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The reminder of a previously-learned memory can render that memory vulnerable to disruption or change in
expression. Such memory alterations have been viewed as supportive of the framework of memory reconsoli-
dation. However, alternative interpretations and inconsistencies in the replication of fundamental findings have
raised questions particularly in the domain of human declarative memory. Here we present a series of related
experiments, all of which involve the learning of a declarative memory, followed 1-2 days later by memory
reminder. Post-reminder learning of interfering material did result in modulation of subsequent recall at test, but
the precise manifestation of that interference effect differed across experiments. With post-reminder performance
of a visuospatial task, a quantitative impairment in test recall performance was observed within a visual list-
learning paradigm, but not in a foreign vocabulary learning paradigm. These results support the existence of
reminder-induced memory processes that can lead to the alteration of subsequent memory performance by
interfering tasks. However, it remains unclear whether these effects are reflective of modulation or impairment of

the putative memory reconsolidation process.

1. Introduction

Within the framework of memory reconsolidation, the reminder of a
previously-learned memory can result not only in its behavioural
expression (i.e. retrieval), but also in its destabilisation (Haubrich and
Nader, 2018). Reminder-induced memory destabilisation leads to the
necessity for memory reconsolidation in order to restabilise the memory
and render it retrievable once again in the future (Sinclair and Barense,
2019; Wideman, Jardine, and Winters, 2018). Interference with memory
reconsolidation can therefore cause amnesia or other forms of memory
failure (Barak and Goltseker, 2021; Forcato, Argibay, Pedreira, and
Maldonado, 2009; Hupbach, Gomez, Hardt, and Nadel, 2007; James,
Bonsall, Hoppitt, Tunbridge, Geddes, Milton, and Holmes, 2015; Jar-
dine, Huff, Wideman, McGraw, and Winters, 2022).

In human declarative memory settings, interference by new learning
is frequently employed to disrupt memory reconsolidation (Forcato
et al., 2009; Hupbach et al., 2007). However, unlike the commonly-
observed decrement in memory expression observed with pharmaco-
logical reconsolidation impairment in both humans and experimental
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animals, the evidence using behavioural interference is more mixed.
Initial studies of human declarative memory reconsolidation observed
reminder-dependent alterations in memory in the form of inappropriate
attribution of a second interfering learned list of items into the recall of a
previously-learned list of items (Hupbach et al., 2007; Hupbach, Hardt,
Gomez, and Nadel, 2008). Such “intrusions” have been argued to
represent an updated memory, although there was no quantitative
impairment in the number of items recalled from the first list. This
pattern contrasts somewhat with studies employing paired-associate
learning (Forcato et al., 2009; Forcato, Burgos, Argibay, Molina,
Pedreira, and Maldonado, 2007), in which the memory effect was a true
impairment in retrieval/expression, with no evidence for any intrusions.
Memory impairments were also observed in neutral autobiographical
memories, when interfered with by the learning of a novel story
immediately after retrieval (Schwabe and Wolf, 2009; Wichert, Wolf,
and Schwabe, 2013). Importantly, these patterns of results are largely
replicated, at least at a conceptual level, within these research groups.

While a recent meta-analysis provides overall support for the exis-
tence of human declarative memory reconsolidation (Scully, Napper,
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and Hupbach, 2016), it was not limited to interference interventions and
nor did it account for the qualitatively different nature of reconsolida-
tion effects (intrusions vs retrieval impairment). The meta-analysis also
preceded the publication (Klingmuller, Caplan, and Sommer, 2017) of a
failure to replicate the original Hupbach et al (2007) study which, in the
context of other high-profile failures to replicate reconsolidation ob-
servations in both humans (Chalkia, Schroyens, Leng, Vanhasbroeck,
Zenses, Van Oudenhove, and Beckers, 2020; Hardwicke, Taqi, and
Shanks, 2016; Levy, Mika, Radzyminski, Ben-Zvi, and Tibon, 2018;
Stemerding, Stibbe, van Ast, and Kindt, 2022; van Schie, van Veen, van
den Hout, and Engelhard, 2017) and rodents (Luyten and Beckers, 2017;
Schroyens, Alfei, Schnell, Luyten, and Beckers, 2019), demands further
exploration.

Given the uncertainty around the reliability of post-reminder inter-
ference effects in human declarative memory, and ultimately the exis-
tence of human declarative memory reconsolidation at all, we have
conducted a series of experiments. These began initially with further
attempts to replicate Hupbach et al (2007), and then broadened to
encompass different natures of learning and impairment. Specifically,
we extended to the use of foreign vocabulary word learning (Potts and
Shanks, 2012), using memory reminder followed by interference with
new learning. We then proceeded to use a visuospatial intervention that
has consistently resulted in reconsolidation impairments characterised
as a quantitative decrease in memory expression (James et al., 2015;
Kessler et al., 2020), and may be more likely to result in disruptions to
the biological mechanisms of memory reconsolidation in a manner
similar to cellular or pharmacological interventions. Of note, the
hypothesised competition for visual working memory resources engen-
dered by the visuospatial working memory task (James et al., 2015)
parallels the suggested mechanism by which a distractor displaces the
representation of a reminded fear memory in rats from working memory
to impair its reconsolidation (Crestani, Zacouteguy Boos, Haubrich,
Ordonez Sierra, Santana, Molina, Cassini, Alvares, and Quillfeldt, 2015).
We observe discrepant results, but overall provide support for the ex-
istence of a reminder-dependent memory process in human declarative
memories.

2. Methods
2.1. Experimental design

Research participants and experimental design are described below.
Participants were randomly allocated to experimental group, using an
independent random sequence generator or block randomisation within
Qualtrics. Experimenters were not strictly blinded to allocation during
the conduct of the experiments, but all data processing and analysis was
conducted blind to the intervention.

2.2. Participants

399 undergraduate students from the University of Birmingham
completed participation across all experiments. All participants were
recruited through the Psychology Research Participation Scheme and
received course credit for their participation; the only criterion for in-
clusion was an absence of visual impairment. Participants gave their
informed consent prior to each session of participation, and all pro-
cedures were approved by the University of Birmingham Science,
Technology, Engineering and Mathematics (STEM) Ethics Review
Committee.

2.3. Behavioral procedures

2.3.1. Experiment 1.1

30 participants were tested individually in person across 3 days. On
day 1 all participants were greeted by an experimenter and were seated
at a desktop computer. A powerpoint presentation of 20 everyday
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objects (list 1) was presented. The images advanced automatically every
15 s. Participants were instructed to look closely at each presented ob-
ject and named them aloud. At the end of the object presentation phase,
participants verbally recalled as many objects as possible. This proced-
ure was repeated until the participants either successfully remembered
17 images out of 20 images (85 % correct) or underwent a maximum of
four learning trials. Throughout the whole free recall session, the
experimenter manually recorded all the participants’ responses.

On day 2 (48 h after day 1) participants in the reminder group were
shown to the same room as day 1 by the same experimenter. They were
asked if they remembered the procedure of day 1 but did not explicitly
recall any of the objects. Participants in the no reminder group were
shown to a different room in a different building, with a different
computer, by a different experimenter to day 1. The reminder and no
reminder participants were then presented with a second list of objects.
Similarly to previous studies (Hupbach et al., 2007; Hupbach et al.,
2008; Klingmuller et al., 2017), the procedure differed from day 1 so
that it would not act as a reminder. The objects in list 2 were presented
all at once on a single powerpoint slide. Participants named each of the
objects and studied them for a total of 5 min, after which they verbally
recalled as many objects as possible. A similar learning procedure and
criterion was implemented as for day 1 learning, but with the re-learning
time limited to 30 s. Participants in the no interference control group did
not participate in day 2.

On day 3 (48 h after day 2) all participants were greeted by the same
experimenter and shown to the same room as day 1. Participants
recalled as many objects from day 1 as possible. When no more objects
could be recalled, participants read aloud a paragraph of prose and then
recalled as many objects as possible again.

Following a delay of 8 weeks, all participants were re-invited for
further testing, and 18 took part. Participants were unaware that they
would be re-invited for further testing. This was to reduce the likelihood
of any rehearsal or other techniques being adopted to aid future per-
formance. Participants were greeted by the same experimenter as in the
initial part of the study and shown to the same room in which they
initially recalled the test objects (day 3). Participants verbally recalled as
many objects from list 1 as possible. When no more objects could be
recalled, participants read aloud the same paragraph of prose from the
first part of the study and attempted to recall as many objects as possible
once again.

2.3.2. Experiment 1.2

108 participants were tested individually in person across 3 days.
The estimated effect size for the correlation between list 1 recall and list
2 intrusions in Experiment 1.1 was 0.22. In order to achieve power of
0.9, group sizes of 33 were required. The procedure was similar to that
employed in Experiment 1.1, with the following alterations. The object
images were taken randomly from the exemplar pairs paradigm of Brady
et al (2008). Learning time on day 1 was reduced to 4 s per image, and a
post-learning mathematical distraction task was implemented for 3 min
prior to recall, which maintained a similar interval between the first
image presentation and recall as in Experiment 1.1. The reminder group
on day 2 returned to the same context and were met by the same
experimenter as on day 1, but were not asked the reminder question.
Learning on day 2 involved presentation of a single A4 sheet of paper
showing all 20 images for 30 s. Testing on day 3 involved 4 repeated
tests. There was no additional remote memory test.

2.3.3. Experiment 1.3

12 participants were tested individually in person across 2-3 days,
using the same learning and final test procedures as in Experiment 1.2.
The reminder group received the reminder procedure on day 2, but did
not learn any interfering material. The no-reminder group did not
participate in day 2.
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2.3.4. Experiment 2

109 participants were tested in groups of up to 10 across 3 days. The
participants remained within their group setting consistently across
days. On day 1 all participants were greeted by an experimenter in a
group study room and given a list of 40 English-Swahili word pairs
(adapted from Karpicke and Roediger, 2008) to learn for 40 min. They
were then given a 15-min paper test, in which they had to write the
Swahili translation for each of the 40 English words.

On day 2 (48 h after day 1) participants returned to a similar group
study room in the same building as on day 1, with the same experi-
menter. Participants in the reminder conditions completed another 15-
min paper test of translation of the 40 English words into Swahili (the
order of word presentation was different to the day 1 test). Participants
in the interference conditions were given the Maori translations of the
same 40 English words to learn for 40 min. A mathematical distractor
task was performed for 10 min after reminder and/or before interfer-
ence. The 2 x 2 factorial design involved the presence or omission of the
reminder and interference phases.

On day 3 (48 h after day 2) participants again returned to a similar
group study room with the same experimenter. All participants
completed a final 15-min paper English-Swahili translation test (with a
new order of word presentation).

Answers in the tests were marked as correct only if the spelling of the
Swahili word was exactly as presented in the original learning list.

2.3.5. Experiment 3.1

54 participants completed the 3 days of testing online via Qualtrics.
On day 1, participants were presented with the same images as in
Experiment 1.2, sequentially each for 4 s, and were instructed to
memorise the images for a later test. Following successful completion of
an attention check question, the participants performed a free recall test.
In contrast to the in-person experiments (1.1 & 1.2), there was no cri-
terion of test performance or opportunity for repeated learning.

On day 2 (24-48 hr after day 1), participants in the reminder con-
dition were asked to write a brief account of what they did on day 1
without giving precise detail. Participants in the test condition
completed a free recall test of the images learned on day 1. Participants
in the no-reminder condition proceeded directly to the next phase of the
day 2 procedure. In this next phase, participants were either directed to
play an online Tetris game for up to 15 min or to watch an online ink
drop video that lasted for 12 min.

On day 3 (24-48 hr after day 2), all participants performed a free
recall test and then were asked if there were any reason that their data
should be excluded (e.g. due to cheating or not following instructions).
Participants were informed that they would receive the advertised study
credit regardless of the response to these final questions.

One participant reported cheating and 2 participants in the reminder
condition listed the images in their account of day 1. Finally, 2 partici-
pants performed < 25 % accuracy on the day 1. These 5 participants
were removed from the data analysis.

2.3.6. Experiment 3.2

86 participants completed the 3 days of testing online via Qualtrics.
On day 1, participants were presented with the same Swahili-English
word pairs as in Experiment 2, all on a single screen presentation for
20 min, and were instructed to memorise the translations for a later test.
Following successful completion of an attention check question, the
participants performed a test, in which each of the 40 Swahili words was
presented and the English translation had to be typed into the response
field.

On day 2 (24-48 hr after day 1), participants in the reminder con-
dition were asked to write a brief account of what they did on day 1
without giving precise detail. Participants in the test condition
completed a further Swahili-to-English test of all 40 words. Participants
in the no-reminder condition proceeded directly to the next phase of the
day 2 procedure. In this next phase, participants were either directed to

Neurobiology of Learning and Memory 206 (2023) 107858

play an online Tetris game for up to 15 min or to watch an online ink
drop video that lasted for 12 min.

On day 3 (24-48 hr after day 2), all participants performed a final
Swabhili-to-English test of all 40 words and then were asked if there were
any reason that their data should be excluded (e.g. due to cheating or not
following instructions). Participants were informed that they would
receive the advertised study credit regardless of the response to these
final questions.

No participants were excluded from the statistical analyses.

2.4. Statistical analysis

No outliers were excluded from the analyses (all data fell within 2 sd
of the mean). Reported endpoints and statistical analytical approach
were determined prospectively. Statistical analyses were conducted and
Boxplots generated in JASP (JASP Team, 2016). nf, was used as an es-
timate of effect size.

Final retrieval test performance was analysed using one-way or
factorial ANOVA. Where there were test repeats (Experiments 1.1, 1.2 &
1.3), mean performance across the repeats was used as a single primary
outcome. In these same experiments, accurate retrieval of list 1 items
were analysed independently of erroneous intrusions of list 2 items into
list 1 recall. In experiment 2, between groups factors of test (vs no test)
and interference (vs no interference) were used in full factorial analyses
of test performance on days 1 & 3 independently. This approach was
used because of the conceptual similarity to experiments 1.2, in which
day 1 retrieval was confounded by the opportunity for repeated learning
and so could not be analysed meaningfully. In Experiments 3.1 & 3.2, a
full factorial analysis across days 1 & 3 was conducted with factors
reminder (vs no reminder & test), tetris (vs video) and session. Signifi-
cant main effects were explored with Tukey-corrected post-hoc pairwise
comparisons; significant interactions were explored with analyses of
simple main effects.

3. Results
3.1. Experiment 1.1

Our initial experiments consisted of a conceptual replication of
Hupbach et al (2007), using visual image list learning instead of physical
object presentation. We observed that there were no differences between
the experimental groups in their correct recall of list 1 items across both
recall trials (Fig. 1A; Group: F(2,27) =1.06, p = 0.36, ng = 0.073; Group
x Trial: F(2,27) = 0.87, p = 0.43, ng = 0.061). All groups performed
better on the 2nd recall trial than on the 1st (Trial: F(1,27) = 19.8, p <
0.001, ng = 0.42). In contrast, there was a difference between the groups
in the number of intrusions of list 2 items into list 1 recall (Fig. 1B;
Group: F(2,27) = 36.0, p < 0.001, ng = 0.73; Group x Trial: F(2,27) =
0.40, p = 0.67, nf) = 0.029), with no change in intrusion rate between
recall trials (Trial: F(1,27) = 0.40, p = 0.53, ng = 0.015). Post-hoc
comparisons confirmed that the reminder group had greater numbers
of intrusions than both of the other groups. An additional analysis of the
total number of items reported showed no differences between the
groups (Group: F(2,27) = 0.82, p = 0.45, Th% = 0.057; Group x Trial: F
(2,27) = 0.80, p = 0.46, nﬁ = 0.056). However, there was no indication
that the number of correctly-recalled items was negatively correlated
with the number of intrusions, either across the whole sample (r =-0.11,
p = 0.29) or just within the reminder group (r = 0.34, p = 0.83).

In an exploratory follow-up, we re-tested a subset of the same par-
ticipants (n = 6 per group) 8 weeks after the first test. There were again
no differences between the groups in correct list 1 recall (Fig. 1C; Group:
F(2,15)=0.52,p=0.61, 1]% =0.065; Group x Trial: F(2,15) = 6.24e-31,
p = 1.0, ng = 0.000). All groups performed slightly worse on the 2nd
recall trial than on the 1st (Trial: F(1,15) = 7.50, p = 0.015, Th% =0.33).
Again, there was a difference between the groups in the number of in-
trusions of list 2 items into list 1 recall (Fig. 1D; Group: F(2,157) = 28.8,
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Fig. 1. Memory reminder in combination with interference learning results in greater intrusions at test. A, Experimental schematic: participants learned an initial
visual List 1 and then were split into groups that received no interference (Nol; n = 10), No reminder + interference (NoR, n = 10) or reminder + interference (R, n =
10). B, Retrieval of List 1 items at the test 2 days after reminder/interference. No obvious differences were observed between the groups. C, Intrusions of List 2 items
into List 1 retrieval 2 days after reminder/interference. Intrusions were only observed in the reminder group. D, Retrieval of List 1 items at the test 8 weeks after the
first test (n = 6 per group). No obvious differences were observed between the groups. E, Intrusions of List 2 items into List 1 retrieval 8 weeks after the first test.

Intrusions were only observed in the reminder group.

p < 0.001, n2 = 0.79; Group x Trial: F(2,15) = 1.00, p = 0.39, 2 =
0.12), with no change in intrusion rate between recall trials (Trial: F
(1,15) = 1.00, p = 0.33, ng = 0.062). Post-hoc comparisons confirmed
that the reminder group had greater numbers of intrusions than both of
the other groups.

We further analysed mean performance at re-test compared to that at
initial test. Recall performance declined from initial test to re-test (F
(1,15) = 46.4, p < 0.001, ng = 0.76), as did the number of intrusions
(Test: F(1,15) = 11.1, p = 0.005, ng = 0.43; Test x Group: F(2,15) =
11.1, p = 0.001, 12 = 0.60).

These results replicate statistically the previous observations by
Hupbach et al (2007), extending them to show long-term retention of
the aberrant intrusions in the face of time-dependent memory decline.
However, we note that the quantitative level of recall performance was
greater in the present study compared to Hupbach et al (2007), and the
number of intrusions was substantially lower. Moreover, we observed no
intrusions in any participant within the no-interference and no-reminder
groups, which differs from both Hupbach et al (2007) and the failed
replication by Klingmuller et al (2017). Given that a single positive
replication, especially with unexpectedly-high levels of performance,
would not be sufficient evidence alone to renew confidence in replica-
bility of the Hupbach et al (2017) intrusion effect, we sought to conduct
a further replication, capitalising on observations that alterations to the

learning procedure had reduced memory performance in parallel
experiments.

3.2. Experiment 1.2

Using a different set of visual images, taken from a set of stand-
ardised images (Brady et al., 2008), and a larger sample size that would
be sufficiently powered to detect a correlation between numbers of
recalled items and intrusions, we observed a difference between the
groups in average list 1 recall at test (Fig. 2A; F(2,105) = 6.89, p =
0.002, ng = 0.12). Post-hoc comparisons revealed that the no-reminder
group recalled fewer list 1 items than the no-interference and reminder
groups, which did not differ from each other. In contrast, while there
was also an effect of group on the number of intrusions (Fig. 2B; F
(2,105) = 33.61, p < 0.001, ng = 0.39), this was driven by there being no
intrusions in the no interference groups, but similar numbers of in-
trusions in the no-reminder and reminder groups. Therefore, the
reminder resulted in higher recall, but no difference in intrusions, as
compared to the no-reminder group.

A correlation analysis of recall against intrusions revealed a signifi-
cant negative correlation when the whole sample (i.e. all groups) was
analysed together (r = -0.30, p < 0.001). Analyses by experimental
group showed that while there was a negative correlation in the no-
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Fig. 2. Memory reminder in combination with interference learning results in protection from interference in visual list learning. A, Experimental schematic:
participants learned an initial List 1 and then were split into groups that received no interference (Nol; n = 36), No reminder + interference (NoR, n = 36) or
reminder + interference (R, n = 36). B, Retrieval of List 1 items at the test 2 days after reminder/interference. Performance was reduced in the no reminder group
compared to the reminder and no interference groups. C, Intrusions of List 2 items into List 1 retrieval 2 days after reminder/interference. Similar numbers of
intrusions were observed in the no reminder and reminder groups; no intrusions were observed in the no interference group.
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Fig. 3. Memory test in combination with interference learning results in protection from interference in foreign vocabulary learning. A, Experimental schematic:
participants learned a list of English-Swahili translations and then were split into groups that received no test or Maori interference learning (NoT-Nol; n = 33), No
test + interference (NoT-I, n = 29), Test and no interference (T-Nol, n = 24) or Test + interference (T-I, n = 25). B, Similar test performance was observed
immediately after initial learning on day 1. C, At the retrieval test after reminder/interference, performance in the no test + interference group was lower than both
the no test + no interference and test + interference groups.



K.R. Tay et al.

reminder group (r =-0.38, p = 0.012), the correlation was absent in the
reminder group (r =-0.21, p = 0.11). There were no intrusions in the no-
interference group.

3.3. Experiment 1.3

The effect of the reminder to increase list 1 recall compared to the no-
reminder group is reminiscent of a retrieval practice effect, albeit in the
presence of interfering learning. This contrasts with the failure to
observe a retrieval practice effect with a reminder alone in the absence
of any interference (Klingmuller et al.,2017). Therefore, we employed
our experimental materials to determine whether our reminder alone
was able to increase later recall. A reminder group was compared to a
group that had no experimental session between initial learning and
final test. There was no difference in recall at test between the groups
(mean + SEM; no reminder = 9.68 + 0.56; reminder = 9.20 + 1.16; t
(10) = 0.45, p = 0.66, d = 0.26).

3.4. Experiment 2

The results of experiment 1.2 are an effective conceptual replication
of Potts & Shanks’ (2012) immunisation against interference by
reminder, whereby a reminder test protected against the disruptive ef-
fect of interference. Therefore, we sought to provide a close conceptual
replication of Potts & Shanks (2012), in order confirm the similarity of
observations across experimental paradigms.

There was no difference between the groups in initial learning of the
English-Swahili vocabulary pairs, as evidenced by post-learning recall
performance (data not shown; test x interference: F(1,107) = 2.00, p =
0.16, 12 = 0.018; test: F(1,107) = 0.18, p = 0.67, n2 = 0.002; interfer-
ence: F(1,107) = 0.022, p = 0.88, nﬁ = 0.00).

At the final test on day 3, there was evidence for a differential impact
of interference depending on whether participants had previously been
tested (Fig. 3; test x interference: F(1,107) = 5.33, p = 0.023, ng =
0.047; interference: F(1,107) = 1.94, p = 0.17, ng = 0.018), with an
overall effect of prior testing to elevate final performance (F(1,107) =
14.6, p < 0.001, ng = 0.12). Analyses of simple main effects revealed
that interference impaired performance in the absence of prior testing
(F = 7.74, p = 0.006), but not when participants were tested prior to
interfering learning (F = 0.38, p = 0.54). Analysis of the orthogonal
simple main effect of prior testing revealed no effect in the absence of
interference (F = 1.16, p = 0.28), but a significant protection against
interference (F = 18.5, p < 0.001).

We conducted an exploratory analysis of these data to analyse them
in the same way as Experiment 1.2 (omitting the test-no interference
group). There was a significant difference between the groups in test
recall (F(2,84) =9.51, p < 0.001, ng = 0.19). Post-hoc comparisons (p <
0.05) revealed the same pattern of group differences, with the no-
reminder (no test + interference) group performing at a lower level
than the no interference (no test + no interference) and reminder (test +
interference) equivalent groups. The latter 2 groups did not differ from
each other. Therefore, the effect of reminder/test to perform better than
no reminder/no test, in the presence of interfering learning, is similar
across visual list learning and foreign vocabulary learning paradigms.

3.5. Experiment 3.1

While the reminder-induced immunisation of memory against
interference might be underpinned by reconsolidation processes, it is
clear from the previous experiments that post-reminder interference
does not typically result in impairment of recall of the originally-learned
declarative memory, at least not in visual list learning or foreign vo-
cabulary learning settings. Therefore, we sought to translate the appli-
cation of visuospatial working memory taxation (James et al., 2015) to
the disruption of emotionally-neutral declarative memory
reconsolidation.
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Using an online implementation of our visual list-learning procedure
from Experiment 1.2, groups of participants were briefly reminded, fully
tested or received no reminder prior to playing tetris or watching a
colourful video. There was evidence for an effect of playing tetris
depending on the reminder condition (Fig. 4; reminder x tetris x ses-
sion: F(2,68) = 7.36, p = 0.001, nf) = 0.18; reminder x tetris: F(2,68) =
1.32,p=0.27, ng = 0.037). Analyses of simple main effects of tetris at
different sessions under the different reminder conditions revealed an
effect at the day 3 final test in the reminder condition (F = 7.42, p =
0.012), and not at any of the other tests (F < 2.16, p > 0.15).

3.6. Experiment 3.2

In order to test whether the amnestic impact of post-reminder
playing of tetris generalised across declarative memory paradigms, we
studied its impact in an online implementation of our foreign vocabulary
learning procedure from Experiment 2, using the same 3 reminder
conditions as in Experiment 3.1. There was no strong evidence for an
effect of playing tetris depending on the reminder condition (Fig. 5;
reminder x tetris x session: F(2,80) = 0.13, p = 0.88, nf, = 0.003;
reminder x tetris: F(2,80) = 1.49, p = 0.23, nlz) = 0.036; tetris x session:
F(1,80) = 1.95, p = 0.17, n2 = 0.024; tetris: F(1,80) = 1.25, p = 0.27, 1
= 0.015). Analyses of simple main effects of tetris at different sessions
under the different reminder conditions revealed little evidence for an
effect at any of the tests (F < 1.87, p > 0.18; day 3 final test in the full
test reminder condition: F = 3.24, p = 0.083).

4. Discussion

In the present study, we have observed a number of reminder-
dependent effects in visual list learning and foreign vocabulary
learning settings. Reminder of a visual list prior to the learning of a new
interfering list of visual images resulted in one experiment in a long-
lasting pattern of intrusions of list 2 items into list 1 recall, but with
no quantitative impairment in list 1 recall. However, in another exper-
iment, reminder instead protected against the effect of list 2 interfering
learning to impair list 1 recall. This latter pattern was replicated in the
foreign vocabulary learning setting. Finally, performance of a visuo-
spatial task following memory reminder impaired subsequent retrieval
of a visual list memory, but not foreign vocabulary memory.

Our two experiments on post-reminder interference in visual list
learning both show reminder-dependent effects that may be consistent
with engagement of memory reconsolidation processes. The pattern of
intrusions in Experiment 1.1 replicates a number of previous studies
(Capelo, Albuquerque, and Cadavid, 2019; Hupbach et al., 2007; Hup-
bach et al., 2008; Scully et al., 2016), while extending them to demon-
strate that the altered pattern of memory expression lasts for many
weeks. Typically, the final test occurs only days after reminder and
interference learning (Hupbach et al., 2007; Klingmuller et al., 2017;
Levy et al., 2018). However, we did not test recall of list 2 in order to
evaluate the presence or absence of intrusions of list 1 items. Therefore,
we cannot substantiate an asymmetric pattern of intrusions that has
been argued to be supportive of a reconsolidation-based explanation
(Hupbach, Gomez, and Nadel, 2009). Nevertheless, plausible alternative
accounts of this asymmetry, such as the temporal context model
(Gershman, Schapiro, Hupbach, and Norman, 2013; Sederberg, Gersh-
man, Polyn, and Norman, 2011) mean that reminder-dependent effects
of memory interference cannot necessarily be taken as strongly sup-
portive of a reconsolidation process.

The uncertainty concerning the interpretation of intrusions may be
less applicable to our second pattern of results, observed in both list
learning (Experiment 1.2) and foreign vocabulary learning (Experiment
2). In these experiments, reminder appeared to protect or immunise
against interference. This replicated a previous observation in foreign
vocabulary learning (Potts and Shanks, 2012), but to our knowledge
extended it for the first time into visual list learning. While the temporal
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Fig. 4. Performance of a visuospatial task impaired retrieval of a visual list only when combined with memory reminder. A, Experimental schematic: participants
learned a list of visual images and then were split into groups that received no reminder (NoR-), a brief reminder (R-) or a retrieval test (T-). They then either watched
a video (-V) or played tetris (-T). B, Similar test performance was observed immediately after initial learning on day 1. C, At the retrieval test after reminder/tetris,
performance in the reminder + tetris group was lower than other tetris groups and the reminder + video group (n = 12 per group; n = 13 for groups R-T & T-V).

context model might not immediately account for protection against
interference, it is also not obvious that memory reconsolidation need be
invoked. Reminder can not only result in memory destabilisation/
reconsolidation, but also in retrieval practice effects (Karpicke and
Roediger, 2008; Roediger and Karpicke, 2006), or indeed no overt
alteration in the memory at all. However, our list memory reminder
procedure did not result in an obvious retrieval practice effect (Experi-
ment 1.3) and the vocabulary test that acted as a reminder in Experiment
2 also showed no evidence of producing a testing effect. While it is
possible that the quantitative absence of a testing effect in the absence of
interference does not exclude the presence of a testing effect that
emerges under conditions of greater test difficulty (Halamish and Bjork,
2011; Potts and Shanks, 2012), the quantitative levels of performance in
our experiments was not high. Therefore, it is perhaps unlikely that the
equivalent list 1 retrieval performance in our reminder + interference vs
no interference groups reflects a simple offsetting of retrieval-mediated
memory enhancement against interference-generated memory impair-
ment. Instead, some other retrieval-engaged process might account for
the protection against interference. It is also pertinent to note that the
absence of obvious retrieval-practice effect in our experiments does not
conflict with previous observations; it is simply the case that under the
test conditions and parameters used in our procedures, there is little
evidence that the prior reminder enhances performance per se. Indeed,
the mechanisms underpinning when a reminder enhances a memory,
compared to opening it up for impairment, are not well understood; they
may include differences in the timing of neural recruitment (St Jacques,
Olm, and Schacter, 2013).

It is reminder-dependent quantitative memory impairments that are
typically interpreted as a disruption of memory reconsolidation (Forcato
et al., 2009; Forcato et al., 2007; Haubrich and Nader, 2018; Schwabe

and Wolf, 2009; Wichert et al., 2013). Therefore, it is not initially
obvious that reminder-induced protection against interference might be
a result of memory destabilisation/reconsolidation. However, studies in
rats have shown that the reminder of a hippocampal-dependent memory
maintained the precision of the memory (which typically decays over
time), in a manner that was dependent upon neural mechanisms of
memory destabilisation (De Oliveira Alvares, Crestani, Cassini, Hau-
brich, Santana, and Quillfeldt, 2013; de Oliveira Alvares, Einarsson,
Santana, Crestani, Haubrich, Cassini, Nader, and Quillfeldt, 2012).
Moreover, the effect of repeated memory reminder to strengthen hip-
pocampal memory generalises from rodents (De Oliveira Alvares et al.,
2013) to humans (Forcato, Rodriguez, and Pedreira, 2011). As a result, it
is not implausible that a reconsolidation-based process that is triggered
by memory reminder might, at least under certain conditions, maintain
the precision and strength of a declarative memory in the face of
interference. It is important here to reiterate that while we have
observed conceptually-similar patterns in experiments 1.2 & 2, the two
paradigms differ in the nature of the reminder. In the list-learning ex-
periments, the reminder involved re-exposure to the learning context,
experimenter and a reminder question, whereas it was an explicit
retrieval test in the foreign vocabulary experiments. First, it is estab-
lished in experimental animals that the capacity of memory reminder to
trigger reconsolidation is not dependent upon behavioural expression of
the memory (Ben Mamou, Gamache, and Nader, 2006; Frenkel, Mal-
donado, and Delorenzi, 2005). Moreover, given that a “full reminder”,
comprising cued retrieval and production of the answer, has been shown
not to trigger declarative memory reconsolidation, at least in a paired-
associate memory task (Forcato et al., 2009), we might conclude that
the vocabulary test also might not successfully engage destabilisation
and reconsolidation. Another potentially-important methodological
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Fig. 5. Performance of a visuospatial task did not affect retrieval of English-Swahili vocabulary learning. A, Experimental schematic: participants learned a list of
English-Swabhili word pairs and then were split into groups that received no reminder (NoR-), a brief reminder (R-) or a retrieval test (T-). They then either watched a
video (-V) or played tetris (-T). B, Similar test performance was observed immediately after initial learning on day 1. C, Similar test performance was also observed
after reminder/tetris (n = 14 per group; n = 13 for group R-T; n = 15 for group NoR-V; n = 16 for group T-V).

difference is that there was a criterion of learning implemented in
experiment 1.2, but not experiment 2. However, given that
incompletely-learned memories are seemingly more likely to undergo
reconsolidation following reminder (Lee, 2009), the suggestion would
be that it is the memory preservation effect in experiment 2, but not
experiment 1.2, that involves memory reconsolidation processes.
Without any reliable neural/biological marker of memory destabiliza-
tion and reconsolidation (or indeed other memory process), it is
impossible to determine the underlying mechanism of memory effects
and whether they are similar across paradigms (Milton, Das, and Merlo,
2023).

Neither of our list learning reminder-dependent effects were
observed in the failed replications of Hupbach et al (2007) conducted by
Klingmuller et al (2017). We cannot provide a good explanation for this
discrepancy and continue to agree that reminder-induced memory
processes in human declarative memory remain poorly understood.
Nevertheless, we do draw attention to potentially important procedural
differences in our experiments that present challenges to any compar-
ative interpretation. Our no-reminder control group was characterised
by learning list 2 in a different context, in the presence of a novel
experimenter and in the absence of any explicit reminder question.
Klingmuller et al (2017) used an “experimenter-question” control group
that re-exposed participants to the previous experimenter and included
an explicit reminder question, but conducted in a non-training context.
The use of this control group was reasonably motivated by previous
observations that context reminder is sufficient to induce the asym-
metric intrusion pattern (Hupbach et al., 2008), and Klingmuller et al
(2017) directly addressed the potentially important impact of context
familiarity. Nevertheless, the validity of the “experimenter-question”
procedure as an effective control is at least as questionable as the

replicability of the intrusion effect itself. Indeed, recent successful rep-
lications have used no-reminder controls similar to those employed in
our present experiments (Capelo et al., 2019). Moreover, the absence of
a no-interference control in Klingmuller et al (2017) makes it difficult to
establish whether there were any interference effects on list 1 recall, in
order to facilitate a comparison with our observation of reminder-
induced protection from interference.

Given the prevailing uncertainty surrounding the effects of post-
reminder interfering learning in human declarative memory settings,
to which our current results only further contribute, we sought to
establish whether alternative methods of memory interference might
provide greater clarity. Using the same learning materials, albeit in a
purely online setting, we observed that post-reminder playing of Tetris
impaired test performance in the visual list learning, but not the foreign
vocabulary learning, setting. This provides a partial conceptual repli-
cation of a series of studies showing the effect of Tetris as a visuospatial
task to reduce intrusive recollection of trauma memories (James et al.,
2015; Kessler et al., 2020), extending to an emotionally-neutral visual
list learning setting. This pattern of genuine memory impairment is more
clearly consistent with a disruption of memory reconsolidation, than are
the previous observations of intrusions and protection from interference.
Interestingly, in one previous study also demonstrating post-reminder
memory impairment using the induction of emotional state, the effect
appeared to be observed only in female participants (Pineyro, Ferrer
Monti, Diaz, Bueno, Bustos, and Molina, 2018). Therefore, it is possible
that our disproportionately-female participant pool may have influ-
enced our results. An additional point to note is that commonly across
our experiment 3.1 and previous studies using visuospatial in-
terventions, there is no criterion of learning imposed, which might
favour the engagement of reconsolidation by reminder (Lee, 2009). It is
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appealing, therefore, to conclude that in our visual list-learning para-
digm, the reminder structure that we have employed does engage
memory destabilisation and reconsolidation, which manifests in
different ways depending upon the nature of the intervention and other
factors that we do not fully understand. However, translation of our
paradigm from in-person to online could equally have resulted in the
reminder resulting in destabilisation only in the online setting. This
reflects our continued poor understanding of the reminder conditions
that are permissive for memory destabilisation (Jardine et al., 2022;
Zhang, Haubrich, Bernabo, Finnie, and Nader, 2018).

The lack of effect of the visuospatial task on the foreign vocabulary
memory may result from a number of different factors. First, the mem-
ory is inherently less visual in nature, meaning that a visuospatial task
may interfere less than with the visual list memory. However, inter-
vention task modality does not appear to be an important factor, at least
in an analogue trauma setting (Hagenaars, Holmes, Klaassen, and
Elzinga, 2017), and commonality of modality between the learned ma-
terial and intervention task is no guarantee of impairment (e.g. Chalkia,
Vanaken, Fonteyne, and Beckers, 2019). Moreover, while we imple-
mented both a brief reminder and a full test as alternative reminders, it
remains possible that neither were sufficient or optimal to cause mem-
ory destabilisation. Finally, we have to acknowledge that there has yet to
be convincing evidence that reconsolidation-like effects can be observed
in the foreign vocabulary learning setting (Finn and Roediger, 2011;
Finn, Roediger, and Rosenzweig, 2012).

In summary, we have demonstrated that reminder of human
declarative memory does render that memory susceptible to the impact
of post-reminder behavioural intervention. However, the behavioural
manifestation of that impact is not consistent across learning paradigms,
behavioural interventions, or even within the same conceptual replica-
tion. Therefore, our understanding of reminder-induced memory pro-
cesses in human declarative memory continues to be lacking. With the
difficulty in replicating reconsolidation results in human fear memory
settings (Chalkia et al., 2020; Stemerding et al., 2022), this supports the
need for caution in the translational application of reminder/
reconsolidation-based therapeutic strategies for PTSD and other psy-
chiatric conditions.
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