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ABSTRACT

After reactivation, apparently stable memories can become sensitive to modifications again, requiring
another phase of stabilization, called reconsolidation. Recent evidence shows that repeated reactivations
strengthen memories and that stronger memories are more resistant to alterations during reconsolida-
tion. Therefore, we asked whether multiple reactivations make memories less vulnerable to manipula-
tions during reconsolidation and thus serve as boundary condition on memory reconsolidation. In
Experiment 1, we tested whether new learning after the reactivation of previously learned material alters
the subsequent memory for the original material. Participants learned negative and neutral pictures,
reactivated them 1 week later, and learned new pictures immediately thereafter. Memory for the original
pictures was assessed in a recognition test 1 day later. We found that new learning after reactivation
reduced the subsequent memory of the original pictures; new learning alone or reactivation alone, how-
ever, had no effect on memory. Two further experiments investigated the impact of multiple reactiva-
tions on this memory impairing effect of new learning after reactivation. These experiments showed
that the influence of new learning after reactivation disappeared neither after one (Experiment 2) nor
after three (Experiment 3) additional reactivations completely, indicating that even after multiple reac-
tivations memories remain sensitive to modifications during reconsolidation. These findings may have
important implications for novel treatment approaches that aim for modification of unwanted memories

during reconsolidation.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

After initial encoding, memories are stabilized during a process
of consolidation. It has long been assumed that memory consolida-
tion occurs only once and that consolidated memories are stable
and resistant to changes (Dudai, 2004; McGaugh, 2000). This clas-
sical view on memory consolidation, however, has been challenged
by recent findings suggesting that memories may re-enter an
unstable state after their reactivation (Dudai, 2006; Hardt,
Einarsson, & Nader, 2010; Nader & Hardt, 2009), thus requiring an-
other phase of stabilization—called reconsolidation—that is similar
but not identical to the first phase of consolidation (Lee, Everitt, &
Thomas, 2004). Support for the idea of a reconsolidation process
after memory reactivation comes from studies showing that reac-
tivated memories—just like new memories—need de novo protein
synthesis to persist (Nader, Schafe, & LeDoux, 2000), and that phar-
macological or behavioral manipulations after the reactivation of
conditioned fear memories reduce subsequent fear memory (Kindt,
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Soeter, & Vervliet, 2009; Przybyslawski, Roullet, & Sara, 1999;
Schiller et al., 2010; Soeter & Kindt, 2011).

Early reconsolidation research focused mainly on the reconsol-
idation of conditioned fear memories, but recent studies have
shown that memory reconsolidation occurs also in episodic mem-
ory (Finn & Roediger, 2011; Forcato et al., 2007; Hupbach, Gomez,
& Nadel, 2009; Hupbach, Hardt, Gomez, & Nadel, 2008; Schwabe &
Wolf, 2009; Wichert, Wolf, & Schwabe, 2011). When reactivated,
episodic memories can be modified and updated by the incorpora-
tion of new information into the existing memory trace (Hupbach,
Gomez, Hardt, & Nadel, 2007). Accordingly, reconsolidation manip-
ulations may provide an opportunity to alter unwanted memories
and could have important implications for the treatment of anxiety
disorders, such as post-traumatic stress disorder (PTSD). Indeed,
there is first evidence that therapeutic interventions during the
reconsolidation window reduce subsequent responding to mental
imagery of the traumatic event in PTSD patients (Brunet et al.,
2008). In light of these promising findings, an important question
is whether memories can always be changed after reactivation or
whether there are limiting factors for reconsolidation
manipulations.

During the past years, several boundary conditions on memory
reconsolidation have been proposed. Rodent studies showed that
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older memories are less vulnerable to post-reactivation manipula-
tions than younger ones (Eisenberg & Dudai, 2004; Milekic &
Alberini, 2002), suggesting that memory age may be a constraint
on memory reconsolidation (but see Debiec, LeDoux, & Nader,
2002). Moreover, memory strength (Suzuki et al., 2004; Wang, de
Oliveira Alvares, & Nader, 2009; Winters, Tucci, & DaCosta-Furtado,
2009), reminder duration (Pedreira & Maldonado, 2003), and pre-
dictability of the reactivation stimulus (Pedreira, Pérez-Cuesta, &
Maldonado, 2004) have been suggested as boundary conditions
on reconsolidation. Reconsolidation research in humans showed
that memory updating occurs only when original and new learning
take place in the same spatial context (Hupbach et al., 2008), and
that the temporal sequence of presented reminders constrain the
reconsolidation process (Forcato, Rodriguez, & Pedreira, 2011).

Memory reactivation is the key to memory reconsolidation;
without reactivation there is no reconsolidation. However, beyond
its role as a trigger of the reconsolidation process, reactivation it-
self has an influence on memory: repeated reactivations enhance
the resilience of a memory trace to brain damage (Lehmann &
McNamara, 2011), and strengthen long-term memory (Karpicke
& Roediger, 2008). Even indirect memory reactivation during sleep
facilitates subsequent remembering (Rasch, Biichel, Gais, & Born,
2007; Rudoy, Voss, Westerberg, & Paller, 2009). In line with these
findings, it has been proposed that memory reactivation may serve
to strengthen memories (Sara, 2000). If memory reactivation
strengthens memory and if stronger memories are less sensitive
to modifications during reconsolidation (Suzuki et al., 2004; Win-
ters et al., 2009), it is tempting to hypothesize that repeated mem-
ory reactivations and possibly the repeated reconsolidations
following the reactivations may act as a boundary condition on
reconsolidation manipulations. Given that recurrent reactivations
of a traumatic event are a core symptom of PTSD, multiple reacti-
vations as a boundary condition on reconsolidation manipulations
would be highly relevant in the context of novel treatment ap-
proaches that aim at the modification of trauma memory after its
reactivation (Brunet et al., 2008; Schiller et al., 2010).

In the present series of experiments, we tested the hypothesis
that multiple reactivations make memories less vulnerable to
alterations after reactivation and thus act as a boundary condition
on reconsolidation manipulations. In the first experiment, partici-
pants learned new pictures after they had reactivated (i.e., re-
trieved) a set of previously learned pictures (retrieval/new
learning condition; see Fig. 1A). To control for effects of memory
reactivation without subsequent new learning and the effects of
new learning without prior reactivation, we included a group that
reactivated the initially learned pictures without learning new pic-
tures (retrieval/no new learning condition) and a group that learned
new pictures without prior reactivation of the initially learned pic-

tures (no retrieval/new learning condition). In addition, we included
a control group that neither reactivated the original pictures nor
learned new pictures (no retrieval/no new learning condition). This
first experiment served to show that new learning after the reacti-
vation of previously learned material may alter the subsequent
memory for the original material (Hupbach et al., 2007; Schwabe
& Wolf, 2009). In order to test for the influence of a single addi-
tional reactivation on the susceptibility of memories to alterations
during reconsolidation, participants in the second experiment
reactivated the original pictures once before the reconsolidation
manipulation (i.e., new learning after memory reactivation;
Fig. 1B). In a third experiment, participants reactivated the original
pictures three times before the reconsolidation manipulation
(Fig. 1C), in order to test for the effect of multiple reactivations.

2. Experiment 1: does new learning during reconsolidation alter
subsequent memory?

The first experiment investigated memory reconsolidation in
human episodic memory and asked whether learning new infor-
mation after the retrieval of previously learned information alters
the subsequent memory for the originally learned information in
a recognition test.

2.1. Materials and methods

2.1.1. Participants and design

Fifty-six healthy students of the Ruhr-University Bochum
(28 men, 28 women; age: M = 23.32 years, SEM = 0.36) participated
in this experiment. They received either course credits or a moder-
ate monetary compensation for participation. Exclusion criteria
comprised current or chronic mental disorder, drug abuse, and cur-
rent treatment with medication. All participants provided written
informed consent for their participation. The study was approved
by the local ethics committee.

We used a between-subjects design with the factors reactiva-
tion (retrieval, no retrieval) and new learning (yes, no), resulting
in four experimental groups: retrieval/new learning, retrieval/no
new learning, no retrieval/new learning, and no retrieval/no new
learning. Seven men and seven women were randomly assigned
to each of the four groups.

2.1.2. Stimulus materials

The stimulus materials included two sets of 16 pictures taken
from the International Affective Picture System (IAPS; Lang, Brad-
ley, & Cuthbert, 2008). In order to test for potential differences in
the reconsolidation of neutral and emotional memories, each set
comprised eight negative and eight neutral pictures. The pictures

DAY 1 DAY 2 DAY 3
Retrieval/new learning: Retrieval of set 1 + learning of set 2
A L i fset 1 Retrieval/no new learning:  Retrieval of set 1 R itiontest
—_—
A) Exp. 1 earning of s¢ 7 days No retrieval/new learning:  Learning of set 2 1 day ecognitiontes
No retrieval/no new learning: Omission of Day 2
l Retrieval/new learning: Retrieval of set 1 + learning of set 2
(B) Exp.2 Leaming of set 1 Retnev.a//no new /earn'mg: Remeyal of set 1 Recognition test
2 days No retrieval/new learning:  Learning of set 2 1 day
No retrieval/no new learning: Omission of Day 2
Retrieval/new learning: Retrieval of set 1 + learning of set 2
C) E 3 Learing of set1 Retrieval/no new learning:  Retrieval of set 1 R itiontest
(C) Exp. 9 2days  1day 1day No retrieval/new learning:  Learning of set 2 1day ecognitiontes
No retrieval/no new learning: Omission of Day 2

Fig. 1. Experimental design: Day 1, Day 2, and Day 3 were identical in the three experiments (for procedure see text). The number of retrievals, indicated by the vertical
arrows, between Day 1 and Day 2 varied between the experiments: Exp. 1 — no additional retrieval; Exp. 2 — one additional retrieval; Exp. 3 - three additional retrievals.
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of the two sets were matched with respect to emotional valence
and emotional arousal, based on the IAPS standard scores for va-
lence and arousal. To ensure that the pictures were indeed experi-
enced as neutral and negative, participants rated each picture with
respect to valence and arousal on two 0-100 scales with the end-
points being very negative vs. very positive and not arousing vs. very
arousing, respectively. In retrospect, these ratings confirmed the
classification of the pictures as negative and neutral: negative pic-
tures (M = 14.21, SEM = 1.18) were rated significantly lower in va-
lence than neutral pictures (M = 54.22, SEM = 1.45; t (55) = —18.80,
p <.001), and were associated with significantly higher emotional
arousal than neutral pictures (M=66.83, SEM =229 vs.
M =21.06,SEM = 2.01; t (55) = 15.05, p <.001). For recognition test-
ing, we used an additional picture set that also consisted of eight
negative and eight neutral pictures and was matched to the other
two picture sets.

2.1.3. Procedure

Testing took place on three experimental days: Day 1, learning;
Day 2, retrieval and/or new learning; Day 3, recognition testing
(see Fig. 1A).

After their arrival in the lab on Day 1, all participants saw 16
neutral and negative pictures (set 1) on a computer screen and
were instructed to memorize them. While seeing a picture, partic-
ipants gave valence and arousal ratings by clicking on two rating
scales shown under the picture. Each picture was presented on
the screen until participants finished their valence and arousal rat-
ings. Picture presentation and rating took about 10 min. To rule out
any group differences in picture encoding, participants completed
a written immediate free recall test directly after the picture pre-
sentation. Participants were asked to write down all pictures they
could remember, in as much detail as possible. The experimenter
counted the number of remembered pictures. If participants
remembered less than 13 of the 16 pictures, the procedure was re-
peated (without valance and arousal ratings). Participants had a
maximum of two trials to reach the learning criterion of 13
remembered pictures. After these two learning trials, the learning
phase was finished. Participants who did not reach the learning cri-
terion after two learning trials followed the same procedure as all
participants. There was no time limit for the free recall test; most
participants finished the learning session after two learning trials
and within 25 min.

The procedure on Day 2, 7 days after Day 1, depended on the
experimental condition. Similar to previous studies (Hupbach
et al.,, 2007, 2008; Wichert et al., 2011), participants in the retrieval
conditions (retrieval/new learning, retrieval/no new learning) were
asked to sit down quietly for 2 min and to think of the pictures that
were presented on Day 1. In order to quantify memory reactivation
and to control for potential group differences in reactivation, par-
ticipants were then asked to verbally list the pictures they remem-
bered. The experimenter recorded the pictures that were
mentioned without giving feedback. Retrieval took place in the
same spatial context as the learning session on Day 1 (Hupbach
et al., 2008). Participants in the retrieval/no new learning group left
the lab after retrieval. Participants in the retrieval/new learning
group learned another 16 neutral and negative pictures (set2)
immediately after retrieval, following the same procedure as dur-
ing initial learning on Day 1. In order to avoid any reactivation of
the picture set from Day 1, participants in the no retrieval/new
learning group learned the novel pictures without prior memory
retrieval and in a different spatial context (Hupbach et al., 2008).
Participants in the no retrieval/no new learning group completely
omitted experimental Day 2.

On Day 3, 24 h after Day 2, all participants completed a recogni-
tion test on the computer. Forty-eight pictures were shown,
including the pictures that were learned on Day 1, the pictures that

were learned by the new learning groups on Day 2, and an addi-
tional set that has never been shown before (set 3). Pictures were
presented one after another (in randomized order) and partici-
pants were asked to indicate whether they had seen the presented
picture on Day 1 or not by pressing a yes or a no button on a
keyboard.

Testing on the three experimental days took place between
9 am and 7 pm. For each subject, the testing sessions usually took
place at the same time of the day. Groups did not differ systemat-
ically with respect to the testing time.

2.2. Results

2.2.1. Learning performance on Day 1

On Day 1, participants took on average 1.8 trials (SEM = 0.05) to
reach the learning criterion of 13 correctly recalled pictures; the
four groups (retrieval/new learning, retrieval/no new learning, no re-
trieval/new learning, no retrieval/no new learning) did not differ in
the number of learning trials, F(3,52) = 1.65, p =.19, #? = .09 (main
effect Group). At the end of Day 1, participants remembered on
average 13.41 pictures (SEM =0.24; Table 1) with no significant
differences between groups, F(3,52) = 0.44, p =.72, % = .03 (main
effect Group), suggesting that there were no group differences in
initial picture encoding. Overall, negative pictures were better
remembered than neutral pictures, t (55) = 2.45, p =.01.

2.2.2. Memory retrieval and new learning on Day 2

On Day 2, participants in the two retrieval groups recalled on
average 11.79 pictures (SEM =0.40; Table 1). Negative pictures
were more often retrieved than neutral pictures, t(27)=3.24,
p =.003. Unexpectedly, the retrieval/no new learning group recalled
significantly more pictures than the retrieval/new learning group,
F(1,26)=7.68, p=.01, #*=.22 (main effect New Learning), which
might point to group differences in initial memory consolidation.

Participants in the two new learning groups learned a second
set of pictures either immediately after retrieval of picture set 1
or without prior memory retrieval. They took on average 1.9 trials
(SEM = 0.07) to reach the learning criterion of 13 correctly recalled
pictures from set 2 (M = 14.19, SEM = 0.28; Table 1) with no differ-
ences in their learning performance, F(1,26) =2.67,p=.10, #* =.11
(main effect Reactivation). Negative pictures were again better
remembered than neutral pictures, t (27) = 2.78, p =.01.

2.2.3. Memory performance on Day 3

2.2.3.1. Memory accuracy. Recognition accuracy (i.e., the percent-
age of correctly recognized pictures from set 1 [hits] minus the
percentage of pictures from set2 or set 3 that were incorrectly
identified as being from set 1 [false alarms]), was analyzed by an
Emotionality (negative, neutral) x Reactivation (retrieval, no re-
trieval) x New Learning (yes, no) ANOVA. This analysis revealed
that the effect of learning new pictures depended critically on
the prior retrieval of the initially learned pictures, F(1,52)=4.30,
p=.04, n? = .08 (Reactivation x New Learning interaction; without
any three-way-interaction with Emotionality). Learning new pic-
tures after retrieval of the original pictures reduced the subsequent
memory for the original pictures (retrieval/new learning vs. retrie-
val/no new learning, LSD post hoc test, p=.01), whereas learning
new pictures without prior retrieval did not alter subsequent
memory for the original pictures (no retrieval/new learning vs. no
retrieval/no new learning, LSD post hoc test, p=.75; Fig. 2A and
Table 1).

Since the retrieval/new learning group recalled significantly few-
er pictures than the retrieval/no new learning group during retrieval
on Day 2 (see above), we performed an Emotionality (negative,
neutral) x New Learning (yes, no) ANCOVA with retrieval perfor-
mance on Day 2 as covariate to rule out the possibility that the
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Table 1
Performance at initial learning on Day 1, retrieval and/or new learning on Day 2, and recognition testing on Day 3 for Experiment 1.
Group Day 1 Day 2 Day 3
Pictures recalled after initial Pictures recalled after Pictures recalled after new Recognition accuracy  Hits (%)
learning retrieval learning (%)
Retrieval/new learning 13.57(0.49) 10.79(0.51) 14.67 (0.38) 91.79 (1.26) 92.30(1.10)
Retrieval/ 13.50 (0.49) 12.79(0.51) - 96.43 (1.26) 97.70(1.10)
no new learning
No retrieval/ 13.64 (0.49) - 13.71 (0.38) 94.62 (1.26) 96.50(1.10)
new learning
No retrieval/ 12.93 (0.49) - - 94.06 (1.26) 95.70(1.10)

no new learning

Data represent means and standard error of the mean (in parentheses).

No additional retrieval

mmmm No new learning
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Fig. 2. Impact of new learning after retrieval (Exp. 1) when the memory was retrieved once (Exp. 2) or three times before (Exp. 3). Accuracy in the recognition test (i.e., hits
minus false alarms): (A) Learning new pictures after retrieval of original pictures reduced memory performance for the original pictures. (B) The retrieval/new learning group
tended to recognize fewer pictures correctly than the retrieval/no new learning group when the memory was reactivated once before. (C) The no retrieval/new learning group
recognized significantly fewer pictures correctly than the no retrieval/no new learning group when the memory was reactivated three times before. LSD post hoc tests **p <.01,

#p < .08; data represent means # standard errors of the mean.

group differences observed on Day 3 were owing to differences in
initial memory consolidation. This analysis yielded no significant
effect of retrieval performance on Day 2 on the recognition accu-
racy (effect retrieval performance on Day2, F(1,25)=0.22,
p=.88, #*=.001), and showed that the impairing effect of new
learning after retrieval on subsequent memory remained even
when the retrieval performance on Day2 was controlled for,
F(1,25)=4.33, p <.05, #? =.15 (main effect New Learning): the re-
trieval/new learning group (M =91.86, SEM =1.44) still remem-
bered significantly less pictures than the retrieval/no new learning
group (M = 96.36, SEM = 1.44).

2.2.3.2. Percentage of false alarms (intrusions from set 2 and intrusions
from set 3). According to the concept of memory reconsolidation,
one would expect the incorporation of the new information (i.e.,
picture set 2) into the original memory (i.e., picture set 1) after
reactivation (Hupbach et al., 2007). The false alarm rate, however,
was very low (M =1.02, SEM =0.23), with no difference between
intrusions from pictures that had been presented on Day 2 (set 2;
M =0.89, SEM = 0.34) and intrusions from pictures that have not
been presented before (set3; M=1.01, SEM=0.35),
t(55)=-0.23, p =.82. Moreover, an Emotionality (negative, neu-
tral) x Reactivation (retrieval, no retrieval) x New Learning (yes,
no) ANOVA revealed no significant influence of reactivation or
new learning on intrusions from set 2 (main effect Reactivation
and main effect New Learning both Fs(1,52)<1.89, ps>.18,
7% <.04) or intrusions from set3 (main effect Reactivation and
main effect New Learning both Fs(1,52) = 2.69, ps =.11, n? =.05).

Since pictures from set 2 were novel for the no new learning
groups (retrieval/no new learning, no retrieval/no new learning)
but familiar for the new learning groups (retrieval/new learning,
no retrieval/new learning) in the recognition test, we compared
the groups with and without new learning on Day 2 with respect
to incorrectly identified pictures from set 2. Intrusions from set 2
were equally low for the groups with (M =1.12, SEM = 0.48) and
without (M=0.67, SEM=0.48) new learning, F(1,54)=0.44,
p=.51, n? =.01 (main effect New Learning), indicating that there
was no difference in the incorrectly identified pictures from
set 2.

2.2.3.3. Percentage of hits (correctly recognized pictures from set 1).
Because the false alarm rate was very low (see above), we fur-
ther analyzed the percentage of hits. An Emotionality (negative,
neutral) x Reactivation (retrieval, no retrieval) x New Learning
(yes, no) ANOVA on the percentage of hits revealed that the ef-
fect of learning new pictures depended critically on the prior re-
trieval of the initially learned pictures, F(1,52)=8.19, p=.006,
n%=.14 (Reactivation x New Learning interaction; without any
three-way-interaction with Emotionality). Learning new pictures
after retrieval of the original pictures reduced the subsequent
memory for the original pictures (retrieval/new learning vs. re-
trieval/no new learning, LSD post hoc test, p=.001), whereas
learning new pictures without prior retrieval did not alter sub-
sequent memory for the original pictures (no retrieval/new learn-
ing vs. no retrieval/no new learning, LSD post hoc test, p=.61;
Fig. 3A).



42 S. Wichert et al. / Neurobiology of Learning and Memory 99 (2013) 38-49

*
I %% 1
—
*%k%
100 -
80 1
— 604
£
@
< 404
204
0
No retrieval Retrieval

*
—
100 - mmmm No new learning

g == New learning
= 801

(=]

ow

£

=

© 60 -

a

o

L

©

2 40+

Q

©

e

S 20

p2]

=

0
Retrieval

(B)

Fig. 3. Impact of new learning after memory retrieval (Exp. 1). (A) Hits (i.e., percentage of correctly recognized pictures from set 1) in the recognition test: learning new
pictures after retrieval of original pictures reduced memory performance for the original pictures. (B) Hits for retrieved pictures only: learning new pictures reduced memory
performance for the original pictures that were retrieved on Day 2. LSD post hoc tests *p <.05, “*p <.01, ***p <.001; data represent means * standard errors of the mean.

2.2.3.4. Hits for retrieved pictures only. According to the concept of
memory reconsolidation, only memories that are reactivated re-
turn to an unstable state in which they are modifiable (Nader &
Hardt, 2009). Therefore, we analyzed those memories that were
actually recalled during retrieval on Day 2. An Emotionality (nega-
tive, neutral) x New Learning (yes, no) ANOVA revealed a signifi-
cant effect of new learning after retrieval, F(1,26) = 8.61, p =.007,
n?=.25 (without an interaction with Emotionality): whereas par-
ticipants who did not learn new pictures after retrieval recognized
virtually all of the retrieved pictures correctly in the recognition
test on Day 3, those participants who learned new pictures after re-
trieval showed a marked decrease in their memory for those pic-
tures that were retrieved on Day 2 (Fig. 3B).

The percentage of hits for pictures that were not retrieved on
Day2 was significantly above chance level (M=77.77,
SEM =5.48), t(27)=5.07, p<.001, indicating that pictures that
were not retrieved in the free recall test on Day 2 were still remem-
bered in the recognition test on Day 3. An Emotionality (negative,
neutral) x New Learning (yes, no) ANOVA on the percentage of pic-
tures that were not retrieved revealed that new learning did not
impair memory performance for pictures that were not retrieved,
F(1,26)=0.02, p =.89, #* = .001 (main effect New Learning): the re-
trieval/new learning group (M =76.96, SEM =7.89) did not differ
from retrieval/no new learning group (M = 78.57, SEM = 7.89).

We also performed an ANOVA for recognition performance in
which we included the hits for the pictures that were retrieved
on Day 2 for the retrieval groups (and all pictures for the no retrie-
val groups). However, in this ANOVA the Reactivation x Interfer-
ence interaction did not reach statistical significance (p >.20).

2.3. Discussion

Experiment 1. asked whether learning new material after the
reactivation of initially learned material alters the subsequent
memory for the original material. According to the reconsolidation
view, memory reactivation through retrieval renders memories
labile again and sensitive to modification through new learning
(Nader & Hardt, 2009; Sara, 2000). The results of our first experi-
ment showed that learning new pictures reduced memory perfor-
mance indeed only when the memory for the previously learned

pictures was reactivated before. The memory impairment in the re-
trieval/new learning group remained when we controlled for poten-
tial differences in initial consolidation. Moreover, a strong memory
impairing effect of new learning was observed only for those
memories that were actually retrieved before new learning; new
learning did not impair memories that were not retrieved before
new learning. The emotionality of the pictures did not affect this
pattern of results. In sum, the findings of the first experiment sug-
gest that new learning after the reactivation of previously learned
material interferes with the reconsolidation of the original mate-
rial. The key question of the present study, however, was whether
multiple reactivations act as a boundary condition on memory
reconsolidation and can thus reduce the influence of reconsolida-
tion manipulations (such as new learning after reactivation) on
subsequent memory. We addressed this question in the following
two experiments.

3. Experiment 2: does one additional memory reactivation
reduce the impairing effect of new learning during
reconsolidation?

In the second experiment, we examined if one additional reac-
tivation makes memories less sensitive to new learning after reac-
tivation. For this purpose, participants retrieved the initially
learned material once prior to the reconsolidation manipulation.

3.1. Materials and methods

3.1.1. Participants

Fifty-six healthy students of the Ruhr-University Bochum
(28 men, 28 women; age: M = 23.73 years, SEM = 0.33) participated
in this experiment. None of the participants had already partici-
pated in Experiment 1. Participants received either course credits
or a moderate monetary compensation for participation. Exclusion
criteria comprised current or chronic mental disorder, drug abuse,
and current treatment with medication. All participants provided
written informed consent for their participation. This study was
approved by a local ethics committee. Seven men and seven wo-
men were randomly assigned to each of the four experimental
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groups (retrieval/new learning, retrieval/no new learning, no retrie-
val[new learning, and no retrieval/no new learning).

3.1.2. Stimulus materials and procedure

Materials were the same as in Experiment 1. As in the previous
experiment, participants’ ratings indicated that negative pictures
(valence: M=12.57, SEM=1.15; arousal: M=69.60, SEM = 2.24;
t(55)=-24.32, p<.001) were experienced as significantly more
negative and more arousing than neutral pictures (valence:
M=5554, SEM=1.08; arousal: M=14.72, SEM=1.31;
t(55)=24.59, p<.001).

Day 1, Day 2, and Day 3 were identical to the experimental days
in Experiment 1. However, in order to assess the influence of one
additional reactivation on the susceptibility of memories to recon-
solidation manipulations, all participants retrieved the original
memories once between experimental Days 1 and 2 (see Fig. 1B),
following the same procedure as described for retrieval on Day 2
(see above). To ensure sufficient consolidation of the initially
learned material, the additional retrieval took place at least two
(and at max. four) days after Day 1 (i.e., the additional retrieval ses-
sion could occur between 5 and 3 days before experimental Day 2).
The timing of the last additional retrieval relative to Day 1 and
Day 2 was counterbalanced across groups.

3.2. Results

3.2.1. Learning performance on Day 1

Participants took on average 1.77 trials (SEM = 0.06) to reach
the learning criterion (13 correctly recalled pictures) and the four
groups did not differ in the number of learning trials,
F(3,52)=1.44, p = .24, n* = .08 (main effect Group). At the end of
Day 1, participants remembered on average 13.12 pictures
(SEM =0.26; Table 2) with no significant differences between
groups, F(3,52)=0.97, p = .41, #*=.05 (main effect Group). Nega-
tive pictures were better remembered than neutral pictures,
t(55)=3.85, p<.001.

3.2.2. Additional memory retrieval

Participants recalled on average 12.09 pictures (SEM = 0.25; Ta-
ble 2) during the additional retrieval between experimental Days 1
and 2, with no differences between the four groups, F(3,52) = 0.37,
p=.78, n? = .02 (main effect Group). Negative pictures were more
often retrieved than neutral pictures, t (55)=3.95, p <.001.

3.2.3. Memory retrieval and new learning on Day 2

On Day 2, the retrieval groups (retrieval/new learning, retrieval/
no new learning) recalled on average 12.29 pictures (SEM = 0.35;
Table 2) without any differences in their retrieval performance,
F(1,26) = 0.65, p = .43, #? = .02 (main effect New Learning).

The new learning groups (retrieval/new learning, no retrieval/
new learning) took on average 1.75 trials (SEM =0.08) to reach
the learning criterion for the second picture set (M=13.57,
SEM = 0.32; Table 2) and did not differ in their learning perfor-
mance, F(1,26) =0.05, p=.83, n? =.002. Again, negative pictures
were better remembered than neutral ones, t(27) = 4.33, p <.001.

3.2.4. Memory performance on Day 3

3.24.1. Memory accuracy. An Emotionality (negative, neu-
tral) x Reactivation (retrieval, no retrieval) x New Learning (yes,
no) ANOVA on the recognition accuracy showed no significant ef-
fect of new learning after reactivation (Reactivation x New Learn-
ing interaction, F(1,52)=0.17, p=.68, #*=.003). However, it
revealed a significant main effect of new learning, F(1,52) = 5.07,
p<.03, #*>=.09: the new learning groups (retrieval/new learning,
no retrieval/new learning) recognized significantly fewer pictures

than the no new learning groups (retrieval/no new learning, no re-
trieval/no new learning; Table 2).

3.2.4.2. Percentage of false alarms (intrusions from set 2 and intrusions
from set 3). Same as in Experiment 1, the false alarms rate was very
low (M = 1.20, SEM = 0.29), with no difference between intrusions
from pictures that have been presented before (set2; M=1.48,
SEM = 0.47) and intrusions from pictures that have not been pre-
sented before (set3; M=0.69, SEM=0.34), t(55)=1.41, p=.17.
Intrusions from set 2 were equally frequent for the groups with
(M=1.47, SEM=0.57) and without new learning (M =1.34,
SEM =0.57), F(1,54)=0.03, p=.87, #*<.001 (main effect New
Learning). Moreover, an Emotionality (negative, neutral) x Reacti-
vation (retrieval, no retrieval) x New Learning (yes, no) ANOVA re-
vealed no significant no influence of reactivation or new learning
on intrusions from set 2 (main effect Reactivation and main effect
New Learning both Fs(1, 52) < 0.03, ps > .87, #* < .001) or intrusions
from set 3 (main effect Reactivation and main effect New Learning
both Fs(1,52)<1.55, ps >.22, ? <.03).

3.2.4.3. Percentage of hits (correctly recognized pictures from set 1).
An Emotionality (negative, neutral) x Reactivation (retrieval, no
retrieval) x New Learning (yes, no) ANOVA on the percentage of
hits showed no significant effect of new learning after reactivation
(Reactivation x New Learning interaction, F(1,52)=0.99, p =.33,
n?=.02). It rather revealed a significant main effect of new learn-
ing, F(1,52)=5.79, p<.02, n*=.10 (main effect New Learning):
the new learning groups recognized significantly fewer pictures
from set1 than the no new learning groups (M =93.13,
SEM =1.02 vs. M =96.61, SEM = 1.02; Table 2).

3.2.4.4. Hits for retrieved pictures only. An Emotionality (negative,
neutral) x New Learning (yes, no) ANOVA for only those pictures
that were recalled during retrieval on Day 2 revealed that new
learning after retrieval decreased memory performance for the re-
trieved pictures, F(1,26) = 3.83, p =.06, n* =.13 (Fig. 4B).

Same as in Experiment 1, the percentage of hits for pictures that
were not retrieved on Day 2 was significantly above chance level
(M=72.47 SEM=6.10), t(27)=3.68, p=.001. An Emotionality
(negative, neutral) x New Learning (yes, no) ANOVA revealed that
new learning did not impair memory performance for pictures that
were not retrieved on Day 2, F(1,26) = 1.33, p = .26, #? = .05 (main
effect New Learning): the retrieval/new learning group (M = 65.47,
SEM = 8.58) did not differ from retrieval/no new learning group
(M =79.46, SEM = 8.58).

We also performed an ANOVA for recognition performance in
which we included the hits for the pictures that were retrieved
on Day 2 for the retrieval groups (and all pictures for the no retrie-
val groups). In this ANOVA the Reactivation x Interference interac-
tion did also not reach statistical significance (p > .60).

3.3. Discussion

Since it has been proposed that memory reactivation may serve
to strengthen an existing memory trace (Wang et al., 2009) and
that stronger memories are less vulnerable to alterations during
reconsolidation (Milekic & Alberini, 2002), Experiment 2 asked if
one additional reactivation prior to the reconsolidation manipula-
tion reduces the impairing effect of new learning after reactivation.
In this experiment, the critical Reactivation x New Learning inter-
action was not significant which might lead to the conclusion that
the impairing effect of new learning after reactivation disappeared
when the initially learned material was reactivated before the
reconsolidation manipulation. However, the pattern of results dis-
played in Fig. 4A questions this interpretation, showing that mem-
ory impairment was most pronounced in the retrieval/new learning
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Table 2
Performance at initial learning on Day 1, the additional memory retrieval, retrieval and/or new learning on Day 2, and recognition testing on Day 3 for Experiment 2.
Group Day 1 Additional retrieval Day 2 Day 3
Pictures recalled Pictures recalled Pictures recalled Pictures recalled Recognition Hits (%)
after initial learning after retrieval after retrieval after new learning accuracy (%)
Retrieval/ 13.14(0.53) 12.52(0.52) 12.57 (0.50) 13.64 (0.45) 90.93(1.61) 92.20 (1.40)
new learning
Retrieval/ 13.21(0.53) 11.86 (0.52) 12.00(0.50) - 95.22 (1.61) 97.10 (1.40)
no new learning
No retrieval/ 13.69 (0.53) 12.14(0.52) - 13.50(0.45) 91.91 (1.61) 94.10 (1.40)
new learning
No retrieval/ 12.43 (0.53) 11.86 (0.52) - - 94.87 (1.61) 96.10(1.40)

no new learning

Data represent means and standard error of the mean (in parentheses).

group. Moreover, in line with the reconsolidation account, memory
performance was reduced for those pictures that were actually re-
trieved on Day 2 (Fig. 4B) but not for pictures that were not re-
trieved on Day 2, suggesting that the impairing effects of new
learning after reactivation were still present after one additional
memory reactivation.

It might well be that the single reactivation before the reconsol-
idation manipulation was not sufficient to ‘shield’ the memory
against modifications during reconsolidation. Therefore, we per-
formed a third experiment in which we assessed the effect of mul-
tiple reactivations on memory performance after reconsolidation
manipulations.

4. Experiment 3: do multiple memory reactivations reduce the
impairing effect of new learning during reconsolidation?

The third experiment examined if multiple reactivations make
memories less sensitive to reconsolidation manipulations. To this
end, participants retrieved the original memories three times prior
to the standard reconsolidation manipulation on Day 2.

4.1. Materials and methods

4.1.1. Participants

Fifty-six healthy students of the Ruhr-University Bochum
(28 men, 28 women; age: M = 23.39 years, SEM = 0.31) participated
in this experiment. None of the participants had participated in
Experiment 1 or 2. Participants received either course credits or a
moderate monetary compensation for participation. Exclusion cri-
teria comprised current or chronic mental disorder, drug abuse,
and current treatment with medication. All participants provided
written informed consent for their participation. This study was
approved by the local ethics committee. Again, seven men and se-
ven women were randomly assigned to each of the four experi-
mental groups (retrieval/new learning, retrieval/no new learning,
no retrieval/new learning, and no retrieval/no new learning). One par-
ticipant of the retrieval/new learning group had to be excluded be-
cause he did not comply with the instructions.

4.1.2. Stimulus materials and procedure

The stimulus materials were exactly the same as in Experi-
ment 1 and Experiment 2. Participants’ ratings verified again that
negative pictures were experienced as negative (M=16.51,
SEM=1.28) and neutral pictures as neutral (M=57.25,
SEM =1.40; t(55)=-20.28, p<.001), and that negative pictures
were significantly more arousing than neutral pictures
(M =58.24, SEM=2.67 vs. M=11.73, SEM =1.44; t(55)=15.52,
p <.001).

The procedure on experimental Days 1-3 was exactly the same
as in Experiments 1 and 2: participants learned the first picture set

on Day 1, retrieved it and learned the new picture set on Day 2
(depending on the experimental group), and completed a recogni-
tion test on Day 3.

In order to assess the impact of multiple reactivations on the ef-
fect of new learning after reactivation, participants had three addi-
tional retrievals (on separate days) of picture set 1 between Day 1
and Day 2 (see Fig. 1C). To ensure sufficient consolidation of the
learned material, the first additional retrieval took place at least
two (and at max. four) days after Day 1 (i.e., the last additional re-
trieval session could occur between 1 and 3 days before experi-
mental Day 2). The second and the third retrieval took place on
the 2 days following the first retrieval. The procedure for these
additional retrievals was the same as described for the retrieval
on Day 2. The timing of the last additional retrieval relative to
Day 1 and Day 2 was counterbalanced across groups.

4.2. Results

4.2.1. Learning performance on Day 1

Participants took on average 1.7 trials (SEM = 0.06) to reach the
learning criterion (13 correctly recalled pictures) and the four
groups did not differ in the number of learning trials,
F(3,52)=0.50, p =.50, #? =.04 (main effect Group). At the end of
Day 1, participants remembered on average 13.3 pictures
(SEM =0.27; Table 3) with no significant differences between
groups, F(3,52) = 1.55, p = .21, #* = .08 (main effect Group), indicat-
ing that groups did not differ in initial memory encoding. Negative
pictures were better remembered than neutral pictures,
t(55)=3.69, p <.001.

4.2.2. Additional memory retrievals

During the three additional retrievals prior to the reconsolida-
tion manipulation on experimental Day 2, participants recalled
on average between 12 and 13 pictures without any differences be-
tween groups (first retrieval: M = 12.32, SEM = .25; second retrie-
val: M=12.91, SEM=.2; third retrieval: M=13.07, SEM = .24,
Fs(3,52)<0.64, ps>.43, n?<.03 [main effect Group]; Table 3).
Negative pictures were better recalled than neutral pictures,
ts (55) > 2.53, ps <.01. At the third retrieval, participants remem-
bered significantly more pictures than at the first retrieval,
F(1,52)=32.37, p<.001, * = .38, indicating that additional mem-
ory retrievals indeed enhanced memory.

4.2.3. Memory retrieval and new learning on Day 2

On Day 2, 1 week after initial learning, the retrieval groups (re-
trieval/new learning, retrieval/no new learning) recalled on average
12.87 pictures (SEM = 0.35; Table 3) and did not differ in their re-
trieval performance, F(1,26)=0.71, p=.41, #?>=.03 (main effect
New Learning).
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Fig. 4. Impact of new learning after retrieval when the memory was retrieved once before (Exp. 2). (A) Hits (i.e., percentage of correctly recognized pictures from set 1) in the
recognition test: the retrieval/new learning group recognized significantly fewer pictures than the retrieval/no new learning group. (B) Hits for retrieved pictures only: learning
new pictures reduced memory performance for the original pictures that were retrieved on Day 2. LSD post hoc tests “p < .05, #p < .08; data represent means + standard errors

of the mean.

The new learning groups (retrieval/new learning, no retrieval/
new learning) took on average 1.7 trials (SEM = 0.09) to reach the
learning criterion for the second picture set (M=13.54,
SEM = 0.31; Table 3) and did not differ in their learning perfor-
mance, F(1,26) = 0.12, p =.74, #* = .004 (main effect Reactivation).
Negative pictures were again better remembered than neutral pic-
tures, t (27)=2.70, p = .01.

4.2.4. Memory performance on Day 3

4.2.4.1. Memory accuracy. An Emotionality (negative, neu-
tral) x Reactivation (retrieval, no retrieval) x New Learning (yes,
no) ANOVA on the recognition accuracy showed no interaction ef-
fect between reactivation and new learning, F(1,51)=2.48,p=.12,
%= .05, and no main effect of reactivation, F(1,51) = 0.07, p = .80,
n?=.001. New learning, however, reduced recognition accuracy
significantly, F(1,51) = 7.64, p = .008, 1? = .13: whereas participants
who did not learn new pictures recognized virtually all of the re-
trieved pictures correctly (M = 95.30, SEM = 1.2), those participants
who learned new pictures showed a marked decrease in their rec-
ognition accuracy (M=90.52, SEM=1.2; Table 3). Moreover,
whereas there was no difference between the retrieval groups (re-
trieval/new learning vs. retrieval/no new learning, LSD post hoc test,
p = .41), the no retrieval/new learning group recognized fewer pic-
tures than the no retrieval/no new learning group (LSD post hoc test,
p =.003; Fig. 2C).

4.2.4.2. Percentage of false alarms (intrusions from set 2 and intrusions
from set 3). Same as in Experiments 1 and 2, the false alarms rate
was very low (M =1.40, SEM = 0.36), with no difference between
intrusions from pictures that have been presented before (set 2;
M =0.80, SEM = 0.33) and intrusions from pictures that have not
been presented before (set3; M=1.68, SEM=0.49),
t(54)=-1.73, p =.09. Intrusions from set 2 were equally frequent
for the groups with (M =0.23, SEM = 0.45) and without new learn-
ing (M =1.33, SEM =0.44), F(1,53)=2.99, p=.09, 1*=.05. More-
over, an Emotionality (negative, neutral) x Reactivation (retrieval,
no retrieval) x New Learning (yes, no) ANOVA revealed no signifi-
cant influence of reactivation or new learning on intrusions from
set 2 (main effect Reactivation and main effect New Learning both
Fs(1,51)<2.99, ps>.10, n?<.05) or intrusions from set 3 (main
effect Reactivation and main effect New Learning both Fs(1, 51)
<0.72, ps > .40, n? < .01).

4.2.4.3. Percentage of hits (correctly recognized pictures from set 1).
An Emotionality (negative, neutral) x Reactivation (retrieval, no
retrieval) x New Learning (yes, no) ANOVA on the percentage of
hits showed no interaction effect between reactivation and new
learning, F(1,51) = 1.31, p = .26, #* =.03, and no main effect of reac-
tivation, F(1,51)=0.39, p =.54, n* =.008. New learning, however,
reduced recognition performance significantly, F(1,51)=15.23,
p<.001, #?=.23 (main effect New Learning): the new learning
groups recognized fewer pictures correctly than the no new learn-
ing groups (no retrieval/new learning vs. no retrieval/no new learn-
ing, LSD post hoc test, p =.001; retrieval/new learning vs. retrieval/
no new learning, LSD post hoc test, p =.06; Fig. 5A and Table 3).

4.2.4.4. Hits for retrieved pictures only. Analyzing the impact of new
learning on those pictures that were actually retrieved on Day 2, an
Emotionality (negative, neutral) x New Learning (yes, no) ANOVA
revealed that the retrieval/new learning group tended to recognize
fewer of the retrieved pictures than the retrieval/no new learning
group, F(1,25) =2.52, p =.08, n? = .09 (Fig. 5B).

Same as in Experiment 1 and Experiment 2, the percentage of
hits for pictures that were not retrieved on Day 2 was significantly
above chance level (M = 74.26, SEM = 5.25), t (27) = 4.62, p <.001.
An Emotionality (negative, neutral) x New Learning (yes, no) ANO-
VA revealed that new learning did not impair memory perfor-
mance for pictures that were not retrieved on Day 2,
F(1,26) =2.38, p =.14, #* = .08 (main effect New Learning): the re-
trieval/new learning group (M =66.37, SEM =7.24) did not differ
from the retrieval/no new learning group (M = 82.14, SEM = 7.24).

We also performed an ANOVA for recognition performance in
which we included the hits for the pictures that were retrieved
on Day 2 for the retrieval groups (and all pictures for the no retrie-
val groups). In this ANOVA the Reactivation x Interference interac-
tion did also not reach statistical significance (p > .60).

4.3. Discussion

Our second experiment suggested that the impairing effect of
new learning during reconsolidation was not abolished after one
additional reactivation. Because it remained possible that a single
reactivation before the reconsolidation manipulation was not
sufficient to reduce the impairing influence of new learning after
reactivation, our third experiment asked whether multiple
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Table 3

Performance at initial learning on Day 1, the three additional memory retrievals, retrieval and/or new learning on Day 2, and recognition testing on Day 3 for Experiment 3.

Day 3

3rd Additional Day 2

retrieval

2nd Additional
retrieval

1st Additional retrieval

Day 1

Group

Hits (%)

Recognition

Pictures recalled

Pictures recalled
after retrieval

Pictures recalled

after retrieval
12.50 (0.49)

Pictures recalled

after retrieval
12.36 (0.50)

Pictures recalled

after retrieval
11.64 (0.50)

Pictures recalled

accuracy (%)
92.10(1.78)

after new learning
13.43 (0.45)

after initial learning

12.36(0.53)

93.30(1.50)

12,57 (0.50)

Retrieval/

new learning

Retrieval/

97.20 (1.40)

94.16 (1.71)

13.00 (0.50) 13.36 (0.49) 13.17 (0.50)

12.36 (0.50)

13.55(0.53)

no new learning

No retrieval/

90.70 (1.40)

88.93 (1.71)

13.64 (0.45)

13.14(0.50) 13.26 (0.49)

12.50 (0.50)

13.57 (0.53)

new learning

No retrieval/

98.00 (1.40)

96.43 (1.71)

13.14(0.50) 13.14(0.49)

1279 (0.50)

13.83(0.53)

no new learning

Data represent means and standard error of the mean (in parentheses).
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reactivations make memories less susceptible to reconsolidation
manipulations. The results were similar to those of the Experi-
ment 2. The lack of a significant Reactivation x New Learning inter-
action suggests that the obtained effect of new learning was not
reactivation-dependent. However, the finding that memory was re-
duced in both new learning groups (retrieval/new learning, no retrie-
val/new learning; Fig. 5A) might be taken as evidence for an
impairing effect of new learning after reactivation: since partici-
pants in the no retrieval/new learning group had three reactivations
before new learning on Day 2, they might have expected another
reactivation session and might thus have reactivated the initially
learned pictures without any instructions to do so. Another finding
speaking in favor of an impairing effect of new learning during
reconsolidation is that memory performance was reduced for those
pictures that were actually retrieved on Day 2 (Fig. 5B) but not for
pictures that were not retrieved on Day 2.

In addition, our third experiment provided direct evidence for
the idea that repeated reactivation strengthens memory (Karpicke
& Roediger, 2008): participants recalled more pictures at the third
retrieval than at the first, although they did not see the pictures
again in between.

5. Comparison across experiments

Because the stimulus materials and the experimental proce-
dures on Day 1, Day 2, and Day 3 were exactly the same in the
three experiments, we compared the percentage of hits across
experiments by means of a three-way ANOVA with the factors
Reactivation (retrieval, no retrieval), New Learning (yes, no), and
Number of Additional Reactivations (none, one, three). This analy-
sis yielded a significant three-way interaction, F(2,155)=3.92,
p=.02, #?=.05, indicating that the effect of new learning after
memory reactivation depended on the number of memory reacti-
vations: the effect of new learning was reactivation-dependent in
the first experiment, when the participants did not retrieve the
learned material between Day 1 and Day 2, but not in Experiments
2 and 3, when participants retrieved the learned material at least
once before the experimental manipulation on Day 2 (results de-
scribed above). A direct comparison of the three retrieval/new
learning groups across experiments, however, showed that their
memory performance did not change significantly with additional
reactivations, F(2,38) = 0.20, p =.82, n*> =.01 (main effect Number
of Additional Reactivations).

As the data suggest an increasing influence of new learning
(without prior reactivation) with increasing number of additional
reactivations, we directly compared memory performance for the
three no retrieval/new learning groups across the three experi-
ments. An Emotionality (negative, neutral) x Number of Additional
Reactivations (none, one, three) ANOVA revealed that the percent-
age of hits indeed decreased with additional reactivations in the no
retrieval/no new learning groups, F(2,39)=3.61, p=.04, n*=.16
(main effect Number of Additional Reactivations; no additional
reactivation: M =96.50, SEM = 1.50; one additional reactivation:
M =94.10, SEM = 1.50; three additional reactivations: M = 90.70,
SEM =1.50; LSD post hoc test, three additional reactivations vs.
no additional reactivation p=.01; other ps>.13). Moreover, a
Group (no retrieval/new learning, no retrieval/no new learn-
ing) x Number of Additional Reactivations (none, one, three) ANO-
VA on the percentage of hits revealed a strong increasing influence
of new learning with additional reactivations, F(2,78)=5.64,
p=.005, n?>=.16 (Group x Number of Additional Reactivations
interaction): whereas memory performance in the no retrieval/no
new learning group stayed constant with additional reactivations
(no additional reactivation: M = 95.70, SEM = 1.20; one additional
reactivation: M = 96.10, SEM = 1,20; three additional reactivations:
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Fig. 5. Impact of new learning after retrieval when the memory was retrieved three times before (Exp. 3). (A) Hits (i.e., percentage of correctly recognized pictures from set 1)
in the recognition test: the no retrieval/new learning group recognized significantly fewer pictures than the no retrieval/no new learning group; the retrieval/new learning group
tended to recognize fewer pictures than the retrieval/no new learning group. (B) Hits for retrieved pictures only: learning new pictures reduced memory performance for the
original pictures that were retrieved on Day 2. LSD post hoc tests **p <.001, #p <.08; data represent means + standard errors of the mean.

M =98.00, SEM = 1.20), memory performance in the no retrieval/
new learning group decreased with increasing number of additional
reactivations (no additional reactivation: M = 96.50, SEM = 1.20;
one additional reactivation: M = 94.10, SEM = 1,20; three additional
reactivations: M = 90.70, SEM = 1.20; Figs. 3A, 4A, and 5A).

Furthermore, the comparison across experiments suggests that
additional memory reactivations enhanced memory. An analysis of
the percentage of hits for the no retrieval/no new learning groups
revealed that participants who reactivated the previously learned
pictures three times prior to the reconsolidation manipulation on
Day 2 (Experiment 3) recognized significantly more pictures cor-
rectly on Day 3 than participants who did not reactivate the
learned pictures prior to the reconsolidation manipulation on
Day 2 (Experiment 1), F(1,26) =5.17, p=.03, #?=.17 (main effect
Number of Additional Reactivations; three additional reactiva-
tions: M=98.00, SEM=0.07, no additional reactivation:
M =95.70, SEM = 0.07). Moreover, three prior memory reactiva-
tions significantly enhanced retrieval performance on Day 2,
F(1,54)=4.11, p =.05, #? =.07 (main effect Number of Additional
Reactivations; three additional reactivations: M =12.87,
SEM =0.38, no additional reactivation: M=11.79, SEM = 0.38).
These findings corroborate the idea that multiple reactivations
strengthen memory (Karpicke & Roediger, 2008). Since repeated
reactivations are assumed to enhance memory, we also compared
the retrieval/no new learning group with the no retrieval/no new
learning group across experiments. An ANOVA with the factors
Emotionality (negative, neutral), Group (no retrieval/no new learn-
ing, retrieval/no new learning), and Number of Additional Reacti-
vations (none, one, three) on the percentage of hits, however,
revealed no significant effects of Reactivation, Number of Addi-
tional Reactivations, or their interaction, Fs(2,78)< 1.87, ps > .16,
ns? < .05, indicating no significant differences between these two
groups with increasing number of reactivations.

6. General discussion

Over the past decade, evidence has been accumulated that
memories—when reactivated during retrieval—undergo a process
of reconsolidation during which they are modifiable (Brunet
et al., 2008; Forcato et al., 2007; Hupbach et al., 2007, 2008; Kindt

et al,, 2009; Nader et al,, 2000; Schiller et al., 2010; Schwabe,
Nader, Wolf, Beaudry, & Pruessner, 2012; Schwabe & Wolf, 2009).
It has been suggested that reconsolidation’s fundamental role is
to allow old memories to be updated each time they are reacti-
vated (Hupbach et al., 2007). However, memory reconsolidation
does not seem to occur under all conditions. Several boundary con-
ditions have been proposed to constrain memory reconsolidation
(e.g., Eisenberg & Dudai, 2004; Forcato, Rodriguez, Pedreira, &
Maldonado, 2010; Hupbach et al., 2008; Pedreira et al., 2004,
Suzuki et al, 2004). In the present series of experiments, we
investigated whether multiple reactivations make memories less
susceptible to the effects of new learning after reactivation and
thus act as a boundary condition on memory reconsolidation.
Our findings indicate that even three additional reactivations are
not sufficient to abolish the impairing effect of new learning during
reconsolidation completely, suggesting that multiple reactivations
are no boundary condition on memory reconsolidation.

Our first experiment showed that new learning can influence
the reconsolidation of episodic memories, irrespective of the emo-
tionality of the memories. Learning new pictures impaired the sub-
sequent memory for previously learned pictures only when these
memories were reactivated before new learning. This finding is
in line with previous studies showing that new learning after the
reactivation of previously learned material alters the original
memory (Finn & Roediger, 2011; Forcato et al., 2007; Hupbach
et al., 2008; Schwabe & Wolf, 2009; Wichert et al., 2011). Impor-
tantly, this effect is clearly distinct from a classical retroactive
interference effect. In the classical retroactive interference para-
digm, learning of the interfering stimulus-pair usually takes place
right after learning the original stimulus pair, (i.e., the critical reac-
tivation component is missing in these studies; Hupbach et al.,
2007). Moreover, the present experiment included a control group
that learned new pictures without prior memory reactivation, and
in contrast to the retrieval/new learning group, this group showed
no memory impairment, thus speaking against a retroactive inter-
ference effect and in favor of our reconsolidation interpretation.

Does this impairing effect of new learning during reconsolida-
tion disappear after multiple memory reactivations? It has been
assumed that the reactivation of a memory trace gives rise to
an expanded and thus strengthened memory trace (Nadel &
Moscovitch, 1997), and recent evidence indeed indicates that
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memory retrieval strengthens memory (Karpicke & Roediger,
2008). Because memory strength may decrease the susceptibility
of memories to modifications during reconsolidation (Wang
et al., 2009; Winters et al., 2009), we hypothesized that multiple
reactivations would result in strengthened memories that are less
vulnerable to reconsolidation manipulations. We found that addi-
tional reactivations enhanced retrieval performance, indicating
that repeated reactivations indeed strengthened participants’
memory for the initially learned pictures. However, these addi-
tional reactivations did not abolish the impairing effect of new
learning after reactivation: relative to the group that did not learn
new pictures after reactivation (retrieval/no new learning group),
the retrieval/new learning group was impaired after one and even
after three additional reactivations. Moreover, the effect of new
learning after reactivation was still observed for those pictures that
were actually retrieved during reactivation, giving further evidence
for the impairing effects of new learning during reconsolidation
when the original memory was reactivated additional times before.

The critical Reactivation x New Learning interaction, however,
disappeared both after one additional reactivation (Experiment 2)
and after three additional reactivations (Experiment3) which
might be taken as evidence against impairing effects of new learn-
ing during reconsolidation. Our pattern of results suggests that the
absence of the interaction effect in Experiments 2 and 3 is due to
the fact that the group that learned new pictures without prior
reactivation of the initially learned pictures (no retrieval/new learn-
ing group) showed—same as the retrieval/new learning group—im-
paired memory performance. One likely explanation for this
finding takes into account that participants who had already com-
pleted one or three reactivation sessions before experimental
Day 2 may have expected another reactivation session for experi-
mental Day 2 and (implicitly) reactivated the memory for the ini-
tially learned pictures, even without the instruction to do so.
Spontaneous memory reactivations caused by participants’ expec-
tations can hardly be ruled out in experiments in which partici-
pants retrieve memories repeatedly; and at the end of the
experiment, several participants indicated indeed that they ex-
pected another retrieval session on Day 2. It seems justified to as-
sume that participants’ expectations for another reactivation
session would be higher after three than after one (additional)
reactivation. In line with this prediction, the no retrieval/new learn-
ing group showed impaired memory after three additional reacti-
vations when the expectation for another reactivation was high,
but not yet after one additional reactivation when the expectation
for another reactivation was rather low. If participants in the no re-
trieval/new learning group reactivated the original material on
Day 2 implicitly, the absence of a Reactivation x New Learning
interaction does not argue against an impairing effect of new learn-
ing after reactivation. Instead, the impairment seen in this group
provides even further evidence that multiple reactivations did
not prevent memory impairments by new learning during
reconsolidation.

Another explanation for the finding that the critical Reactiva-
tion x New Learning interaction disappeared both after one as well
as after three additional reactivations is that three prior reactiva-
tions enhanced memory performance on Day 2 but that the final
memory performance of the retrieval/no new learning group did
not differ from the no retrieval/no new learning group across exper-
iments, indicating that memory retrieval on Day 2 had no additive
effect when the memory has been retrieved additional times be-
fore. This explanation fits with the finding that memory perfor-
mance (i.e., correctly identified pictures from Day 1) was rather
high already after at least one reactivation (no additional reactiva-
tion: retrieval/no new learning group 97.70%; one additional reacti-
vation: no retrieval/no new learning group 96.10%; three additional
reactivations: no retrieval/no new learning group 98.00%), not leav-

ing room for further memory enhancing effects of reactivation on
Day 2. Although reactivation alone did not have additive memory
enhancing effects in Experiments 2 and 3, this does not rule out
impairing effects of new learning after reactivation: as described
above, the impairing influence of new learning after (implicit)
reactivation was still present when the memory was additionally
reactivated once or three times before.

We aimed to avoid unintended reactivations of the initially
learned pictures (Hupbach et al., 2008) in two ways. First, new
learning without retrieval took place in a different spatial context,
whereas new learning after retrieval took place in the same spatial
context as in the learning session on Day 1. However, this might
have had the consequence that the recognition test on Day 3 was
a source discrimination test for those participants who learned
new pictures. The decision whether a picture has been shown on
Day 1 or not was solely based on temporal information in the re-
trieval/new learning group, but on additional spatial information
in the no retrieval/new learning group. According to the source
monitoring framework (Johnson, Hashtroudi, & Lindsay, 1993)
and based on earlier work on memory reconsolidation (Hupbach
et al,, 2007, 2009), one would thus expect to see higher false alarm
rates in the retrieval/new learning group in the final memory test. In
our study, however, false alarms were virtually absent in both new
learning groups. Instead, new learning after reactivation reduced
the correct identification of initially learned pictures (described
below).

Second, we decided against a short-term memory test for the
pictures from Day 1 after reactivation and/or new learning on
Day 2. The reconsolidation account holds that the reconsolidation
process needs time to be accomplished and that the effects of
new learning after reactivation are seen in long-term but not in
short-term memory (Nader et al., 2000). In episodic memory, how-
ever, a short-term memory test for the initially learned pictures is
rather problematic because both a free recall test and a recognition
test would represent a reactivation for all experimental groups.
Moreover, in a recognition test, new pictures are presented which
would be a reconsolidation manipulation on its own. Thus, a short-
term memory test on Day 2 would have most likely interfered with
the intended reconsolidation manipulations.

Previous studies on the reconsolidation of episodic memories
reported that new learning after reactivation leads to the incorpo-
ration of new information into the old memory: when asked to re-
call the initially learned material, participants incorrectly reported
some of the material that was learned after memory reactivation
(Forcato et al., 2010; Hupbach et al., 2007, 2009). In the present
experiments, such intrusions were virtually absent; false alarm
rates were very low. Instead, we observed impaired memory for
the initially learned material in participants who learned new
information after retrieval of the older memory, which is in line
with the results of other studies (Schwabe & Wolf, 2009; Strange,
Kroes, Fan, & Dolan, 2010). Methodological differences between
studies might explain these differences. For example, in the pres-
ent study, we assessed memory in a recognition test, whereas
other studies used cued or free recall tests (Forcato et al., 2007,
2010; Hupbach et al., 2007, 2008). Different memory tests are asso-
ciated with different memory demands and different memory per-
formance (Adlam, Malloy, Mishkin, & Vargha-Khadem, 2009;
Cabeza et al., 1997). Furthermore, whereas the time intervals be-
tween initial learning and reactivation/new learning on the one
hand, and reactivation/new learning and memory testing on the
other hand was the same in earlier studies (Hupbach et al., 2007,
2008), these intervals differed in the present study. Since temporal
information might be a cue to differentiate between two sets of
learned material (Hupbach et al.,, 2009; Sederberg, Gershman,
Polyn, & Norman, 2011), the differences in temporal context might
also explain the observed differences in memory performance.
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Reconsolidation manipulations may provide an opportunity to
change unwanted memories in psychiatric disorders such as PTSD
(Brunet et al., 2008) which is characterized by frequent and recur-
rent reactivations of a traumatic event. If these repeated reactiva-
tions of the traumatic event render participants’ memories
resistant to manipulations during reconsolidation, this would have
major consequences for the chances to use a reconsolidation-based
treatment approach in PTSD. The findings of the present study
indicate that modifying effects of new learning after reactivation
endure three prior reactivations, suggesting that a moderate num-
ber of reactivations may not impair reconsolidation-based treat-
ment. However, patients with PTSD suffer from frequent trauma
memory reactivations and we cannot rule out that these memories
become stronger and ultimately resistant to modifications during
reconsolidation after numerous reactivations.

Taken together, our study investigated whether multiple mem-
ory reactivations preserve a memory from being affected by mod-
ification during reconsolidation. Our findings show that neither
one nor three additional reactivations abolish the impairing effects
of new learning after reactivation completely. Accordingly, the
opportunity for memory changes during reconsolidation seems to
endure at least a moderate number of reactivations, suggesting
that multiple reactivations do not necessarily serve as boundary
condition on reconsolidation in episodic memory. Whether more
frequently reactivated memories become immune to modifications
during reconsolidation remains to be investigated in future
research.
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