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Reactivation, Interference, and Reconsolidation:
Are Recent and Remote Memories Likewise Susceptible?

Sonja Wichert, Oliver T. Wolf, and Lars Schwabe

Ruhr-University Bochum

The retrieval of a consolidated, apparently stable memory can return it to a labile state, necessitating
another period of stabilization, termed reconsolidation. During reconsolidation, memories are susceptible
to modifications, thus providing the opportunity to change unwanted memories. In a test of whether the
possibility to alter retrieved memories depends on the age of the memories, participants learned a set of
emotional and neutral pictures and recalled it 1, 7, or 28 days later. Immediately after retrieval,
participants learned a second set of pictures. Memory retrieval per se enhanced 28-day-old memories but
had no effect on 1-day- or 7-day-old memories. Learning new pictures interfered with 1-day-old and
28-day-old memories but not with 7-day-old memories. Evidence for reconsolidation effects was
generally rather weak and at most present for 7-day-old memories. These findings show that retrieval and
interference have opposite effects on memory that depend on the remoteness of the memories and raise
the question under which conditions reconsolidation effects occur in human memory.
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New memories are initially fragile and a consolidation process
is needed to stabilize them and to store them permanently. For
decades, it has been commonly assumed that memories are not
subject to further modification once they are consolidated
(McGaugh, 2000). Recent years, however, have seen renewed interest
in the more than 40-year-old idea (Misanin, Miller, & Lewis,
1968) that reactivating or retrieving a consolidated memory ren-
ders it labile again, thus requiring another period of stabilization
which is referred to as reconsolidation (Dudai, 2004; Nader, 2003;
Sara, 2000). In line with this view, converging evidence from
human and animal studies demonstrates that during the reconsoli-
dation process, reactivated or retrieved memories are susceptible to
the same amnesic manipulations as newly acquired memories
(Forcato et al., 2007; Hupbach, Gomez, Hardt, & Nadel, 2007;
Nader, Schafe, & LeDoux, 2000; Przybyslawski, Roullet, & Sara,
1999; Walker, Brakefield, Hobson, & Stickgold, 2003).

These findings not only underline the dynamic nature of mem-
ory but have also stimulated a new approach to the treatment of
psychiatric disorders that are characterized by overly strong mem-
ories, such as posttraumatic stress disorder (PTSD). According to
the concept of memory reconsolidation, emotional or traumatic
memories may be changed by psychological or pharmacological
manipulations during or shortly after the retrieval of the memories.
Indeed, recent studies indicate that the introduction of new infor-
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mation or the administration of a beta-blocker, which blocks the
noradrenergic activity that is needed for memory formation,
shortly after the retrieval of a conditioned fear memory reduces the
fear significantly and lastingly in healthy participants (Kindt,
Soeter, & Vervliet, 2009; Schiller et al., 2009). Moreover, there is
first evidence that the administration of a beta-blocker after re-
trieval of a traumatic event reduces subsequent emotional respond-
ing to the mental imagery of that event in PTSD patients (Brunet
et al., 2008). Although these findings are promising, they raise the
question whether there is a critical time window for such treat-
ments. Or, more generally: Are younger and older memories
likewise sensitive to modifications during reconsolidation?

There is some evidence from rodent studies that older memories
are less susceptible to postretrieval manipulations than younger
ones and that the vulnerability of memories decreases as the time
interval between initial learning and retrieval increases (Milekic &
Alberini, 2002; Suzuki et al., 2004). However, these findings
remain controversial, as other animal studies did not find an effect
of memory age (Debiec, LeDoux, & Nader, 2002; Lee, Di Ciano,
Thomas, & Everitt, 2005). Whether there is an effect of memory
age on the reconsolidation of memories in humans has not yet been
investigated.

In the present experiment, healthy participants learned new
pictures immediately after they had retrieved a set of previously
learned pictures (retrieval + interference conditions), a manipu-
lation that altered memory performance in earlier studies
(Hupbach et al., 2007; Schwabe & Wolf, 2009). In order to assess
the impact of memory age on the reconsolidation processes, re-
trieval/interference took place 1, 7, or 28 days after initial learning.
In addition, participants retrieved the first picture set without
subsequent learning of new pictures (retrieval condition) or
learned the second picture set without prior retrieval of the first
picture set (interference condition) to ensure that memory was not
affected by retrieval or interference per se. Further groups of
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participants did neither retrieve the learned picture set nor learn a
new picture set (control condition) to control for the mere effect of
time on memory. If there is a temporal gradient in human memory
reconsolidation, interference after memory retrieval should reduce
subsequent memory performance when there is a 1-day interval
between initial learning and retrieval, but not (or to a lesser extent)
when there are longer learning—retrieval intervals of 7 or 28 days.

Method

Participants and Design

One hundred forty-four students of the Ruhr-University Bo-
chum (72 men, 72 women; mean age = 24.0 years, standard error
of the mean [SEM] = 0.3 years) participated in this study. They
received either course credits or a moderate monetary compensa-
tion for participation. Exclusion criteria comprised current or
chronic psychological disorder, any medical condition, drug abuse,
and current treatment with medication.

We used a fully crossed between-subjects design with the fac-
tors retrieval (yes vs. no), interference (yes vs. no), and memory
age (interval between initial learning and retrieval/interference: 1
day vs. 7 days vs. 28 days), thus resulting in 12 experimental
groups (see Figure 1). Six men and six women were randomly
assigned to each of these groups. Participants in the retrieval +
interference conditions learned a new set of pictures immediately
after they had recalled a set of previously learned pictures. Addi-
tional groups of participants retrieved the first picture set without
subsequent learning of new pictures (retrieval condition) or
learned the second picture set without prior retrieval of the first
picture set (interference condition). Moreover, some participants
did neither retrieve the learned picture set nor learn a new picture
set (control condition).

Stimulus Materials

The stimulus materials included two sets of 24 pictures taken
from the International Affective Picture System (IAPS; Lang,
Bradley, & Cuthbert, 1997). Each set comprised eight negative,
eight neutral, and eight positive pictures. The pictures of the two
sets were matched with respect to emotional valence and emo-
tional arousal, based on the IAPS standard scores for valence and
arousal. To ensure that the pictures were indeed experienced as
neutral and emotionally arousing, participants rated each picture
with respect to valence and arousal on two 0—100 scales with the
endpoints being very negative versus very positive and not arous-
ing versus very arousing, respectively. In retrospect, these ratings
confirmed the classification of the pictures as neutral, negative,
and positive. Neutral pictures (mean [M] = 53.5, SEM = 0.9) were
rated significantly lower in valence than positive pictures (M =
72.0, SEM = 1.0) and significantly higher in valence than negative
pictures (M = 16.1, SEM = 0.8; all p < .001). Furthermore,
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1,7,0r28d

Learning of set 1 Newleaming:

Reactlivation:
Control.

Figure 1.
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neutral pictures (M = 18.4, SEM = 1.1) were associated with
significantly lower emotional arousal than were positive pictures
(M = 30.5, SEM = 1.6), which were rated as significantly less
arousing than negative pictures (M = 72.4, SEM = 1.4; all p <
.001).

Procedure

Testing took place on three experimental days: Day 1, learning;
Day 2, retrieval and/or interference; Day 3, memory testing (see
Figure 1). After their arrival in the lab on Day 1, all participants
saw a set of 24 neutral and emotional pictures (Set 1; see above)
on a computer screen. They were instructed to memorize the
pictures, but not explicitly told about the subsequent memory tests.
While viewing each picture, participants gave valence and arousal
ratings by clicking on scales shown under the picture. An imme-
diate free recall test took place directly after the presentation of the
picture set to control for possible group differences in encoding.
Participants were asked to write down all pictures they could
remember in as much detail as possible. In line with previous
studies (Hupbach et al., 2007; Hupbach, Hardt, Gomez, & Nadel,
2008), this procedure was repeated (without valence and arousal
ratings) until participants remembered at least 20 of the 24 pictures
or until a maximum of three learning trials was reached. There was
no time limit for the free recall test. Most participants finished the
learning session within 30 min.

To examine the impact of memory age on memories’ suscepti-
bility to retrieval, interference and reconsolidation effects, exper-
imental Day 2 took place 1 day, 7 days, or 28 days after experi-
mental Day 1. The procedure on Day 2 depended on the
experimental condition. Participants in the retrieval conditions
were asked to sit down quietly, to close their eyes, and to think of
the pictures that were presented on Day 1. Retrieval lasted for 2
min and took place in the same spatial context as the learning
session on Day 1. In line with previous studies (Hupbach et al.,
2007; Hupbach et al., 2008), we did not ask participants to list the
pictures they had learned on Day 1. Immediately after memory
retrieval, participants in the retrieval + interference conditions
learned a second set of neutral and emotional pictures (Set 2)
following the same procedure as on Day 1; participants in the
retrieval conditions did not learn new pictures after reactivation.
Participants in the interference conditions learned the novel pic-
tures without prior memory retrieval; to avoid spontaneous reac-
tivation of the initial learning experience the novel learning took
place in a different testing room (in another part of the university
building) than the initial learning (Hupbach et al., 2008). Partici-
pants of the control conditions omitted experimental Day 2.

On Day 3, 24 hours after Day 2, all participants completed a free
recall test for the pictures they had learned on Day 1. They were
asked to write down all pictures of Set 1 that they could remember
in as much detail as possible.

DAY 2 DAY 3

- Learning of set 2 24 h

) Testing of set 1

-> No learning of set 2

Tllustration of the experimental design.
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Memory performance was expressed as the number of pictures
that were remembered. Participants’ memories were analyzed by
two independent raters. The agreement between the two raters was
very high (interrater reliability = 0.99). Discrepancies were dis-
cussed until an agreement was reached.

Results

Learning of Picture Sets 1 and 2

Participants took on average 1.8 trials (SEM = 0.1) to reach the
learning criterion (correct recall of = 20 pictures) on Day 1. The
12 groups did not differ in their learning performance (p = .48).
On Day 2, participants took on average 1.8 trials (SEM = 0.1) to
reach the learning criterion for the Set 2 pictures. The retrieval +
interference and interference groups did not differ in their learning
performance and there was no effect of the Dayl-Day2 interval
(ps > .33).

Memory Performance on Experimental Day 3

Memory performance, expressed as number of pictures remem-
bered, was analyzed by a Group (retrieval + interference, retrieval,
interference, control) X Emotionality (negative vs. neutral vs.
positive) X Dayl-Day?2 interval (1 day vs. 7 days vs. 28 days)
analysis of variance (ANOVA). This analysis revealed that nega-
tive and positive stimuli were overall better remembered than
neutral stimuli, F(2, 264) = 16.22, p < .001, nz = 0.11, and that
memory performance was worse after the 28-day-interval than
after the 7-day- or 1-day-interval, (F(2, 132) = 20.74, p < .001,
m? = 0.24. Most important, however, the effects of memory
retrieval and interference were dependent on the Dayl-Day?2 in-
terval, Group X Dayl-Day2 Interval interaction: F(6, 132) =
4.08, p = .001, n2 = (.16, without a three-way interaction with
emotionality.
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One-day-interval. Learning new pictures on Day 2 reduced
memory for the pictures that were initially learned when there was
a l-day-interval between Day 1 and Day 2, group effect: F(3,
44) = 6.41, p = .001, n2 = 0.30. Figure 2 shows that the
retrieval + interference group remembered fewer pictures than
the control group and the retrieval group ((Least significant dif-
ference (LSD) post hoc tests, both ps < .005). It is important that
the interference group did not differ from the retrieval + interfer-
ence group, suggesting that the detrimental effect of interference
was independent of the prior retrieval of the previously learned
material and thus not a reconsolidation, but a retroactive interfer-
ence effect.

Seven-day-interval.  After a 7-day-interval between initial
learning and retrieval/interference, the influence of interference by
new learning depended on the prior retrieval of the original ma-
terial, group effect: F(3, 44) = 3.32, p < .03, n2 = 0.19: The
retrieval + interference group remembered significantly fewer
pictures than the control group and the retrieval group (LSD post
hoc tests, both ps < .05) and tended to recall fewer pictures than
the interference group (p = .08). This finding suggests the pres-
ence of a reconsolidation effect.

There were no effects of interference or memory reactivation
per se. As displayed in Figure 2, participants in the retrieval and
interference groups remembered a similar number of pictures as
participants in the control group.

Twenty-eight-day-interval. The impairing effect of interfer-
ence after memory retrieval disappeared when the interval between
Day 1 and Day 2 was 28 days. At this interval, the retrieval +
interference group did not differ from the control group (see Figure 2).

However, the retrieval of the old memories and the interference
per se had opposite effects on subsequent memory performance,
group effects F(3, 44) = 9.04, p < .001, m? = 0.38, see Figure 2:
The retrieval group performed significantly better and the inter-
ference group significantly worse than the respective other three
groups (LSD post hoc tests, all ps < .05). These opposite effects
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Figure 2. Memory performance (number of pictures recalled) on experimental Day 3. (A) The retrieval +
interference group and the interference group remembered significantly fewer pictures than the control group and
the retrieval group (“p < .05) if the interval between experimental Day 1 and Day 2 was 1 day. (B) The
retrieval + interference group remembered fewer pictures than the other three groups (* p < .05; interference
vs. retrieval + interference: p = .08) if the Dayl-Day2 interval was 7 days. (C) Memory performance was
significantly enhanced in the retrieval group and significantly reduced in the interference group (* p < .05) if the
Dayl-Day? interval was 28 days. Data represent means = standard errors of the mean.
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seemed to cancel each other out in the retrieval + interference
group.

Influence of participants’ sex. To assess whether there were
any differences between men and women in memory performance,
we included sex as an additional factor in our analyses. These
analyses revealed that women learned the first picture set (on
experimental Day 1) faster than men (M = 1.6, SEM = 0.07 vs.
M = 1.9, SEM = 0.07; LSD post hoc test p < .001). On experi-
mental Day 2, however, there were no differences in learning the
new picture set between men and women. Moreover, there was no
significant influence of participants’ sex on the effects of memory
reactivation and interference on experimental Day 3 of the differ-
ent Dayl-Day?2 intervals.

Influence of learning performance on Day 1. Because
previous research showed that reconsolidation effects may be
modulated by the strength of initial learning (Wang, de Oliveira
Alvares, & Nader, 2009), we classified our participants as fast
versus slow learners (one vs. three trials needed to reach the
learning criterion on Day 1) and included the factor fast versus
slow learning in our analyses. These analyses, however, revealed
no significant main or interaction effect of fast versus slow learn-

ing.

Discussion

This study aimed to examine whether recent and remote mem-
ories are likewise susceptible to reconsolidation effects. To this
end, participants learned neutral and emotional new pictures im-
mediately after the retrieval of pictures they had learned 1 day, 7
days, or 28 days before. Our findings indicate that memory re-
trieval and interference by new learning per se had opposite effects
on memory performance that were dependent on the remoteness of
the memories. Memory retrieval enhanced only the subsequent
recall of remote memories, whereas retroactive interference (i.e.,
learning of new information) exerted its impairing effect on recent
and remote memories but not on “middle-aged” (i.e., 7-day-old)
memories. Indications for memory reconsolidation, that is, the
enhanced vulnerability to interference after prior memory retrieval,
however, were generally weak and at most present for middle-aged
memories. Moreover, our study provides first evidence that epi-
sodic memories become sensitive to reconsolidation effects, irre-
spective of their emotionality: neutral and emotional memories
were likewise susceptible to retrieval, interference, and their in-
teraction in reconsolidation.

One possible explanation for the absence of a reconsolidation
effect at the 1-day and 28-day intervals might be that the reacti-
vation method did not succeed in retrieving the learned material.
We consider this explanation, however, rather unlikely, because
previous research showed that even the learning context per
se (without any explicit instruction to retrieve) may reactivate
the learned material (Hupbach et al., 2008). Moreover, the same
retrieval and new learning procedure led to a reconsolidation effect
at the 7-day interval and we observed an effect of retrieval per se
after the 28-day interval.

The finding that a reconsolidation effect emerged for 7-day-old
memories but not for 28-day-old memories is in line with animal
data suggesting a temporal gradient in memory reconsolidation
(Milekic & Alberini, 2002; Suzuki et al., 2004). Why should older
memories be less sensitive to the disruptive effects of new learning

after their retrieval than younger ones? With the passage of time,
memories become completely (Dudai, 2004; Squire, 1992) or at
least partially (Nadel & Moscovitch, 1997) independent of the
brain structures that are involved in encoding. Retrieval of more
recent, not completely consolidated memories may reengage the
hippocampus with the effect that “the initial memory is partially
overwritten in the interest of storing more recently acquired infor-
mation” (Myers & Davis, 2002). Older memories, in contrast, are
stored in neocortical brain areas that are different from the encod-
ing circuits and are therefore less readily modifiable. Moreover,
consolidated neocortical traces may be more resistant to modifi-
cations after retrieval because they are widely distributed across
different cortical areas (Lee et al., 2005; McClelland,
McNaughton, & O’Reilly, 1995).

If there is a temporal gradient in memory reconsolidation, then
the question is why we did not find any evidence for a reconsoli-
dation effect for recent (1-day-old) memories. One explanation
could be the intensity of initial learning. In the present study,
participants repeated the learning procedure until they reached the
relatively strict criterion of 20 out of 24 pictures. There is recent
evidence that stronger memories are less susceptible to reconsoli-
dation effects (Suzuki et al., 2004) and that intensive training,
which creates strong memories, significantly reduces effects of
reconsolidation in rodents (Wang et al., 2009). Although we did
not find a modulating effect of fast versus slow learning on the
influence of memory retrieval and interference, effects of learning
strength cannot be ruled out because we did not manipulate the
strength of learning explicitly. It seems justified to assume that
such training effects are particularly strong if the interval between
learning and testing is short.

Alternatively, although new learning did not take place in the
same spatial context as the learning session in the interference only
group to avoid spontaneous memory reactivation (Hupbach et al.,
2008), it cannot be completely ruled out that these participants
might have reactivated their memory for the previously learned
item. As such, the effect in the interference only group would not
be due to interference per se, but could actually be a reconsolida-
tion effect. Such spontaneous reactivation effects are particularly
likely if the interval between original learning and new learning is
short (e.g., 1 day). According to this interpretation, reconsolidation
takes place for both recent and middle-aged memories, providing
the expected temporal gradient. Interference per se would then
only be effective for remote memories, thus removing the issue of
why it is ineffective for 7-day-old memories. One way to control
for spontaneous reactivation effects in future studies could be to
ask participants at the end of the experiment whether they had
thought about the initially learned material when they come to the
lab on experimental Day 2.

Our finding that memory retrieval may have a positive effect on
subsequent recall performance is in line with the results of earlier
studies (Carrier & Pashler, 1992; Karpicke & Roediger, 2008).
However, the present results extend these previous findings in
three important ways. First, whereas earlier studies used cued-
recall procedures during retrieval, we obtained a memory enhanc-
ing effect of retrieval even without the presentation of any task-
related cues. Second, while previous studies examined the effect of
retrieval shortly after learning, our results demonstrate that mem-
ory retrieval may strengthen subsequent memory even if it takes
place considerable time after learning. Finally, by investigating
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three different time intervals between learning and memory re-
trieval, we found evidence that the beneficial effect of retrieval
was time dependent. Older but not younger memories benefited
from retrieval; 28-day-old memories, but not 1- or 7-day-old
memories, were better recalled if they were retrieved 24 hours
before the final memory test. This time-dependency may be at least
partly owing to changes in memory over time. Memory perfor-
mance was overall relatively high when the interval between
original learning and memory testing was only 2 days, thus leaving
not much room for improvement. As the time interval between
learning and testing increased, recall performance decreased in the
control groups but remained remarkably constant in participants
that retrieved the memory (without new learning) 24 hours before
testing.

In addition to the memory enhancing effects of retrieval per se,
memory retrieval could also compensate for the detrimental effects
of interference by new learning if the learning—retrieval interval
was 28 days but not if it was only 1 day. This could indicate that
memory retrieval counteracted the disruptive effects of interfer-
ence. Alternatively, it may be that the act of retrieval opposes the
natural loss of the memory over time. Consistent with this view,
the number of pictures recalled by both the retrieval group and the
retrieval + interference group and the difference between the two
remain fairly consistent across all time periods, whereas the con-
trol group shows a steeper memory decay gradient.

Our finding that learning new information reduced memory
performance for recent and remote memories is in line with a large
body of literature on retroactive interference (e.g., Barnes & Un-
derwood, 1959; Biuml, 1996; Bower, Thomson-Schill, & Tulving,
1994; Wickelgren, 1965). However, the majority of these studies
presented the interfering material relatively shortly after the initial
learning. Here, we show that new learning may interfere with
previous learning even if the interval between original learning and
new learning is as long as 28 days. One possible explanation for
the finding that interference per se affected only the memory of the
28-day-old memories could be the relative strengths of the original
and newly learned material after the different time intervals. For
instance, after 28 days, the newly learned pictures are relatively
fresh in memory in comparison to pictures that were learned 1
month ago. Hence, the relative ease with which the new pictures
can be recalled could interfere with recall of the remote memory,
whereas for 1-day and 7-day delays, the relative strengths of the
memories of the originally and the newly learned items are more
comparable.

Finally, a limitation of the present study needs to be addressed.
We did not quantify the reactivation of the initially learned pic-
tures, which makes it difficult to rule out possible group differ-
ences in memory consolidation or the extent to which the original
memories were reactivated. Future studies should measure mem-
ory reactivation explicitly.

In summary, we show that the act of retrieval may enhance
memory, that interference may impair memory, and that both
effects depend critically on the age of the memories. Evidence for
memory reconsolidation was obtained only for middle-aged mem-
ories. Given the potential to change unwanted memories selec-
tively during the reconsolidation window (Brunet et al., 2008;
Kindt et al., 2009; Schiller et al., 2009), determining the exact
conditions under which reconsolidation occurs in human episodic
memory is a challenge for future studies.
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