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Memory is a dynamic process. While memory becomes increasingly resistant to interference after consol-
idation, a brief reactivation renders it unstable again. Previous studies have shown that interference,
when applied upon reactivation, impairs the consolidated memory, presumably by disrupting the recon-
solidation of the memory. However, attempts have failed in disrupting human declarative memory, rais-
ing a question about whether declarative memory becomes unstable upon reactivation. Here, we used a
double-cue/one-target paradigm, which associated the same target with two different cues in initial
memory formation. Only one cue/target association was later reactivated and treated with behavioral
interference. Our results showed, for the first time, that reactivation-coupled interference caused cue-
independent memory impairment that generalized to other cues associated with the memory.
Critically, such memory impairment appeared immediately after interference, before the reconsolidation
process was completed, suggesting that commonmanipulations of reactivation-coupled interference pro-
cedures might disrupt other processes in addition to the reconsolidation process in human declarative
memory.

� 2016 Published by Elsevier B.V.
1. Introduction

Memories are not consolidated once and forever (Nader &
Hardt, 2009). Upon retrieval, a consolidated memory can re-enter
a transiently labile state, which is susceptible to interference, and
therefore requires a reconsolidation process to be preserved
(Nader, 2003; Nader, Schafe, & Le Doux, 2000; Sara, 2000). Reacti-
vation, which can be induced by a brief retrieval, opens a recurrent
window of vulnerability for old memories to be updated or elimi-
nated. There are three particularly relevant examples: (1) applica-
tion of amnestic treatments such as protein synthesis inhibitors
(Duvarci, Nader, & LeDoux, 2005; Graeff et al., 2014; Morris
et al., 2006; Nader et al., 2000; Rossato et al., 2007; Suzuki et al.,
2004) and electroconvulsive shock (Kroes et al., 2014; Lewis &
Bergman, 1973; Lewis, Mahan, & Bregman, 1972; Misanin, Miller,
& Lewis, 1968) shortly after reactivation damages memory retrie-
val; (2) extinction training on reactivated conditioning memory
prevents the conditioned response from returning (Agren et al.,
2012; Clem & Huganir, 2010; Liu et al., 2014; Monfils,
Cowansage, Klann, & LeDoux, 2009; Schiller, Kanen, LeDoux,
Monfils, & Phelps, 2013; Schiller et al., 2010; Xue et al., 2012);
(3) relearning a new temporal or spatial series during reconsolida-
tion degrades procedural memory performance (Diekelmann,
Büchel, Born, & Rasch, 2011; Walker, Brakefield, Hobson, &
Stickgold, 2003). In such cases, reactivation and the ensuing recon-
solidation process serve as an adaptive update mechanism for con-
solidated memories (Besnard, Caboche, & Laroche, 2012; De
Oliveira et al., 2013; Lee, 2008, 2009; Nader & Hardt, 2009;
Tronson & Taylor, 2007).

Evidence for disruption of memories upon reactivation has
accumulated rapidly across animal models in the last decade
(Besnard et al., 2012; Nader & Einarsson, 2010; Tronson & Taylor,
2007), mostly using pharmacological compounds to block the
memory’s reconsolidation process. However, the invasive nature
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of pharmacological blockade renders it inappropriate for human
studies (Schiller & Phelps, 2011). As a consequence, the behavioral
interference procedure, a non-invasive technique, has been devel-
oped. The first attempt, introducing a new motor sequence to par-
ticipants after retesting on an old motor sequence, produced severe
impairment on old sequential performance (Walker et al., 2003).
Likewise, extinction training during reactivation prevented the
return of fear response for fear conditioning memory, as compared
to the non-reactivation condition (Schiller et al., 2010; Xue et al.,
2012). Similar to these studies, applications of behavioral interfer-
ence to disrupt consolidated memories have been consistently
established across various memory types (Besnard et al., 2012;
Nader & Einarsson, 2010; Schiller & Phelps, 2011; Tronson &
Taylor, 2007).

However, the effect of the behavioral interference procedure on
declarative memory remains elusive. On the one hand, reactivation
coupled interference manipulations elicit various forms of memory
changes, ranging from weakening the reactivated memory (Chan &
LaPaglia, 2013; Forcato, Argibay, Pedreira, & Maldonado, 2009;
Forcato, Rodríguez, Pedreira, & Maldonado, 2010; Forcato et al.,
2007), strengthening the reactivated memory (LaPaglia & Chan,
2013; Pashler, Kang, & Mozer, 2013; Potts & Shanks, 2012), or
updating the memory with new information (Gershman,
Schapiro, Hupbach, & Norman, 2013; Hupbach, Gomez, Hardt, &
Nadel, 2007; Hupbach, Gomez, & Nadel, 2009; Hupbach, Hardt,
Gomez, & Nadel, 2008; Wichert, Wolf, & Schwabe, 2013), which
raises a question about whether there is a consistent role of reac-
tivation in human declarative memory. On the other hand, the
specific role of behavioral interference on reconsolidation is
unknown. Pharmacological interference only shows its effects
after, but not before, the reconsolidation process is completed, sug-
gesting that this interference interrupts the reconsolidation pro-
cess. In contrast, behavioral interference coupled with
reactivation causes memory impairment both after and before
the reconsolidation process is completed. Therefore, it is still
unknown whether the unique effect of reactivation-coupled
behavioral interference in the post-reconsolidation test only
emerges after the reconsolidation process is completed.

Here, we investigated the effect of reactivation-coupled inter-
ference on declarative memory in humans. A double-cue/one-
target paradigm was employed in which two different cues were
paired with one target in initial memory formation, but only one
cue/target association was later reactivated and treated with
behavioral interference. Results showed that reactivation rendered
declarative memory unstable, which was manifest by cue-
independent memory impairment that was not restricted to the
directly interfered cue/target association. Furthermore, this effect
was found immediately after interference, before the completion
of reconsolidation, suggesting that common manipulations of
behavioral interference coupled with reactivation do not necessar-
ily disrupt the reconsolidation process for human declarative
memory.
2. Experiment 1: impairment of human declarative memory by
reactivation-coupled interference

2.1. Method

2.1.1. Participants and materials
Forty-four participants (aged 17–31 years, 29 females) were

recruited from Peking University, Beijing, China. They were all
native Chinese speakers with normal reading and comprehension
ability. The memory task was composed of 152 frequency-
balanced two-character Chinese words; these words were ran-
domly selected from a large Chinese word database.
2.1.2. Procedure
Association learning was given on Day 1, in which 48 Chinese

word pairs (e.g., wisdom-plane) were displayed on the computer
screen sequentially, each for 3 s. Each target word was paired with
two different cue words (e.g. wisdom-plane and gardener-plane),
thus participants learned two series, composed of 24 word pairs
each, in the form of A-X and B-X. After initial learning, participants
completed a self-test with corrective feedback. Afterwards, they
completed a 5 min arithmetic task as a distraction, and then took
a test without feedback. The self-test phase repeated until partici-
pants reached 100% accuracy.

Forty-eight hours later, on Day 3, interference training was con-
ducted only on A-X pairs; accordingly, cue A was referred to as the
trained cue and cue B as the independent cue. A-X pairs were
divided into three subsets: one subset received reactivation-
coupled interference (R-interference), one subset received interfer-
ence without reactivation (NR-interference), and the remaining
subset served as the baseline control. Memory reactivation was
conducted using an old/new recognition test, during which one
cue A word for R-interference or one lure word was shown alone
on the screen for 2 s, and participants judged whether they had
seen it in the previous learning session. The old/new recognition
test included eight lure words that had not been learned before.
Immediately after judgment, the cue A words and the lure words
underwent interference manipulation. Interference was conducted
by pairing each cue with a series of three new words appearing on
the right side successively for three times, each for 3 s, and partic-
ipants were asked to memorize these new associations. For NR-
Interference condition, interference was given directly without
reactivation. Interference training repeated three times. The order
for R-interference and NR-interference was counterbalanced
within participants. The three subsets of A-X pairs were counter-
balanced between participants for different conditions.

A recall test was given 24 h later (Day 4) in which all the 48 cue
words were presented consecutively on the screen. Participants
typed the corresponding target words originally paired in the
learning session into the computer. The order of testing for the 6
groups was randomized within participants.

2.2. Results and discussion

Memory impairment was calculated by subtracting the recall
accuracies in the control conditions from those in the correspond-
ing experimental conditions (Fig. 1A). Because no significant differ-
ence was found in memory performance between the control
condition of trained-cue retrieval and that of independent-cue
retrieval in the ensuing experiments (p > 0.05), the recall accura-
cies in both control conditions were averaged and then used as a
baseline for subtraction in the following analysis. Memory
impairment was examined by a 2 (cue type: trained cue vs. inde-
pendent cue) � 2 (interference type: reactivation-coupled interfer-
ence (R-interference) vs. non-reactivation-coupled interference
(NR-interference)) repeated measures ANOVA. Results (Fig. 2B)
showed that, neither the main effect of cue type (F(1,43) = 3.27,
p > 0.05, MSE = 0.03, gp

2 = 0.07) nor that of interference type
(F(1,43) = 0.53, p > 0.05, MSE = 0.03, gp

2 = 0.01) were significant,
but their interaction effect was significant (F(1,43) = 4.43,
p < 0.05,MSE = 0.02, gp

2 = 0.09). Investigations on the simple effects
showed that, contrary to the usual view (Chan & LaPaglia, 2013),
R-interference did not result in more severe memory impairments
than NR-interference (t(43) = 0.75, p > 0.05) for trained-cue
retrieval. In contrast, more memory impairment of the target
words was found in the R-interference condition compared to
the NR-interference condition for independent-cue retrieval
(t(43) = �2.24, p < 0.05), indicating that memory impairment by
R-interference was not restricted to the cues directly interfered.
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These findings demonstrate that declarative memory becomes
susceptible to interference upon reactivation. However, the effect
is not manifest by more impairment in the R-interference condi-
tion than in the NR-interference condition. Instead, our results sug-
gest that R-interference of one cue/target association also disrupts
retrieval of the target by other cues, resulting in a cue-independent
memory impairment. In contrast, NR-interference only blocks the
retrieval of the specific cue/target association, which is in line with
previous evidence (Anderson & Green, 2001).
3. Experiment 2: the immediate effect of reactivation-coupled
interference on declarative memory before the completion of
reconsolidation

Memory reconsolidation is a time-dependent process, which
begins soon after reactivation and lasts at least an hour (Nader &
Einarsson, 2010; Schiller & Phelps, 2011; Tronson & Taylor,
2007). In animal studies, pharmacological interference impairs
reactivated memory after, but not before, the reconsolidation pro-
cess is completed, suggesting that this interference disrupts the
reconsolidation process (Nader et al., 2000). Likewise, unique
memory impairment is caused by reactivation-coupled behavioral
interference (R-interference) but not by behavioral interference
without reactivation (NR-interference) after the reconsolidation
process is completed (Monfils et al., 2009). However, in the imme-
diate test, both R-interference and NR-interference cause memory
impairment (e.g. Agren et al., 2012; Liu et al., 2014; Schiller et al.,
2010). In such cases, it is possible that the lack of a difference in the
immediate test is due to the low sensitivity of the traditional
single-cue/one-target procedure. The double-cue paradigm might
serve as a more sensitive tool, as it tests the memory change
through both the trained cue and the independent cue. Next, we
test the memory performance before reconsolidation is completed
using the double-cue paradigm.
3.1. Experiment 2.1

3.1.1. Method
3.1.1.1. Participants and materials. Forty-two participants (aged 18–
27 years, 28 females) were recruited from Peking University, Bei-
jing, China. They were all native Chinese speakers with normal
reading and comprehension abilities. The materials were identical
to those used in Exp. 1.
3.1.1.2. Procedure. We used the procedure from Exp. 1 with the
exceptions that (1) the retention interval between the learning
and the interference training session was 24 h; (2) the interference
training and the test session were conducted on the same day with
a 5 min interval, within which participants completed over 20
arithmetic questions as a distraction (Fig. 3A).
3.1.2. Results and discussion
Similar results (Fig. 3B) were found as those in Exp. 1. The inter-

action effect of cue type and interference type was significant (F
(1,41) = 8.40, p < 0.01, MSE = 0.02, gp

2 = 0.17). Follow-up tests
showed that, in comparison with NR-interference, R-interference
caused less memory impairment (t(41) = 2.25, p < 0.05) for
trained-cue retrieval and more memory impairment for
independent-cue retrieval (t(41) = �2.18, p < 0.05). Therefore,
reactivation-coupled interference caused cue-independent forget-
ting even in the immediate test, not requiring the reconsolidation
process to be completed.
3.2. Experiment 2.2a and 2.2b

To further test whether the immediate effect of interference
after reactivation is independent of test types and materials, we
repeated Exp. 2.1 with another test type, recognition tests. This
allowed us to examine whether the cue-independent memory
impairment by R-interference was test-independent.

3.2.1. Method
3.2.1.1. Participants and materials. Forty-eight (aged 17–28 years,
31 females) and forty-four (aged 18–25 years, 25 females) students
from Peking University, Beijing, China, attended Exp. 2.2a and Exp.
2.2b respectively. They were native Chinese speakers with normal
reading and comprehension ability. Words used in the experiments
were all frequency-balanced two-character Chinese words. Pic-
tures of faces of well-known celebrities were used. The pictures
were black and white and were set to a standard size with the
same pixel quality.

3.2.1.2. Procedure of Exp. 2.2a. We used the procedure from Exp.
2.1, with the following exceptions. On Day 1, participants learned
90 word-face pairs (45 A-X and 45 B-X pairs). Each pair was pre-
sented for 3 s and repeated for four runs. Twenty-four hours later,
on Day 2, interference training was conducted on two A-X subsets
in four runs. The training procedure was similar to that of Exp. 1
with three exceptions: (1) each cue was paired with a new picture
of a face as the interfering target; (2) the new cue-target pairs
repeated once in each run; (3) no lure words were included. Mem-
ory for all the originally learned pairs were tested by a recognition
test, in which every cue was displayed at the center of the screen
and participants were asked to choose the correct target face out
of the 8 faces. To avoid participants making judgments based on
familiarity with the target, the 7 alternative choices were randomly
selected from the other target items learned on Day 1.

3.2.1.3. Procedure of Exp. 2.2b. The experimental procedure of Exp.
2.2b was the same as that of Exp. 2.2a, with the exception that
Exp. 2.2b employed the Exp. 1 interference training procedure, in
which each cue was paired with 3 substitute words successively,
and the interference was repeated 3 times in each run for 3 runs.

3.2.2. Results and discussion
Similar results were found for the two experiments

(Fig. 3C and D). Significant interaction effects (Exp. 2.2a, F(1,47)
= 27.17, p < 0.001, MSE = 0.01, gp

2 = 0.37; Exp. 2.2b, F(1,43) = 7.02,
p < 0.05, MSE = 0.01, gp

2 = 0.14) but no main effects (p > 0.05) were
found for the two factors, cue type and interference type. For the
trained-cue retrieval, R-interference resulted in comparable (Exp.
2.2b, t(43) = 1.21, p > 0.05) or even less (Exp. 2.2a, t(47) = 2.79,
p < 0.01) memory impairment than NR-interference. The reverse
was true for independent-cue retrieval, in which R-interference
consistently caused more memory impairment than NR-
interference (Exp. 2.2a, t(47) = �3.15, p < 0.01; Exp. 2.2b, t(43)
= �2.42, p < 0.05). These results further confirmed that R-
interference did not cause more severe memory impairment than
NR-interference for the directly interfered declarative memory,
but caused memory impairment that generalized to independent
cues. More importantly, here we established that memory impair-
ment occurred immediately after behavioral interference, contra-
dicting the time-restricted effect in previous studies (Schiller &
Phelps, 2011; Schiller et al., 2010). Given that the unique memory
impairment of R-interference was found before reconsolidation
process completed, this suggests that interference with behavioral
means may disrupt some other processes in addition to the recon-
solidation process of declarative memory.



A B

C D

*

*

      24 hr
Learning Test

R-interference

  NR-interference

5 min

Independent CueTrained Cue

P
er

ce
nt

ag
e

of
M

em
or

y
Im

pa
irm

en
t 

D
ue

 to
 T

ra
in

in
g 

(%
)

*
** **

P
er

ce
n t

a g
e

of
M

em
or

y
Im

pa
ir m

en
t 

D
ue

 to
 T

ra
in

in
g 

(%
)

P
er

ce
nt

a g
e

of
M

em
or

y
Im

pa
irm

en
t 

D
ue

 to
 T

ra
in

in
g 

(%
)

Trained Cue Trained CueIndependent Cue Independent Cue

-9

-4

1

6

11

16

21
R-interference

NR-interference

*

-9

-4

1

6

11

16

21 R-interference

NR-interference

-9

-4

1

6

11

16

21 R-interference

NR-interference
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error bars, SEM.
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4. Experiment 3a and 3b: cue-independent memory
impairment not caused by memory reactivation

Two control experiments were further conducted to exclude the
possibility that the manipulation of reactivation itself accounts for
the memory impairment under independent-cue retrieval. Cues
that underwent R-interference in previous experiments now
underwent reactivation without interference. Two experiments
were conducted (Fig. 4A and B): Exp. 3a used word-word pairs
with a post-reconsolidation test; Exp. 3b used word-face pairs with
an immediate test.

4.1. Method

4.1.1. Participants and materials
Forty-two (aged 17–24 years, 28 females) and fifty-two (aged

17–30 years, 35 females) participants from Peking University, Bei-
jing, China, attended Exp. 3a and Exp. 3b respectively. They were
all native Chinese speakers with normal reading and comprehen-
sion abilities. The critical task included frequency-balanced two-
character Chinese words and pictures of faces of well-known
celebrities.

4.1.2. Procedure
The procedures of Exp. 3a and Exp. 3b were similar to that of

Exp. 1 and Exp. 2.2a respectively, with the exception that no inter-
ference was given after the 2 s reactivation judgment, which meant
that the trained cues were either only reactivated (Reactivation
instead of R-interference) or directly interfered (NR-interference)
during interference training session.
4.2. Results and discussion

In both experiments, reactivation caused less memory impair-
ment than interference (Exp. 3a, F(1,41) = 13.44, p < 0.01,
MSE = 0.02, gp

2 = 0.25; Exp. 3b, F(1,51) = 5.37, p < 0.05,
MSE = 0.01, gp

2 = 0.10). A significant interaction effect was found
in both experiments (Exp. 3a, Fig. 4C: F(1,41) = 5.80, p < 0.05,
MSE = 0.02, gp

2 = 0.12; Exp. 3b, Fig. 4D: F(1,51) = 7.43, p < 0.01,
MSE = 0.01, gp

2 = 0.13). As expected, there was no difference in
memory impairment caused by reactivation and that caused by
NR-interference for independent-cue retrieval (Exp. 3a, t(41)
= 0.85, p > 0.05; Exp. 3b, t(51) = �0.79, p > 0.05). Furthermore,
there was less memory impairment under reactivation than under
NR-interference for trained-cue retrieval (Exp. 3a, t(41) = 4.03,
p < 0.001; Exp. 3b, t(51) = 3.13, p < 0.01). When compared with
the control condition, reactivation alone did not lead to any mem-
ory impairment on the corresponding cue/target association (Exp.
3b, t(51) = 1.48, p > 0.05), and sometimes reactivation even
improved memory performance (as in Exp. 3a, t(41) = 2.04,
p < 0.05). Therefore, the memory impairment in neither the
trained- nor the independent-cue retrieval condition could be
attributed to reactivation alone.
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5. Experiment 4: absence of cue-independent memory
impairment by interference on unconsolidated memories

Next we examined whether the cue-independent memory
impairment found in our study only exists for consolidated mem-
ory, as suggested by previous studies (Agren et al., 2012; Schiller
et al., 2010, 2013; Xue et al., 2012).

5.1. Method

5.1.1. Participants and materials
Forty-two participants (aged 17–29 years, 22 females) were

recruited from Peking University, Beijing, China. They were all
native Chinese speakers with normal reading and comprehension
abilities. The critical task included frequency-balanced two-
character Chinese words and pictures of faces of well-known
celebrities.

5.1.2. Procedure
We developed a modified procedure of Exp. 2.1, except that all

interference trainings were given immediately after memory was
formed (Fig. 5A).

5.2. Results and discussion

As shown in Fig. 5C, no interaction effect was found for cue type
and interference type (F(1,41) = 1.01, p > 0.05, MSE = 0.03,
gp

2 = 0.02). Moreover, when compared with the control condition,
R-interference did not cause worse memory performance in
independent-cue retrieval (t(41) = �0.06, p > 0.05). Therefore, the
manipulation of behavioral interference was only effective after a
period of initial memory consolidation.

6. Experiment 5: Cue-independent memory impairment not
caused by reactivation of all the cue-target associations

Given that consolidation is needed for the cue-independent for-
getting effect to take place, this suggests that the two cues and
their target form a composite memory that can be influenced
together during interference training. There are two possible
explanations for the cue-independent forgetting effect. First, due
to innate associations (i.e. A-B or A-X-B), the independent cue/tar-
get association (i.e. B-X) was reactivated upon reactivation, thus
both the cue/target associations (i.e. A-X and B-X) became unstable
and were disrupted by the ensuing interference information (Liu
et al., 2014). Alternatively, reactivation of the target memory
may only render the directly reactivated association unstable;
the reason why other cues also failed to retrieve the target memory
was because the unstable memory was already updated by inter-
ference information. In this way, memory for the target item itself
was updated.

We developed a modified procedure of Exp. 2.2a, with partici-
pants learning associations in the form of A-M (i.e., trained-cue
group in this experiment) and M-X (i.e., independent-cue group
in this experiment), to test the two alternatives. If the first expla-
nation is correct, by directly pairing the two cues together for
learning (i.e. A-M), it would be more likely for participants to think
of the other cue (i.e. M) when one cue (i.e. A) was reactivated. Thus,
the ensuing interference training should also disrupt the M-X
memory and cause more memory impairment for M-X than NR-
interference. In contrast, if reactivation is only on A-M, M-X will
not be influenced.
6.1. Method

6.1.1. Participants and materials
Forty-two participants (aged 18–28 years, 30 females) were

recruited from Peking University, Beijing, China. They were all
native Chinese speakers with normal reading and comprehension
abilities. The critical task included frequency-balanced two-
character Chinese words and pictures of faces of well-known
celebrities.
6.1.2. Procedure
The procedure of Exp. 5 (Fig. 5B) was similar to that of Exp. 2.2a

with the following changes. On Day 1, participants learned 45
word-word pairs (in the form of A-M) and 45 word-face pairs (in
the form of M-X), instead of the 90 word-face pairs (in the form
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Fig. 5. (A) Timeline for Exp. 4. (B) Timeline for Exp. 5. (C) Percentage of memory impaired under different conditions relative to the baseline condition in Exp. 4. R-interference
did not cause more memory impairment in independent-cue retrieval, when memory was not consolidated. The memory impairment pattern was not affected by NR-
interference. (D) Percentage of memory impaired under different conditions in Exp. 5. Reactivation-coupled interference of cue A did not cause generalized memory
impairment of the whole memory sets (A-M-X). **p < 0.01 (two-tailed t test); error bars, SEM.
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of A-X and B-X). On Day 2, A-M pairs underwent R-interference,
NR-interference, or no training. Interference was done by pairing
one new face picture to cue A. The final test was a 1 out of 8 choices
recognition test, conducted only on M-X pairs.
6.2. Results and discussion

Results (Fig. 5D) showed no significant difference in memory
impairment on M-X between R-interference and NR-interference
(t(41) = 0.82, p > 0.05), supporting the second explanation. This
result is consistent with previous findings on conditioning mem-
ory, when pharmacological blockade of a secondary conditioned
memory under reactivation (CS2-CS1) failed to disrupt the primary
conditioning response (CS1-US) (Debiec, Doyere, Nader, & LeDoux,
2006). Therefore, this result suggests that reactivation might pro-
duces a content-limited change, which would not be easily gener-
alized to other memory associations.
7. Experiment 6: impairing strong memory through
reactivation-coupled interference on related weak memory

So far, we have demonstrated that reactivation-coupled inter-
ference causes memory impairment that is independent of the
directly interfered associations. This gives us a chance to test
whether we can disrupt a strong memory by exerting
reactivation-coupled interference on a related weak memory. In
daily life, we might recall certain memories from seeing or hearing
certain things, and sometimes these memories cause distress and
pain. Therefore, it would be beneficial to find an indirect way to
disrupt the recall of an unwanted memory.
7.1. Method

7.1.1. Participants and materials
Thirty-six participants (aged 19–26 years, 20 females) were

recruited from Peking University, Beijing, China. They were all
native Chinese speakers with normal reading and comprehension
ability. Frequency-balanced two-character Chinese words were
used.
7.1.2. Procedure
A similar procedure as Exp. 2.1 was used with the following

exceptions. First, participants learned 108 word pairs (54 A-X
and 54 B-X pairs), with A-X pairs learned six times and B-X pairs
learned three times. Therefore, strong memory was formed for A-
X pairs. Second, during the training phase, one A-X subset (strong
memory) received direct interference without reactivation.
Another A-X subset was interfered with indirectly, in which the
corresponding B-X pairs (weak memory) were reactivated and
then treated with interference. Interference in both groups was
done by sequentially pairing two new words with the cue. Recog-
nition tests were given on all the originally learned pairs.

7.2. Results and discussion

We aimed to compare the effect of direct interference with that
of indirect R-Interference on memory disruption. Data analysis was
conducted on the strong memory (i.e. A-X) group (Fig. 6). Results
showed that although R-interference on B-X pairs failed to cause
more severe memory impairment than direct NR-interference on
A-X pairs (t(35) = 0.26, p = 0.80), it caused significant memory
impairment in A-X pairs, as compared with the control group
(t(35) = �2.83, p < 0.01). This result suggests that we could take
advantage of the cue-independent characteristics of reactivation-
coupled interference, by using this interference to disrupt a strong
memory with a related weak memory.

8. Discussion

Our work supports the idea that reactivation renders human
declarative memory unstable. Results from five experiments (Exps.
1, 2.1, 2.2a, 2.2b, and 6) demonstrate that (1) reactivation renders
consolidated memory unstable, and (2) behavioral interference
during reactivation causes memory impairment that generalizes
to retrievals of other cues related to the interfered target memory.
This cue-independent character of memory impairment by
reactivation-coupled interference establishes the feasibility to dis-
rupt an unwanted memory indirectly.

There have been controversies over whether reactivation ren-
ders human declarative memory unstable (Schiller & Phelps,
2011), given that reactivation-coupled interference often failed to
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Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.cognition.2016.
06.015.
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