corrected for multiple comparisons with a
significance threshold of p < .05. The GLM included regressors for cued recalls on Days 1 and 3:
associative category hitCued and correct, associative misscued and correct, associative category
hitUncued, and associative missUncued. Trials that were ‘Uncued’ on Day 2 were considered not
reactivated, ‘Cued and correct’ trials on Day 2 were considered reactivated, and trials that were
cued on Day 2 but not remembered were removed from the analysis. Additionally, six regressors
addressed movement realignment parameters (two run-specific and one session-specific regressor
for each day). For the Memory Cueing task, regressors covered associative category hits,
associative misses, six movement realignment parameters, and one for the session, resulting in 35
regressors in total. Before the group analyses of the cued recall data, we subtracted estimates of
associative missed trials from associative category hit trials in first-level estimations. Group-level
analyses used a two-factorial model (Group: YOH vs. CORT vs. PLAC; Cued: correct vs. incorrect on
Day 2) to examine a Group × Reactivation interaction. Day 2 group-level analyses employed two-
sample unpaired t-tests for participant-level contrasts. The Memory Cueing task on Day 2 preceded
the pharmacological manipulation, identifying Regions of Interest (ROIs) more active during
associative category hits compared to associative miss during reactivation, independent of Group.
A flexible factorial model based on three factors (Group, Reactivation, Day) explored group-level
changes in neural activity from Day 1 to Day 3.

Region of interest analyses
We investigated task-evoked activation in the hippocampus and VTC, given their crucial role in
episodic memory retrieval (Kim 2010     ; Ranganath et al. 2004     ). Region of interest (ROI) masks
weretaken from the Harvard-Oxford cortical and subcortical atlas with a 50% probability
threshold. The VTC mask consisted of relevant regions from the Harvard-Oxford Atlas, excluding
the hippocampus In the overall GLMs, the same regressors were employed, but voxels were
masked by specific ROIs. and ROI-specific effects were small-volume corrected.
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The inverse deformation field, derived from segmentation, was used to back-transform ROIs into
subject-specific native space. In all ROI analyses on voxel-wise modeled data, single-trial beta
estimates were computed for all days and tasks to provide a detailed characterization of memory-
related neural responses. A high-pass filter with a cut-off of 128 s was applied to remove low-
frequency drifts. The models, following the ‘Least-squares all’ approach, were conducted on
realigned, slice-time corrected, native space images for subsequent multivariate pattern analyses
(MVPA, RSA).

Multivariate pattern classification
Multivariate/voxel pattern analyses (MVPA) were conducted utilizing The Decoding Toolbox
(Hebart et al. 2015     ) in order to gauge trial-wise cortical reinstatement strength. Three L2-
penalized logistic regression models (C = 0.1) were utilized for this purpose. The first model was
employed to evaluate the classification performance within the localizer task, using leave- one-
run-out cross-validation (scenes vs. objects) to validate the overall task quality and data integrity..
In the subsequent model, we developed a “category” detection framework trained on neural
patterns extracted from both sessions of the visual localizer task. We tested its performance on the
day 2 Memory cueing task data to estimate category-level reinstatement (scenes vs. objects). This
way we could examine the single-trial reinstatement evidence of memory responses and
subsequently ascertain whether reinstatement evidence tended to be higher for cued and correct
responses (i.e., associative hits) in comparison to cued but incorrect trials (i.e., associative misses).
The evidence of category resurgence on a trial-wise basis was evaluated using classification
accuracy and logits. The third model was specifically trained on neural patterns derived from the
visual localizer task. Its objective was to differentiate remembered scenes from remembered
objects, thus serving as the category pattern reinstatement index for subsequent analyses.
Evidence of trial-wise category pattern reinstatement was evaluated utilizing logits and balanced
classification accuracy, a metric designed to address potential imbalances in the number of
samples during testing (Chen et al. 2021     ).

Tracking online reactivation
To comprehensively evaluate trial-wise reactivation on Day 2, we integrated reaction times, trial-
wise univariate beta activity in the hippocampus, PCC and VTC, category pattern reinstatement
indexed via MVPA in the VTC, and Hippocampal pattern reactivation from encoding to
reactivation (Encoding-Reactivation-Similarity via RSA) in LMMs. These models were utilized to
forecast single-trial beta activity of the hippocampus, PCC and VTC, along with category pattern
reinstatement, incorporating trial-specific Day 2 reaction times. Additionally, a LMM was fitted to
univariate hippocampal activity, predicted by category pattern reinstatement, aligning with
previous findings that showed a positive correlation between hippocampal activity and VTC
pattern reinstatement (Gagnon et al. 2019     ). The category pattern reinstatement index and
hippocampal pattern reactivation were employed to classify trials as ‘high’ or ‘low’ online
reactivation. These classifications were used to predict Day 3 performance in GLMMs, integrating
data from all available trials.

Representational similarity analyses
To assess drug- and reactivation-related changes in Day 3 neural patterns between cued and
correct and uncued trials, we conducted a Representational Similarity Analysis (RSA), focusing on
the hippocampus using customized scripts from The Decoding Toolbox (Hebart et al. 2015     ). Beta
vectors from single-trial GLMs were extracted, and RSA was conducted in the native space using
participant-specific hippocampal masks. The representational similarity (Fisher z-transformed)
from Day 1 encoding (average across three encoding runs) to Day 2 reactivation (‘Day 1-Day 2
encoding-reactivation similarity (ERS) analysis’) captured trial-specific pattern changes, which
were assumed to provide a measure of neural memory reactivation and were used to predict Day
3 memory performance in GLMMs on a trial-by-trial basis.
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Statistical analyses
FMRI data underwent univariate statistical analyses within the SPM12 environment (http://www.fil
.ion.ucl.ac.uk/spm/     ), while all other statistical procedures were executed in R (version 3.3.4).
ANOVA-derived p-values were adjusted using Greenhouse-Geisser correction when needed, and
voxel-cluster results from univariate fMRI analyses were corrected for family-wise error (FWE).
Baseline and control variables from Days 1 and 3, such as blood pressure, were assessed via one-
way ANOVAs. Day 2 parameters assessing the effectiveness of the pharmacological manipulation
(e.g., blood pressure, heart rate, mood, cortisol, SCR) were tested with repeated-measures ANOVAs
with Time as the within-subject factor and Group as the between-subject factor, followed by post-
hoc t-tests, which were Bonferroni corrected. Performance metrics (hits, false alarms, d’)
examining the pharmacological influence on memory for reactivated trials were analyzed through
repeated-measures ANOVAs, with Reactivated as the within-subject factor and Group as the
between-subject factor, followed by post-hoc t-tests. Associative d′ calculations substituted zero
values with 0.5/denominator and ones with 1–0.5/denominator (Macmillan and Kaplan 1985     ).

Single-trial analyses utilized (Generalized) Linear Mixed Models to predict associative category
hits/misses on Day 3, incorporating various predictor variables (such as Reactivation, Group).
These models, implemented with the lme4 package (Bates et al. 2014     ), employed a restricted
maximum likelihood (REML) approach. Resultant p-values were Bonferroni corrected for the
number of regions of interest (ROIs). Post-hoc slope tests were conducted using the emtrends
function (Searle, Speed, and Milliken 1980     ) with Tukey correction. Data visualization was
performed using the ggplot2 (Wickham 2011     ) package and Inkscape (https://inkscape.org     ).

Acknowledgements

We gratefully acknowledge the support of Mali Wichmann, Ann-Kathrin Otte and Flavia Holzki
during recruiting and data acquisition.

Funding

German Research Foundation (DFG) grant as part of the collaborative research centre 936
“Multisite Communication in the Brain” (SFB 936/B10) to LS.

Author contributions

H.H. performed data acquisition and formal analysis. A.D.W. contributed to the conceptualization
of the study. L.S. acquired funding, conceptualized, and supervised the project. G.L. provided the
pharmacological agents and medical supervision during data collection. H.H. and L.S. wrote the
original draft. H.H., A.D.W., G.L. and L.S. reviewed and edited the paper and approved the final
manuscript.

Competing interests

Authors declare that they have no competing interests.

https://doi.org/10.7554/eLife.100525.1
http://www.fil.ion.ucl.ac.uk/spm/
https://inkscape.org/


Hendrik Heinbockel et al., 2024 eLife. https://doi.org/10.7554/eLife.100525.1 24 of 34

Correspondence

Correspondence and requests for materials should be addressed to Lars Schwabe.

Data and code availability

All behavioural and (anonymized) functional MRI data as well as analysis scripts have been
deposited and are publicly available as of the date of publication (https://www.fdr.uni-hamburg.de
/deposit/14137     ). Any additional information required to re-analyse the data reported in this
paper as well as raw and native space (not de-faced) MRI images are available from the lead
contact upon request.

https://doi.org/10.7554/eLife.100525.1
https://www.fdr.uni-hamburg.de/deposit/14137


Hendrik Heinbockel et al., 2024 eLife. https://doi.org/10.7554/eLife.100525.1 25 of 34

References

Antypa Despina, Perrault Aurore A., Vuilleumier Patrik, Schwartz Sophie, Rimmele Ulrike (2021)
Suppressing the Morning Cortisol Rise After Memory Reactivation at 4 A.M. Enhances
Episodic Memory Reconsolidation in Humans The Journal of Neuroscience 41:7259–66 https:
//doi.org/10.1523/JNEUROSCI.0096-21.2021

Antypa Despina, Cabrita David Rodrigues, Vuilleumier Patrik, Rimmele Ulrike (2019) Cortisol
Suppression after Memory Reactivation Impairs Later Memory Performance
Psychoneuroendocrinology 106:226–32 https://doi.org/10.1016/j.psyneuen.2019.03.035

Arnsten Amy FT (2011) Catecholamine Influences on Dorsolateral Prefrontal Cortical
Networks Biological Psychiatry 69:e89–99

Bates Douglas, Mächler Martin, Bolker Ben, Walker Steve (2014) Fitting Linear Mixed-Effects
Models Using Lme4 arXiv https://doi.org/10.48550/ARXIV.1406.5823

Bird Chris M., Keidel James L., Ing Leslie P., Horner Aidan J., Burgess Neil (2015) Consolidation
of Complex Events via Reinstatement in Posterior Cingulate Cortex The Journal of
Neuroscience 35:14426–34 https://doi.org/10.1523/JNEUROSCI.1774-15.2015

Birnbaum Shari, Gobeske Kevin T., Auerbach Joshua, Taylor Jane R., Arnsten Amy FT (1999) A
Role for Norepinephrine in Stress-Induced Cognitive Deficits: α-1-Adrenoceptor
Mediation in the Prefrontal Cortex Biological Psychiatry 46:1266–74

Björkstrand Johannes, Agren Thomas, Åhs Fredrik, Frick Andreas, Larsson Elna-Marie, Hjorth
Olof, Furmark Tomas, Fredrikson Mats (2016) Disrupting Reconsolidation Attenuates Long-
Term Fear Memory in the Human Amygdala and Facilitates Approach Behavior Current
Biology 26:2690–95 https://doi.org/10.1016/j.cub.2016.08.022

Bos Marieke G. N., Schuijer Jantien, Lodestijn Fleur, Beckers Tom, Kindt Merel (2014) Stress
Enhances Reconsolidation of Declarative Memory Psychoneuroendocrinology 46:102–
13 https://doi.org/10.1016/j.psyneuen.2014.04.011

Bracci Stefania, Brendan Ritchie J., Op de Beeck Hans (2017) On the Partnership between
Neural Representations of Object Categories and Visual Features in the Ventral Visual
Pathway Neuropsychologia 105:153–64

Brodeur Mathieu B., Guérard Katherine, Bouras Maria (2014) “Bank of Standardized Stimuli
(BOSS) Phase II: 930 New Normative Photos” edited by K. Paterson PLoS ONE 9 https://doi
.org/10.1371/journal.pone.0106953

Chen Zhi, Duan Jiang, Kang Li, Qiu Guoping (2021) Class-Imbalanced Deep Learning via a
Class-Balanced Ensemble IEEE Transactions on Neural Networks and Learning Systems 33:5626–
40

Clem Roger L., Schiller Daniela (2016) New Learning and Unlearning: Strangers or
Accomplices in Threat Memory Attenuation? Trends in Neurosciences 39:340–51 https://doi
.org/10.1016/j.tins.2016.03.003

https://doi.org/10.7554/eLife.100525.1
https://doi.org/10.1523/JNEUROSCI.0096-21.2021
https://doi.org/10.1016/j.psyneuen.2019.03.035
https://doi.org/10.48550/ARXIV.1406.5823
https://doi.org/10.1523/JNEUROSCI.1774-15.2015
https://doi.org/10.1016/j.cub.2016.08.022
https://doi.org/10.1016/j.psyneuen.2014.04.011
https://doi.org/10.1371/journal.pone.0106953
https://doi.org/10.1016/j.tins.2016.03.003


Hendrik Heinbockel et al., 2024 eLife. https://doi.org/10.7554/eLife.100525.1 26 of 34

Coccoz V., Maldonado H., Delorenzi A. (2011) The Enhancement of Reconsolidation with a
Naturalistic Mild Stressor Improves the Expression of a Declarative Memory in Humans
Neuroscience 185:61–72 https://doi.org/10.1016/j.neuroscience.2011.04.023

Dębiec Jozef, LeDoux Joseph E. (2004) Disruption of Reconsolidation but Not Consolidation
of Auditory Fear Conditioning by Noradrenergic Blockade in the Amygdala Neuroscience
129:267–72

Diamond David M., Campbell Adam M., Park Collin R., Halonen Joshua, Zoladz Phillip R. (2007)
The Temporal Dynamics Model of Emotional Memory Processing: A Synthesis on the
Neurobiological Basis of Stress-Induced Amnesia, Flashbulb and Traumatic Memories,
and the Yerkes-Dodson Law Neural Plasticity 2007:1–33 https://doi.org/10.1155/2007/60803

Díaz-Mataix Lorenzo, Martinez Raquel Chacon Ruiz, Schafe Glenn E., LeDoux Joseph E., Doyère
Valérie (2013) Detection of a Temporal Error Triggers Reconsolidation of Amygdala-
Dependent Memories Current Biology 23:467–72

Dongaonkar Bhaktee, Hupbach Almut, Gomez Rebecca, Nadel Lynn (2013) Effects of
Psychosocial Stress on Episodic Memory Updating Psychopharmacology 226:769–79 https://
doi.org/10.1007/s00213-013-2998-8

Dudai Yadin, Eisenberg Mark (2004) Rites of Passage of the Engram: Reconsolidation and
the Lingering Consolidation Hypothesis Neuron 44:93–100

Elsey James WB, Filmer Anna I., Galvin Harriet R., Kurath Jennifer D., Vossoughi Linos,
Thomander Linnea S., Zavodnik Melissa, Kindt Merel (2020) Reconsolidation-Based
Treatment for Fear of Public Speaking: A Systematic Pilot Study Using Propranolol
Translational Psychiatry 10

Faul Franz, Erdfelder Edgar, Lang Albert-Georg, Buchner Axel (2007) G*Power 3: A Flexible
Statistical Power Analysis Program for the Social, Behavioral, and Biomedical Sciences
Behavior Research Methods 39:175–91 https://doi.org/10.3758/BF03193146

Fernández Rodrigo S., Boccia Mariano M., Pedreira María E. (2016) The Fate of Memory:
Reconsolidation and the Case of Prediction Error Neuroscience & Biobehavioral Reviews
68:423–41

Gagnon Stephanie A., Waskom Michael L., Brown Thackery I., Wagner Anthony D. (2019) Stress
Impairs Episodic Retrieval by Disrupting Hippocampal and Cortical Mechanisms of
Remembering Cerebral Cortex 29:2947–64

Galarza Vallejo Ana, Kroes Marijn CW, Rey Enrique, Acedo Maria Victoria, Moratti Stephan,
Fernández Guillén, Strange Bryan A. (2019) Propofol-Induced Deep Sedation Reduces
Emotional Episodic Memory Reconsolidation in Humans Science Advances 5

Gordon Alan M., Rissman Jesse, Kiani Roozbeh, Wagner Anthony D. (2014) Cortical
Reinstatement Mediates the Relationship Between Content-Specific Encoding Activity
and Subsequent Recollection Decisions Cerebral Cortex 24:3350–64 https://doi.org/10.1093
/cercor/bht194

Grill-Spector Kalanit, Weiner Kevin S. (2014) The Functional Architecture of the Ventral
Temporal Cortex and Its Role in Categorization Nature Reviews Neuroscience 15:536–48

https://doi.org/10.7554/eLife.100525.1
https://doi.org/10.1016/j.neuroscience.2011.04.023
https://doi.org/10.1155/2007/60803
https://doi.org/10.1007/s00213-013-2998-8
https://doi.org/10.3758/BF03193146
https://doi.org/10.1093/cercor/bht194


Hendrik Heinbockel et al., 2024 eLife. https://doi.org/10.7554/eLife.100525.1 27 of 34

Hebart Martin N., GÃ¶rgen Kai, Haynes John-Dylan (2015) The Decoding Toolbox (TDT): A
Versatile Software Package for Multivariate Analyses of Functional Imaging Data Frontiers
in Neuroinformatics 8 https://doi.org/10.3389/fninf.2014.00088

Heinbockel Hendrik, Wagner Anthony D., Schwabe Lars (2024) Post-Retrieval Stress Impairs
Subsequent Memory Depending on Hippocampal Memory Trace Reinstatement during
Reactivation Science Advances 10

Hernaus Dennis, Ma Casales Santa Marta, Offermann Jan Stefan, Van Amelsvoort Thérèse
(2017) Noradrenaline Transporter Blockade Increases Fronto-Parietal Functional
Connectivity Relevant for Working Memory European Neuropsychopharmacology 27:399–410

Hupbach Almut, Dorskind Joelle M. (2014) Stress Selectively Affects the Reactivated
Components of a Declarative Memory Behavioral Neuroscience 128:614–20 https://doi.org/10
.1037/bne0000006

Joëls Marian, Baram Tallie Z. (2009) The Neuro-Symphony of Stress Nature Reviews
Neuroscience 10:459–66 https://doi.org/10.1038/nrn2632

Johnson Jeffrey D., Rugg Michael D. (2007) Recollection and the Reinstatement of Encoding-
Related Cortical Activity Cerebral Cortex 17:2507–15

Karpicke Jeffrey D., Roediger Henry L. (2008) The Critical Importance of Retrieval for
Learning Science 319:966–68 https://doi.org/10.1126/science.1152408

Katsuki Hiroshi, Izumi Yukitoshi, Zorumski Charles F. (1997) Noradrenergic Regulation of
Synaptic Plasticity in the Hippocampal CA1 Region Journal of Neurophysiology 77:3013–20

Kausche Franziska Magdalena, Zerbes Gundula, Kampermann Lea, Müller Jana Christina,
Wiedemann Klaus, Büchel Christian, Schwabe Lars (2021) Noradrenergic Stimulation
Increases Fear Memory Expression European Neuropsychopharmacology 43:71–81

Khalaf Ossama, Resch Siegfried, Dixsaut Lucie, Gorden Victoire, Glauser Liliane, Gräff Johannes
(2018) Reactivation of Recall-Induced Neurons Contributes to Remote Fear Memory
Attenuation Science 360:1239–42

Kim Eun Joo, Kim Jeansok J. (2023) Neurocognitive Effects of Stress: A Metaparadigm
Perspective Molecular Psychiatry 28:2750–63 https://doi.org/10.1038/s41380-023-01986-4

Kim Hongkeun (2010) Dissociating the Roles of the Default-Mode, Dorsal, and Ventral
Networks in Episodic Memory Retrieval NeuroImage 50:1648–57 https://doi.org/10.1016/j
.neuroimage.2010.01.051

Kindt Merel, Soeter Marieke, Vervliet Bram (2009) Beyond Extinction: Erasing Human Fear
Responses and Preventing the Return of Fear Nature Neuroscience 12:256–58 https://doi.org
/10.1038/nn.2271

Kluen Lisa Marieke, Agorastos Agorastos, Wiedemann Klaus, Schwabe Lars (2017)
Noradrenergic Stimulation Impairs Memory Generalization in Women Journal of Cognitive
Neuroscience 29:1279–91

Krenz Valentina, Sommer Tobias, Alink Arjen, Roozendaal Benno, Schwabe Lars (2021)
Noradrenergic Arousal after Encoding Reverses the Course of Systems Consolidation in
Humans Nature Communications 12 https://doi.org/10.1038/s41467-021-26250-7

https://doi.org/10.7554/eLife.100525.1
https://doi.org/10.3389/fninf.2014.00088
https://doi.org/10.1037/bne0000006
https://doi.org/10.1038/nrn2632
https://doi.org/10.1126/science.1152408
https://doi.org/10.1038/s41380-023-01986-4
https://doi.org/10.1016/j.neuroimage.2010.01.051
https://doi.org/10.1038/nn.2271
https://doi.org/10.1038/s41467-021-26250-7


Hendrik Heinbockel et al., 2024 eLife. https://doi.org/10.7554/eLife.100525.1 28 of 34

Kroes Marijn C. W., Tendolkar Indira, van Wingen Guido A., van Waarde Jeroen A., Strange
Bryan A., Fernández Guillén (2014) An Electroconvulsive Therapy Procedure Impairs
Reconsolidation of Episodic Memories in Humans Nature Neuroscience 17:204–6 https://doi
.org/10.1038/nn.3609

Kuhl Brice A., Rissman Jesse, Chun Marvin M., Wagner Anthony D. (2011) Fidelity of Neural
Reactivation Reveals Competition between Memories Proceedings of the National Academy
of Sciences 108:5903–8

Larrosa Pablo Nicolás Fernández, Ojea Alejandro, Ojea Ignacio, Molina Victor Alejandro,
Zorrilla-Zubilete María Aurelia, Delorenzi Alejandro (2017) Retrieval under Stress Decreases
the Long-Term Expression of a Human Declarative Memory via Reconsolidation
Neurobiology of Learning and Memory 142:135–45 https://doi.org/10.1016/j.nlm.2017.03.005

Lee Jonathan L. C., Nader Karim, Schiller Daniela (2017) An Update on Memory
Reconsolidation Updating Trends in Cognitive Sciences 21:531–45 https://doi.org/10.1016/j.tics
.2017.04.006

Lee Jonathan LC, Milton Amy L., Everitt Barry J. (2006) Reconsolidation and Extinction of
Conditioned Fear: Inhibition and Potentiation Journal of Neuroscience 26:10051–56

Li Bao-Ming, Mei Zhen-Tong (1994) Delayed-Response Deficit Induced by Local Injection of
the Α2-Adrenergic Antagonist Yohimbine into the Dorsolateral Prefrontal Cortex in
Young Adult Monkeys Behavioral and Neural Biology 62:134–39

Liang Jackson C., Wagner Anthony D., Preston Alison R. (2013) Content Representation in the
Human Medial Temporal Lobe Cerebral Cortex 23:80–96

Ma Debbie S., Correll Joshua, Wittenbrink Bernd (2015) The Chicago Face Database: A Free
Stimulus Set of Faces and Norming Data Behavior Research Methods 47:1122–35 https://doi
.org/10.3758/s13428-014-0532-5

Macmillan Neil A., Kaplan Howard L. (1985) Detection Theory Analysis of Group Data:
Estimating Sensitivity from Average Hit and False-Alarm Rates Psychological Bulletin
98:185–99 https://doi.org/10.1037/0033-2909.98.1.185

Maroun Mouna, Akirav Irit (2008) Arousal and Stress Effects on Consolidation and
Reconsolidation of Recognition Memory Neuropsychopharmacology 33:394–405 https://doi
.org/10.1038/sj.npp.1301401

Meir Drexler Shira, Merz Christian J., Hamacher-Dang Tanja C., Tegenthoff Martin, Wolf Oliver T.
(2015) Effects of Cortisol on Reconsolidation of Reactivated Fear Memories
Neuropsychopharmacology 40:3036–43 https://doi.org/10.1038/npp.2015.160

Muravieva Elizaveta V., Alberini Cristina M. (2010) Limited Efficacy of Propranolol on the
Reconsolidation of Fear Memories Learning & Memory 17:306–13

Nadel L., Hupbach A., Gomez R., Newman-Smith K. (2012) Memory Formation, Consolidation
and Transformation Neuroscience & Biobehavioral Reviews 36:1640–45 https://doi.org/10.1016
/j.neubiorev.2012.03.001

Nadel L., Samsonovich A., Ryan L., Moscovitch M. (2000) Multiple Trace Theory of Human
Memory: Computational, Neuroimaging, and Neuropsychological Results Hippocampus
10:352–68 https://doi.org/10.1002/1098-1063(2000)10:4<352::AID-HIPO2>3.0.CO;2-D

https://doi.org/10.7554/eLife.100525.1
https://doi.org/10.1038/nn.3609
https://doi.org/10.1016/j.nlm.2017.03.005
https://doi.org/10.1016/j.tics.2017.04.006
https://doi.org/10.3758/s13428-014-0532-5
https://doi.org/10.1037/0033-2909.98.1.185
https://doi.org/10.1038/sj.npp.1301401
https://doi.org/10.1038/npp.2015.160
https://doi.org/10.1016/j.neubiorev.2012.03.001
https://doi.org/10.1002/1098-1063(2000)10:4%3C352::AID-HIPO2%3E3.0.CO;2-D


Hendrik Heinbockel et al., 2024 eLife. https://doi.org/10.7554/eLife.100525.1 29 of 34

Nader Karim, Einarsson Einar Örn (2010) Memory Reconsolidation: An Update Annals of the
New York Academy of Sciences 1191:27–41 https://doi.org/10.1111/j.1749-6632.2010.05443.x

Nader Karim, Schafe Glenn E., Le Doux Joseph E. (2000) Fear Memories Require Protein
Synthesis in the Amygdala for Reconsolidation after Retrieval Nature 406:722–26 https://
doi.org/10.1038/35021052

Otis James M., Fitzgerald Michael K., Mueller Devin (2014) Inhibition of Hippocampal β-
Adrenergic Receptors Impairs Retrieval but Not Reconsolidation of Cocaine-Associated
Memory and Prevents Subsequent Reinstatement Neuropsychopharmacology 39:303–10

Oudiette Delphine, Paller Ken A. (2013) Upgrading the Sleeping Brain with Targeted
Memory Reactivation Trends in Cognitive Sciences 17:142–49

Parsons Ryan G., Ressler Kerry J. (2013) Implications of Memory Modulation for Post-
Traumatic Stress and Fear Disorders Nature Neuroscience 16:146–53

Phelps Elizabeth A., Delgado Mauricio R., Nearing Katherine I., LeDoux Joseph E. (2004)
Extinction Learning in Humans: Role of the Amygdala and vmPFC Neuron 43:897–905

Polyn Sean M., Natu Vaidehi S., Cohen Jonathan D., Norman Kenneth A. (2005) Category-
Specific Cortical Activity Precedes Retrieval during Memory Search Science 310:1963–66

Polyn Sean M., Norman Kenneth A., Kahana Michael J. (2009) A Context Maintenance and
Retrieval Model of Organizational Processes in Free Recall Psychological Review 116

Przybyslawski Jean, Roullet Pascal, Sara Susan J. (1999) Attenuation of Emotional and
Nonemotional Memories after Their Reactivation: Role of β Adrenergic Receptors Journal
of Neuroscience 19:6623–28

Przybyslawski Jean, Sara Susan J. (1997) Reconsolidation of Memory after Its Reactivation
Behavioural Brain Research 84:241–46

de Quervain Dominique J. F., Aerni Amanda, Roozendaal Benno (2007) Preventive Effect of β-
Adrenoceptor Blockade on Glucocorticoid-Induced Memory Retrieval Deficits American
Journal of Psychiatry 164:967–69

de Quervain Dominique J. F., Roozendaal Benno, McGaugh James L. (1998) Stress and
Glucocorticoids Impair Retrieval of Long-Term Spatial Memory Nature 394:787–90 https://
doi.org/10.1038/29542

Ranganath Charan, Cohen Michael X., Dam Cathrine, D’Esposito Mark (2004) Inferior
Temporal, Prefrontal, and Hippocampal Contributions to Visual Working Memory
Maintenance and Associative Memory Retrieval The Journal of Neuroscience 24:3917–
25 https://doi.org/10.1523/JNEUROSCI.5053-03.2004

Roediger Henry L., Karpicke Jeffrey D. (2006) Test-Enhanced Learning: Taking Memory Tests
Improves Long-Term Retention Psychological Science 17:249–55 https://doi.org/10.1111/j
.1467-9280.2006.01693.x

Roozendaal B, Okuda S., De Quervain DJ-F., McGaugh JL (2006) Glucocorticoids Interact with
Emotion-Induced Noradrenergic Activation in Influencing Different Memory Functions
Neuroscience 138:901–10

https://doi.org/10.7554/eLife.100525.1
https://doi.org/10.1111/j.1749-6632.2010.05443.x
https://doi.org/10.1038/35021052
https://doi.org/10.1038/29542
https://doi.org/10.1523/JNEUROSCI.5053-03.2004
https://doi.org/10.1111/j.1467-9280.2006.01693.x


Hendrik Heinbockel et al., 2024 eLife. https://doi.org/10.7554/eLife.100525.1 30 of 34

Roozendaal Benno, McEwen Bruce S., Chattarji Sumantra (2009) Stress, Memory and the
Amygdala Nature Reviews Neuroscience 10:423–33

Roozendaal Benno, Okuda Shoki, Van der Zee Eddy A., McGaugh James L. (2006)
Glucocorticoid Enhancement of Memory Requires Arousal-Induced Noradrenergic
Activation in the Basolateral Amygdala Proceedings of the National Academy of Sciences
103:6741–46

Schacter Daniel L., Loftus Elizabeth F. (2013) Memory and Law: What Can Cognitive
Neuroscience Contribute? Nature Neuroscience 16:119–23 https://doi.org/10.1038/nn.3294

Schlichting Margaret L., Preston Alison R. (2014) Memory Reactivation during Rest Supports
Upcoming Learning of Related Content Proceedings of the National Academy of Sciences
111:15845–50

Schramm Moritz JW, Everitt Barry J., Milton Amy L. (2016) Bidirectional Modulation of
Alcohol-Associated Memory Reconsolidation through Manipulation of Adrenergic
Signaling Neuropsychopharmacology 41:1103–11

Schwabe Lars, Hermans Erno J., Joëls Marian, Roozendaal Benno (2022) Mechanisms of
Memory under Stress Neuron 110:1450–67 https://doi.org/10.1016/j.neuron.2022.02.020

Schwabe Lars, Joëls Marian, Roozendaal Benno, Wolf Oliver T., Oitzl Melly S. (2012) Stress
Effects on Memory: An Update and Integration Neuroscience & Biobehavioral Reviews
36:1740–49 https://doi.org/10.1016/j.neubiorev.2011.07.002

Schwabe Lars, Nader Karim, Pruessner Jens C. (2014) Reconsolidation of Human Memory:
Brain Mechanisms and Clinical Relevance Biological Psychiatry 76:274–80 https://doi.org/10
.1016/j.biopsych.2014.03.008

Schwabe Lars, Nader Karim, Wolf Oliver T., Beaudry Thomas, Pruessner Jens C. (2012) Neural
Signature of Reconsolidation Impairments by Propranolol in Humans Biological Psychiatry
71:380–86 https://doi.org/10.1016/j.biopsych.2011.10.028

Schwabe Lars, Tegenthoff Martin, Höffken Oliver, Wolf Oliver T. (2010) Concurrent
Glucocorticoid and Noradrenergic Activity Shifts Instrumental Behavior from Goal-
Directed to Habitual Control Journal of Neuroscience 30:8190–96

Schwabe Lars, Wolf Oliver T. (2010) Stress Impairs the Reconsolidation of Autobiographical
Memories Neurobiology of Learning and Memory 94:153–57 https://doi.org/10.1016/j.nlm.2010
.05.001

Searle S. R., Speed F. M., Milliken G. A. (1980) Population Marginal Means in the Linear
Model: An Alternative to Least Squares Means The American Statistician 34 https://doi.org
/10.2307/2684063

Sederberg Per B., Gershman Samuel J., Polyn Sean M., Norman Kenneth A. (2011) Human
Memory Reconsolidation Can Be Explained Using the Temporal Context Model
Psychonomic Bulletin & Review 18:455–68 https://doi.org/10.3758/s13423-011-0086-9

Sevenster Dieuwke, Beckers Tom, Kindt Merel (2013) Prediction Error Governs
Pharmacologically Induced Amnesia for Learned Fear Science 339:830–33

https://doi.org/10.7554/eLife.100525.1
https://doi.org/10.1038/nn.3294
https://doi.org/10.1016/j.neuron.2022.02.020
https://doi.org/10.1016/j.neubiorev.2011.07.002
https://doi.org/10.1016/j.biopsych.2014.03.008
https://doi.org/10.1016/j.biopsych.2011.10.028
https://doi.org/10.1016/j.nlm.2010.05.001
https://doi.org/10.2307/2684063
https://doi.org/10.3758/s13423-011-0086-9


Hendrik Heinbockel et al., 2024 eLife. https://doi.org/10.7554/eLife.100525.1 31 of 34

Sinclair Alyssa H., Barense Morgan D. (2019) Prediction Error and Memory Reactivation:
How Incomplete Reminders Drive Reconsolidation Trends in Neurosciences 42:727–39 https:
//doi.org/10.1016/j.tins.2019.08.007

Staresina Bernhard P., Alink Arjen, Kriegeskorte Nikolaus, Henson Richard N. (2013) Awake
Reactivation Predicts Memory in Humans Proceedings of the National Academy of Sciences
110:21159–64

Staresina Bernhard P., Henson Richard NA, Kriegeskorte Nikolaus, Alink Arjen (2012) Episodic
Reinstatement in the Medial Temporal Lobe Journal of Neuroscience 32:18150–56

Strange BA, RJ509222 Dolan (2004) β-Adrenergic Modulation of Emotional Memory-Evoked
Human Amygdala and Hippocampal Responses Proceedings of the National Academy of
Sciences 101:11454–58

Strange Bryan A., Witter Menno P., Lein Ed S., Moser Edvard I. (2014) Functional Organization
of the Hippocampal Longitudinal Axis Nature Reviews Neuroscience 15:655–69

Tambini Arielle, Ketz Nicholas, Davachi Lila (2010) Enhanced Brain Correlations during Rest
Are Related to Memory for Recent Experiences Neuron 65:280–90

Tanaka Kazumasa Z., Pevzner Aleksandr, Hamidi Anahita B., Nakazawa Yuki, Graham Jalina,
Wiltgen Brian J. (2014) Cortical Representations Are Reinstated by the Hippocampus
during Memory Retrieval Neuron 84:347–54

Thakral Preston P., Wang Tracy H., Rugg Michael D. (2015) Cortical Reinstatement and the
Confidence and Accuracy of Source Memory NeuroImage 109:118–29 https://doi.org/10
.1016/j.neuroimage.2015.01.003

Thomas Émilie, Saumier Daniel, Pitman Roger K., Tremblay Jacques, Brunet Alain (2017)
Consolidation and Reconsolidation Are Impaired by Oral Propranolol Administered
before but Not after Memory (Re) Activation in Humans Neurobiology of Learning and
Memory 142:118–25

Vafaei Abbas Ali, Nasrollahi Nadie, Kashefi Adel, Raise-Abdullahi Payman, Rashidy-Pour Ali
(2023) Corticosterone Injection into the Dorsal and Ventral Hippocampus Impairs Fear
Memory Reconsolidation in a Time-Dependent Manner in Rats Neuroscience Letters
808 https://doi.org/10.1016/j.neulet.2023.137302

Walsh Katie H., Das Ravi K., Saladin Michael E., Kamboj Sunjeev K. (2018) Modulation of
Naturalistic Maladaptive Memories Using Behavioural and Pharmacological
Reconsolidation-Interfering Strategies: A Systematic Review and Meta-Analysis of
Clinical and ‘Sub-Clinical’ Studies Psychopharmacology 235:2507–27 https://doi.org/10.1007
/s00213-018-4983-8

Wang Xiao-Yi, Zhao Mei, Ghitza Udi E., Li Yan-Qin, Lu Lin (2008) Stress Impairs
Reconsolidation of Drug Memory via Glucocorticoid Receptors in the Basolateral
Amygdala Journal of Neuroscience 28:5602–10

Wessa Michèle, Flor Herta (2007) Failure of Extinction of Fear Responses in Posttraumatic
Stress Disorder: Evidence from Second-Order Conditioning American Journal of Psychiatry
164:1684–92

https://doi.org/10.7554/eLife.100525.1
https://doi.org/10.1016/j.tins.2019.08.007
https://doi.org/10.1016/j.neuroimage.2015.01.003
https://doi.org/10.1016/j.neulet.2023.137302
https://doi.org/10.1007/s00213-018-4983-8


Hendrik Heinbockel et al., 2024 eLife. https://doi.org/10.7554/eLife.100525.1 32 of 34

Wickham Hadley (2011) Ggplot2 WIREs Computational Statistics 3:180–85 https://doi.org/10
.1002/wics.147

Wing Erik A., Ritchey Maureen, Cabeza Roberto (2015) Reinstatement of Individual Past
Events Revealed by the Similarity of Distributed Activation Patterns during Encoding and
Retrieval Journal of Cognitive Neuroscience 27:679–91 https://doi.org/10.1162/jocn_a_00740

Wood Nellie E., Rosasco Maria L., Suris Alina M., Spring Justin D., Marin Marie-France, Lasko
Natasha B., Goetz Jared M., Fischer Avital M., Orr Scott P., Pitman Roger K. (2015)
Pharmacological Blockade of Memory Reconsolidation in Posttraumatic Stress Disorder:
Three Negative Psychophysiological Studies Psychiatry Research 225:31–39 https://doi.org
/10.1016/j.psychres.2014.09.005

Xiao Jianxiong, Hays James, Ehinger Krista A., Oliva Aude, Torralba Antonio (2010) SUN
Database: Large-Scale Scene Recognition from Abbey to Zoo IEEE Computer Society
Conference on Computer Vision and Pattern Recognition :3485–92

Xue Yan-Xue et al. (2012) A Memory Retrieval-Extinction Procedure to Prevent Drug
Craving and Relapse Science 336:241–45 https://doi.org/10.1126/science.1215070

Yagi Saichiro, Igata Hideyoshi, Ikegaya Yuji, Sasaki Takuya (2023) Awake Hippocampal
Synchronous Events Are Incorporated into Offline Neuronal Reactivation Cell Reports 42

Zerbes Gundula, Kausche Franziska M., Schwabe Lars (2022) Stress-induced Cortisol
Modulates the Control of Memory Retrieval towards the Dorsal Striatum European Journal
of Neuroscience 55:2699–2713

Editors
Reviewing Editor
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Reviewer #1 (Public review):

Summary:

How reconsolidation works - particularly in humans - remains largely unknown. With an
elegant, 3-day design, combining fMRI and psychopharmacology, the authors provide
evidence for a certain role for noradrenaline in the reconsolidation of memory for neutral
stimuli. All memory tasks were performed in the context of fMRI scanning, with additional
resting-state acquisitions performed before and after recall testing on Day 2. On Day 1, 3
groups of healthy participants encoded word-picture associates (with pictures being either
scenes or objects) and then performed an immediate cued recall task to presentation of the
word (answering is the word old or new, and whether it was paired with a scene or an
object). On Day 2, the cued recall task was repeated using half of the stimulus set words
encoded on Day 1 (only old words were presented, with subjects required to indicate prior
scene vs object pairing). This test was immediately preceded by the oral administration of
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placebo, cortisol, or yohimbine (to raise noradrenaline levels) depending on group
assignment. On Day 3, all words presented on Day 1 were presented. As expected, on Day 3,
memory was significantly enhanced for associations that were cued and successfully
retrieved on Day 2 compared to uncued associations. However, for associative d', there was
no Cued × Group interaction nor a main effect of Group, i.e., on the standard measure of
memory performance, post-retrieval drug presence on Day 2 did not affect memory
reconsolidation. As further evidence for a null result, fMRI univariate analyses showed no
Cued × Group interactions in whole-brain or ROI activity.

Strengths:

There are some aspects of this study that I find impressive. The study is well-designed and the
fMRI analysis methodology is innovative and sound. The authors have made meticulous and
thorough physiological measurements, and assays of mood, throughout the experiment. By
doing so, they have overcome, to a considerable extent, the difficulties inherent in the timing
of human oral drug delivery in reconsolidation tasks, where it is difficult to have the drug
present in the immediate recall period without affecting recall itself. This is beautifully
shown in Figure 3. I also think that having some neurobiological assay of memory
reactivation when studying reconsolidation in humans is critical, and the authors provide
this. While multi-voxel patterns of hemodynamic responses are, in my view, very difficult to
equate with an "engram", these patterns do have something to do with memory.

Weaknesses:

I have major issues regarding the behavioral results and the framing of the manuscript.

(1) To arrive at group differences in memory performance, the authors performed median
splitting of Day 3 trials by short and long reaction times during memory cueing on Day 2, as
they took this as a putative measure of high/low levels of memory reactivation. Associative
category hits on Day 3 showed a Group by Day 2 Reaction time (short, long) interaction, with
post-hocs showing (according to the text) worse memory for short Day 2 RTs in the Yohimbine
group. These post-hocs should be corrected for multiple comparisons, as the result is not
what would be predicted (see point 2). My primary issue here is that we are not given RT data
for each group, nor is the median splitting procedure described in the methods. Was this
across all groups, or within groups? Are short RTs in the yohimbine group any different from
short RTs in the other two groups? Unfortunately, we are not given Day 2 picture category
memory levels or reaction times for each group. This is relevant because (as given in
Supplemental Table S1) memory performance (d)́ for the Yohimbine group on Day 1
immediate testing is (roughly speaking) 20% lower than the other 2 groups (independently of
whether the pairs will be presented again the following day). I appreciate that this is not
significant in a group x performance ANOVA but how does this relate to later memory
performance? What were the group-specific RTs on Day 1? So, before the reader goes into the
fMRI results, there are questions regarding the supposed drug-induced changes in behavior.
Indeed, in the discussion, there is repeated mention of subsequent memory impairment
produced by yohimbine but the nature of the impairment is not clear.

(2) The authors should be clearer as to what their original hypotheses were, and why they did
the experiment. Despite being a complex literature, I would have thought the hypotheses
would be reconsolidation impairment by cortisol and enhancement by yohimbine. Here it is
relevant to point out that - only when the reader gets to the Methods section - there is
mention of a paper published by this group in 2024. In this publication, the authors used the
same study design but administered a stress manipulation after Day 2 cued recall, instead of
a pharmacological one. They did not find a difference in associative hit rate between stress
and control groups, but - similar to the current manuscript - reported that post-retrieval
stress disrupts subsequent remembering (Day 3 performance) depending on neural memory
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reinstatement during reactivation (specifically driven by the hippocampus and its correlation
with neocortical areas).

Instead of using these results, and other human studies, to motivate the current work,
reference is made to a recent animal study: Line 169 "Building on recent findings in rodents
(Khalaf et al. 2018), we hypothesized that the effects of post-retrieval noradrenergic and
glucocorticoid activation would critically depend on the reinstatement of the neural event
representation during retrieval". It is difficult to follow that a rodent study using contextual
fear conditioning and examining single neuron activity to remote fear recall and extinction
would be relevant enough to motivate a hypothesis for a human psychopharmacological
study on emotionally neutral paired associates.

https://doi.org/10.7554/eLife.100525.1.sa1

Reviewer #2 (Public review):

Summary:

The authors aimed to investigate how noradrenergic and glucocorticoid activity after
retrieval influence subsequent memory recall with a 24-hour interval, by using a controlled
three-day fMRI study involving pharmacological manipulation. They found that
noradrenergic activity after retrieval selectively impairs subsequent memory recall,
depending on hippocampal and cortical reactivation during retrieval.

Overall, there are several significant strengths of this well-written manuscript.

Strengths:

(1) The study is methodologically rigorous, employing a well-structured three-day
experimental design that includes fMRI imaging, pharmacological interventions, and
controlled memory tests.

(2) The use of pharmacological agents (i.e., hydrocortisone and yohimbine) to manipulate
glucocorticoid and noradrenergic activity is a significant strength.

(3) The clear distinction between online and offline neural reactivation using MVPA and RSA
approaches provides valuable insights into how memory dynamics are influenced by
noradrenergic and glucocorticoid activity distinctly.

Weaknesses:

(1) One potential limitation is the reliance on distinct pharmacodynamics of hydrocortisone
and yohimbine, which may complicate the interpretation of the results.

(2) Another point related above, individual differences in pharmacological responses,
physiological and cortisol measures may contribute to memory recall on Day 3.

(3) Median-splitting approach for reaction times and hippocampal activity should better be
justified.
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