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There is strong evidence that reactivation of a memory returns it to a labile state, initiating a restabilization process termed
reconsolidation, which allows for updating of the memory. In this study we investigated reactivation-dependent updating
using a new positively motivated spatial task in rodents that was designed specifically to model a human list-learning paradigm. On Day 1, rats were trained to run to three feeders (List 1) for rewards. On Day 2, rats were trained to run to three
different feeders (List 2) in either the same (Reminder condition) or a different (No Reminder condition) experimental
context than on Day 1. On Day 3, rats were cued to recall List 1. Rats in the Reminder condition made significantly more
visits to List 2 feeders (intrusions) during List 1 recall than rats in the No Reminder condition, indicating that the reminder
triggered reactivation and allowed integration of List 2 items into List 1. This reminder effect was selective for the reactivated
List 1 memory, as no intrusions occurred when List 2 was recalled on Day 3. No intrusions occurred when retrieval took
place in a different context from the one used at encoding, indicating that the expression of the updated memory is dependent upon the retrieval context. Finally, the level of intrusions was highest when retrieval took place immediately after List 2
learning, and generally declined when retrieval occurred 1 –4 h later, indicating that the List 2 memory competed with
short-term retrieval of List 1. These results demonstrate the dynamic nature of memory over time and the impact of environmental context at different stages of memory processing.

with the same experimenter as on Day 1, both groups were asked
to recall the objects from Day 1. The results showed that the
Reminder group mistakenly recalled items from Day 2 (intrusions), whereas the No Reminder group did not. It was subsequently shown that the effective manipulation was the spatial
context (the room) more so than the experimenter or the reminder question (or the combination of the two) (Hupbach et al. 2008).
Recent imaging work has shown that the hippocampus is involved in the retrieval of spatial contexts in humans (Hoscheidt
et al. 2010). These results suggest that the spatial context served
to reactivate and, hence, destabilize the memory of List 1, allowing for List 2 items to become integrated into the memory. As
such, the spatial context is an important determinant of the dynamics of episodic memory (Nadel 2008).
In animals, most reconsolidation research has involved disrupting reconsolidation. Many of these studies used aversively
motivated paradigms (Anokhin et al. 2002; Pedreira et al. 2002;
Eisenberg et al. 2003; Debiec and LeDoux 2004; Gruest et al.
2004; Duvarci and Nader 2004; Runyan and Dash 2005). For example, bilateral infusions of the protein synthesis inhibitor (PSI)
anisomycin into the lateral and basal nuclei of the amygdala following the reactivation of a consolidated fear memory significantly reduced the fear response (freezing) tested 24 h later in
rats (Nader et al. 2000). Some appetitively motivated paradigms
such as Pavlovian conditioning, conditioned place preference,
and incentive learning have also been used to demonstrate the
disruption of reconsolidation with pharmacological agents
(Lee et al. 2005; Miller and Marshall 2005; Wang et al. 2005;
Milekic et al. 2006; Lee and Everitt 2008; Milton et al. 2008;
Valjent et al. 2006). For example, injection of the noncompetitive
NMDA receptor antagonist, MK-801, following a retrieval trial of
a well-learned appetitive spatial task (eight-arm radial maze
task) impaired performance when rats were tested the next day
(Przybyslawski and Sara 1997). These animal studies provide

Memories do not remain stable once acquired but, rather, change
dynamically over one’s lifetime. There is now strong evidence that
reactivation of a memory (remembering) returns it to a labile state
for a time, initiating a restabilization process that can allow for updating of the memory. This restabilization process, termed “reconsolidation,” has been found to occur across a wide range of species
and memory paradigms (Tronson and Taylor 2007; Nader and
Einarsson 2010).
There is evidence in both humans and animals that new information available when a memory is reactivated can modify
that memory as a consequence of reconsolidation. In a human
procedural memory study, brief rehearsal of a consolidated fingertapping sequence prior to learning a new sequence resulted in impairment of the original memory when subjects were tested 24 h
later (Walker et al. 2003). Critically, no impairment was observed
if the original sequence was not rehearsed prior to learning the
new sequence, indicating that reactivation affected the memory
for the original sequence in such a way that subsequent learning
could disrupt it.
It has recently been demonstrated in humans that reconsolidation can also be a constructive process, serving to update memories with new information (Hupbach et al. 2007). In this study,
participants learned a list (List 1) of 20 objects on Day 1. On
Day 2, the Reminder group was asked to recall the general procedure (but not the actual list) from Day 1 (the “reminder question”), and then learned a second list (List 2) of objects in the
same room and with the same experimenter as on Day 1. The
No Reminder group was not asked the reminder question, and
learned the second list of objects in a different room with a different experimenter than on Day 1. On Day 3, in the same room and
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evidence that reconsolidation is necessary to restabilize a reactivated memory, such that the memory is maintained. None of these
studies incorporated the effect of a new memory on an older one.
Some recent animal studies have focused on the role of
reconsolidation in updating or integrating new information
into memories rather than simply maintaining the memory. For
example, post-retrieval injections of anisomycin into the hippocampus of rats trained on spatial tasks in the water maze resulted
in subsequent memory impairment only when encoding of new
information took place during retrieval (Morris et al. 2006). This
study and others (Rossato et al. 2006; Rodriguez-Ortiz et al.
2008) have shown that the hippocampus is critical for updating
spatial memories. Taste recognition (Rodriguez-Ortiz et al. 2005)
and object recognition (Rossato et al. 2007) paradigms have also
found evidence that reconsolidation is involved in updating
memories with new information.
To date, the role of reconsolidation in updating spatial memories has been studied using water-maze tasks, which necessarily
involve some level of stress. Given the uncertain impact of stress
on memory and memory dynamics, it is important to assess the
updating of spatial memories using an appetitively motivated paradigm that lacks this component of stress. In order to test spatial
memory updating under relatively stress-free conditions, we designed a new positively motivated task equivalent to that of
Hupbach et al. (2007) in humans (see Fig. 1 for the experimental
design). Because of the importance of spatial context, we used the
spatial context as a reminder to reactivate memory. Our hypothesis was that rats that are reminded of a previously consolidated
spatial list of feeders while learning a new list of feeders would
show integration of the new information during recall of the orig-

inal list, whereas rats that are not reminded would not show integration of the new information during recall of the original list.

Results

Our study was designed to closely model the study performed in humans (Hupbach et al. 2007). In the first experiment (Experiment 1,
see Materials and Methods) we reproduced the basic result of this
study in rats by assessing the extent to which the contextual cues
that were present during learning had the ability to reactivate a
previously stored memory and make it susceptible to modification. On Day 3, when animals were prompted to recall the list
of feeders learned on Day 1 (List 1), animals that learned the second list of feeders on Day 2 (List 2) in a different context than List
1 (No Reminder condition) showed very few intrusions of List 2
items (Fig. 2A, No Reminder, white bar) and could recall List 1
with high accuracy (Fig. 2A, No Reminder, black bar). We then
trained animals on List 2 in the same spatial context as List 1
(Reminder condition). Because the context was identical during
the learning of List 1 and List 2, it acted as a reminder of List
1. In this condition, the recall of List 1 featured a significant number of intrusions of List 2 items (Fig. 2A, Reminder, white bars).
This result suggests that the reminder reactivated the memory
for List 1 without it being explicitly recalled on Day 2 when List
2 was learned. As a control, we ran animals in a condition in which
they did not learn any List 2 and assessed the extent to which a
pseudo-randomly chosen set of feeders (List 2) interfered with
the retrieval of List 1. The animals did not show any intrusions
in this condition (Fig. 2A, Interference Control).
Statistically, there was no main effect of group on the cued recall of List 1
(F(2,28) ¼ 0.26), indicating that learning
List 2 did not interfere with the ability
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was significantly more likely to show
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group (P , 0.001) and the Interference
Control group (P , 0.001).
It is possible that the intrusions obC
D
Experiment 3
Experiment 4
served in the Reminder group are not
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the memory, but rather to the inability
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and List 2. As both lists were learned in
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the same context, perhaps the Reminder
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group simply visited all feeders associated with that context. If this were the
Context A
Context A
or
or
Context C
Context A
Context A
Context A
case, then we would expect that the
Context B
Context B
Reminder group would also show more
intrusions from List 1 into List 2 than
Figure 1. Experimental designs. (A) Experiment 1. Rats learned List 1 on Day 1 in Context A. Rats
the No Reminder group. Experiment 2
learned List 2 on Day 2 in either Context A (Reminder group) or Context B (No Reminder group).
tested this possibility.
Rats were cued to recall List 1 in Context A on Day 3. (B) Experiment 2. Rats learned List 1 on Day 1
in Context A. Rats learned List 2 on Day 2 in either Context A (Reminder group) or Context B (No
Results of Experiment 2 (Fig. 3A)
Reminder group). Rats were cued to recall List 2 in Context A on Day 3. (C) Experiment 3. Rats
illustrate that there was no difference belearned List 1 on Day 1 in Context A. Rats learned List 2 on Day 2 in either Context A (Reminder
tween groups in the percentage of corgroup) or Context B (No Reminder group). Rats were cued to recall List 1 in Context C on Day 3. (D)
rect visits made to List 2 feeders during
Experiment 4. Rats learned List 1 on Day 1 in Context A. Rats learned List 2 on Day 2 in either
cued recall of List 2 (t ¼ 1.03, P . 0.05).
Context A (Reminder group) or Context B (No Reminder group). Rats were cued to recall List 1 in
There was also no difference between
Context A on Day 2 either 15 min, 1 h, 2 h, or 4 h following training for List 2.
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text in our study. Interestingly, a bimodal
distribution was observed in the human
60
study, with one half of the participants
60
**
**
**
expressing intrusions in a neutral retriev**
50
50
al context (Fig. 4B).
Recall
If the reminder effect was the result
40
40
(List 1)
of a time-dependent reconsolidation proIntrusions
30
30
cess, then there should be no effect when
(List 2)
memory for List 1 is tested immediately
20
20
after learning List 2. However, the effect
10
10
should emerge at a later recall test. In
Experiment 4, we investigated the time
0
0
Reminder No-Reminder Interference
Reminder No-Reminder Interference
course of the reminder effect, testing ren = 11
n = 12
n = 12
n = 12
Control
Control
call of List 1 immediately, 1 h, 2 h, or 4 h
n=8
n = 12
(different groups at each time point)
Figure 2. Experiment 1. (A) Mean percentage of feeders visited belonging to List 1 and List 2 during
following List 2 learning. Results of
recall on Day 3 in the rat study. Error bars represent standard errors of means. Fourteen rats were used to
Experiment 4 (Fig. 5A) show that there is
obtain these data. (B) Mean percentage of objects correctly and falsely recalled on Day 3 in the
no difference between groups in the perReminder, the No Reminder, and the Interference Control groups in the human study. Error bars repcentage of correct visits made to List 1
resent standard errors of means. Note: Participants were asked to recall objects from List 1. Objects
feeders during cued recall of List 1 immethat were falsely recalled from List 2 are labeled as Intrusions. Twelve subjects participated in each
group (adapted from Hupach et al. 2007).
diately following List 2 training (F(2,27) ¼
0.50). However, there was a main effect
of group on percent intrusions (F(2,27) ¼
the percentage of List 2 feeder visits made in this experiment and
56.31, P , 0.001). Compared with the Interference Control group,
the percentage of List 1 feeder visits made in Experiment 1 for eiboth the Reminder (P , 0.001) and No Reminder (P , 0.001)
ther group (Reminder: t ¼ 0.64; No Reminder: t ¼ 20.18; P . 0.05
groups showed more intrusions. The Reminder group also showed
for both comparisons). In terms of intrusions, there was no diffesignificantly more intrusions than the No Reminder group (P ¼
rence between groups in the percentage of incorrect visits made
0.001). As Figure 5C illustrates, the intrusion levels for both groups
to List 1 feeders (t ¼ 0.25, P . 0.05). Also, the Reminder group in
generally declined with increasing retrieval intervals, with the
this experiment made significantly fewer intrusions (List 1 into
Reminder group consistently making more intrusions than the
List 2) than did the Reminder group in Experiment 1 (List 2 into
No Reminder group at each time point (1 h: t ¼ 3.26; 2 h: t ¼
List 1) (t ¼ 24.85, P , 0.001), whereas the No Reminder group in
5.19; 4 h: t ¼ 2.38; P , 0.05 for all time points). As reconsolidation
this experiment showed the same percentage (very low) of intrutypically does not affect short-term memory, these results suggest
sions as did the No Reminder group in Experiment 1 (t ¼ 0.23,
that some form of short-term interference is causing intrusions at
P . 0.05). These results are consistent with those found in the huthese time points.
man study (Fig. 3B) and indicate that the reminder effect occurred
specifically in the reactivated memory (List 1).
Discussion
Memory retrieval is generally better when it takes place in the
same context in which the memory was encoded. Although
In Experiment 1, we found that rats recalled List 1 feeders equally
the rats are being cued to recall List 1 in Experiment 1, perhaps
well regardless of whether they learned List 2 in the original or new
the Reminder group intrudes more List 2 feeders than the No
context, or whether they learned List 2 at all. This finding indicates
Reminder group because the encoding and retrieval contexts for
that learning the second list did not interfere with the memory for
List 2 were consistent for the former group and inconsistent for
the original list, and is in accord with a model of hippocampal
the latter group. Therefore, in Experiment 3, we tested the relearning that shows little interference of a newly learned list on
minder effect when retrieval took place in a neutral context, i.e.,
a previously learned one (O’Reilly 2005). However, we found
one in which neither list was encoded.
Results are shown in Figure 4A. As in
Experiment 1, there was no difference beA
B
Rats
Humans
tween groups in the percentage of correct
Adapted from Hupbach et al. (2007)
visits made to List 1 feeders during recall
60
70
of List 1 (t ¼ 1.08, P . 0.05). Additional60
50
ly, there was no difference between the
Recall
50
40
percentages of List 1 feeder visits made
(List 2)
40
in this experiment and Experiment 1
Intrusions
30
(List 1)
for either group (Reminder: t ¼ 20.21;
30
20
No Reminder: t ¼ 20.72; P . 0.05 for
20
both comparisons), indicating that the
10
10
retrieval context did not affect recall of
0
0
List 1. Unlike in Experiment 1, however,
Reminder
No Reminder
Reminder
No Reminder
there was no difference between the
n = 10
n=9
n = 12
n = 12
Reminder and No Reminder groups in
the percentage of intrusions made Figure 3. Experiment 2. (A) Mean percentage of feeders visited belonging to List 1 and List 2 during
(t ¼ 21.14, P . 0.05) when recall took recall of List 2 on Day 3 in the rat study. Error bars represent standard errors of means. Eleven rats were
used to obtain these data. (B) Mean percentage of objects correctly and falsely recalled from List 2 on
place in a different context. This result Day 3 in the Reminder and the No Reminder groups in the human study. Error bars represent standard
indicates that the reminder effect does errors of means. Note: Participants were asked to recall objects from List 2. Objects that were falsely renot generalize to a neutral retrieval con- called from List 1 are labeled as Intrusions (adapted from Hupbach et al. 2007).
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Rats

B

Humans

Mean % Feeders Visited

Mean % Objects Recalled

Mean % Objects Recalled

Mean % Feeders Visited

Adapted from Hupbach et al. (2007)
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The results of Experiment 2 indicate
that this was not the case, because the
60
60
two groups did not differ in the percent
of List 1 intrusions during recall of List
50
50
Recall
(List 1)
2. Additionally, the Reminder group of
40
40
Intrusions
Experiment 2 showed significantly fewer
(List 2)
intrusions (from List 1 into List 2) than
30
30
did the Reminder group of Experiment
20
20
1 (from List 2 into List 1). This suggests
that the Reminder group can distinguish
10
10
between List 1 and List 2, and that the
0
0
memory has temporal specificity in that
Reminder-Low
Reminder-High
Reminder
No Reminder
intrusions occur from List 2 into List 1,
n=9
n=9
n = 15
n = 15
but not vice-versa. This result is consistent with that found by Hupbach et al.
Figure 4. Experiment 3. (A) Mean percentage of feeders visited belonging to List 1 and List 2 during
recall of List 1 on Day 3 in the rat study. Error bars represent standard errors of means. Nine rats were
(2007).
used to obtain these data. (B) Mean percentage of objects falsely recalled from List 2 on Day 3 in the
Memory retrieval is generally better
low-Intrusion and high-Intrusion Reminder groups resulting from a median split performed on the
when it takes place in the same context
number of Intrusions in the human study. Error bars represent standard errors of means. Note:
in which the memory was encoded.
Participants were asked to recall objects from List 1. Objects that were falsely recalled from List 2 are
However, we found in Experiment 2
labeled as Intrusions. Fifteen subjects participated in each group (adapted from Hupach et al. 2008).
that recall of List 2 was comparable between the Reminder and No Reminder
groups, though the encoding and retrieval contexts were consistent only for the Reminder group. Furtherthat the Reminder group showed significantly more intrusions
more, we found in Experiment 3 that both groups recalled List 1
than the No Reminder group. Memory for List 2 was more often exjust as well in a neutral context (one in which neither list was enpressed during List 1 recall when List 2 was learned in the same
coded) as they did in Experiment 1, when the retrieval context
context as List 1. As both groups learned and consolidated List 2,
it seems unlikely that the intrusions would be caused by a consolmatched the encoding context. Therefore, although the rats
must use the contextual cues to navigate to the correct feeders
idation effect. This result is consistent with previous studies showduring retrieval, it seems that they do not use the context as an ining that re-exposure to the experimental context is sufficient to
dicator of which list to recall, instead most likely relying on the
induce reconsolidation in humans (Hupbach et al. 2008) and romore salient light/reward cues.
dents (Artinian et al. 2007). Therefore, it seems that re-entering
an environment triggers reactivation and reconsolidation of the
Although the retrieval context does not influence the recall
of the cued list in our paradigm, it could influence intrusions
List 1 memory, resulting in integration or linking of newly learned
from the non-cued list. Indeed, we found in Experiment 3 that
List 2 items into the original memory.
neither the Reminder nor the No Reminder group significantly inThe results of Experiment 1 are compatible with that of
truded List 2 feeders during List 1 recall, with the Reminder group
Hupbach et al. (2007) (Fig. 2B) with a few differences. First, the
mean percent of correct items recalled in rats was similar across
showing significantly fewer intrusions than in Experiment 1.
Therefore, it seems that the expression of the updated memory
the three conditions in the rats. In the human studies, the correct
is bound to the context in which it was encoded in our paradigm.
recall of the Reminder group was somewhat smaller than that of
Interestingly, when Hupbach et al. (2008) tested recall in a neutral
the No Reminder group, which, in turn, was smaller than that
context, they found a bimodal distribution, with only half of the
of the Interference Control group (2B, black bars). These differhuman subjects showing intrusions. The performance of the rats
ences were not statistically significant in the human experiments,
is comparable to the subgroup that did not show intrusions in
but indicated a possible trend. Second, whereas the rat Interferthe neutral context. One possible explanation for the difference
ence Control group is very similar to the human Interference Control group in both percent correct recall and percent intrusions,
between the performance of the rats and the human subgroup
that did show intrusions is that the rats rely more on automatic,
the rat Reminder and No Reminder groups show higher percent
cue-driven retrieval processes, whereas humans rely more on concorrect recall and lower percent intrusions than the correspondtrolled, internally driven retrieval processes. Therefore, retrieval
ing human groups. These differences may be due to the fact that
in rats would be more vulnerable to changes in contextual cues
correct recalls in our experiment were partially reinforced to
keep the animals working, whereas there was no overt reinforcethan retrieval in humans.
Previous studies have shown that the post-retrieval time winment during recall in the human experiment. Reinforcement
dow during which reconsolidation can be manipulated is very
may have led the rats to show less interference than the humans
brief, indicating that some level of restabilization occurs shortly
during recall of List 1, resulting in higher percent correct items
following reactivation. However, most studies do not see the
(feeders) and lower percent intrusions in the rat Reminder and
No Reminder groups.
behavioral effects of the manipulation until at least 3 – 4 h later,
indicating that the manipulation does not affect short-term
These results show that our procedure can reproduce the
memory. However, in Experiment 4, we found that the reminder
main result of the human study, namely, that a reminder has
effect was present in short-term memory. Both the Reminder and
the effect of making memory labile and subject to intrusions,
No Reminder groups showed high levels of intrusions 15 min after
even if the memory is not explicitly recalled.
List 2 learning. These levels dropped significantly when retrieval
An alternative explanation for this result is that, because
took place 1 h following List 2 learning, and remained roughly
both lists were learned in the same context, the Reminder group
the same at the 2- and 4-h retrieval time points. Also, the Reminder
cannot distinguish between the two lists and simply visits all feedgroup consistently showed higher levels of intrusions than the No
ers that are associated with that context. If this were the case, then
Reminder group. The fact that the intrusion levels of both groups
we would expect that the Reminder group would also show more
started high and generally decreased with increasing retrieval
intrusions from List 1 into List 2 than the No Reminder group.
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Rats

B

Humans
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were also prone to some short-term interference. As with Experiment 3, the dis70
70
crepancy between the human and rat
**
**
**
**
**
60
60
data is likely due to differences in retrieval
processes. As rats are likely to rely on
50
50
Recall
(List 1)
automatic processing during retrieval,
40
40
Intrusions
they may be unable to suppress recently
(List 2)
30
30
learned items, whereas humans can sup20
20
press newly learned items via a deliberate
10
10
and controlled process. Indeed, humans
0
0
have been found to show greater interferReminder No Reminder Interference
Reminder No Reminder Interference
n = 12
n = 11
n = 12
n = 11
Control
ence when recalling items on an autoControl
n
=
12
n=7
matic basis compared with a controlled
C
one (Lustig et al. 2004).
Rats
35
Figure 6A summarizes the number
*
30
*
of intrusions observed at different retrieval time points following List 2 learn25
*
*
ing across all experiments in this study
Reminder
20
*
(left) and in the human study (right).
No Reminder
15
Figure 6B portrays the number of intru10
sions that would be expected to occur
5
with time following List 2 learning based
0
on different potential underlying memo2hr
4hr
15min 1hr
24hr
n = 8,
n = 12, n = 10, n = 10,
n = 11,
ry processes. In both rats and humans, ren=9
n=8
n = 11
n=9
n = 12
trieval competition would produce high
levels of intrusions shortly following
Figure 5. Experiment 4. (A) Mean percentage of feeders visited from List 1 and List 2 during recall of
List 2 learning, and these levels would
List 1 on Day 2 in the rat study. Error bars represent standard errors of means. Fifteen rats were used to
obtain these data. (B) Mean percentage of objects correctly and falsely recalled on Day 2 in the
decrease with time after learning. ReReminder, No Reminder, and Interference Control groups in the human study. Error bars represent stantrieval competition would be higher for
dard errors of means. Note: Participants were asked to recall objects from List 1. Objects that were falsely
the Reminder than No Reminder group,
recalled from List 2 are labeled as Intrusions (adapted from Hupbach et al. 2007). (C) Mean percentage
resulting in a higher level of intrusions,
of Intrusions made during recall of List 1 either 15 min, 1 h, 2 h, 4 h, or 24 h following List 2 training in
because the List 2 learning and List 1 rethe Reminder and No Reminder groups. Error bars represent standard errors of means. Sixteen rats were
trieval contexts are the same. In contrast
used to obtain these data.
to retrieval competition, reconsolidation would produce no intrusions shortly
following List 2 learning (before cellular stabilization mechaintervals suggests that the intrusions at these time points are due
nisms) in both humans and rats. Intrusions would increase with
largely to competition between the two lists at the time of retrieval
time after learning in the Reminder group, but remain low in
rather than to reconsolidation. As the Reminder group learned List
the No Reminder group. When retrieval competition is high
2 in the same context as List 1 retrieval, the competition at retrieval
shortly following List 2 learning, cognitive control mechanisms
was stronger, resulting in higher levels of intrusions in the Rewould be recruited in humans to actively suppress intrusions.
minder group than the No Reminder group.
The active suppression would decrease as retrieval competition
Previous animal studies of reconsolidation that show intact
decreases with time after learning. Active suppression would not
post-reactivation short-term memory (PR– STM) typically look at
occur in rats, at least not in this paradigm. Therefore, we conclude
memory for one learning episode. Here, we have investigated
that the intrusions observed in our study are due to a combination
the effect of a second, similar learning episode on a previous learnof retrieval competition and reconsolidation processes, whereas
ing episode. Therefore, it may be a limitation of this paradigm that
the intrusions observed by Hupbach et al. (2007) might reflect
we cannot assess PR–STM without seeing interference from the
these two processes plus active suppression.
second episode. However, the effects of List 2 on the retrieval of
How might memory updating be achieved at the cellular netList 1 would be expected to be strongest immediately following
work level? The hippocampus has been shown to be critical for
learning, when the List 2 memory is most active, and to decrease
reconsolidation of spatial memories (Morris et al. 2006; Rossato
with time, perhaps as the memory is consolidated. This pattern is
et al. 2006; Rodriguez-Ortiz et al. 2008). In our study, the Reminder
indeed what we observe. As the memory is assumed to be stable
group learned the first and second lists of feeders in the presence of
after 24 h, it should no longer compete with the retrieval of List
the same configuration of contextual cues, whereas the No Re1. At this time point, the level of intrusions for the No Reminder
minder group learned the first and second lists in the presence of
group has fallen to zero, but the intrusions are still high for the Redifferent configurations of cues. It is known that place cells in
minder group. Therefore, reconsolidation is the most likely cause
the hippocampus “remap” when the animal enters a different or
of intrusions in Experiment 1. However, as we would expect the
altered environment (Muller and Kubie 1987). Therefore, for the
List 2 memory to be reactivated by the List 1 retrieval context
Reminder group, the first and second lists would be linked to the
for the Reminder group (just as List 1 is reactivated on Day 2),
same place map, whereas, for the No Reminder group, the two lists
we cannot rule out the possibility that this reactivation led to the
would be linked to different place maps. Thus, intrusions from the
intrusions.
second list into the first could be the result of the lists being linked
Hupbach et al. (2007) found no intrusions when humans
indirectly through the same place map.
recalled an original list of objects immediately after learning a
Research is increasingly uncovering the dynamic and reconsecond list (Fig. 5B). However, the recall of List 1 was impaired in
structive nature of memory. Modeling a human list-learning parboth the Reminder and No Reminder groups compared with the
adigm, we were able to extend the main result to a spatial memory
Interference Control group, indicating that the human subjects

A

Rats

B

Humans

Mean % Objects Recalled

Mean % Intrusions

Mean % Feeders Visited

Adapted from Hupbach et al. (2007)
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The apparatus used was an open-field circular arena that was 5 ft in diameter and
contained eight evenly spaced feeders
around the periphery (Bower et al. 2005;
Jones et al. 2007 abstract). The arena was
lined by a 1-ft tall wall at its periphery.
Attached to each feeder was an LED light.
Reward was sugar water (0.2 g/mL). LED
onset could be delayed to assess whether
rats went to the feeders using memory
alone. Rats were tracked by an overhead
camera, and the feeders and lights were automatically controlled by a computer and
custom-written software (Labview, National Instrument). Spatial context was
manipulated as a combination of an odor
(Renuzit air freshener, either apple cinnamon, sunny laundry, citrus sunburst, raspberry, tropical melon, after the rain, or
vanilla), a floor texture (short carpet, bottom side of a carpet, or rubber mat), and
one to two distal visual cues posted on
the walls of the room (2 sq ft each, e.g.,
parallel lines or a triangle, high in contrast). A local cue was kept constant at
the edge of the arena so that the rats could
orient themselves on the table despite
contextual changes.

eS

tiv

Ac

Figure 6. (A) Amount of Intrusions made during recall at different time points (across the different
experiments) following learning of the intruding list in the rat (left) and human (right) studies.
Conditions within each experiment are represented separately only if they are significantly different
from one another. (B) Amount of Intrusions expected to occur with time following learning of the intruding list in rats (left) and humans (right) based on retrieval competition, active suppression, and
reconsolidation. Only humans are expected to use active suppression. (Exp) Experiment, (R) reminder,
(NR) no reminder, (RH) reminder high, (RL) reminder low.

All animals were pretrained to randomly
go to a blinking light to get a reward at
the adjacent feeder (abstract in Jones
et al. 2007). On Day 1 of the experiment,
rats were cued by blinking lights to run
to three predetermined randomly presented feeders (e.g. List 1 ¼ 3,5,7) in the context of specific texture,
odor, and distal visual cues (Fig. 1A, Context A). After they visited
each feeder 50 times (150 rewards), the light cues were delayed by
15 sec, and the rats had to choose the feeders from memory. A rat
typically travels between two feeders in ,6 sec, so the delay allowed enough time to reach the feeders with no cue. The delay
was reset if the rat reached the feeder within ,15 sec, and the
next light cue was activated with a new delay of 15 sec. The criterion was reached when the rats visited 15 correct feeders consecutively, with no more than two feeders being cued (i.e., the rats beat
the light at least 13 out of 15 times). Once the criterion was
reached, the rats received an additional 15 rewards with the light
cues (no delays). On Day 2 of the experiment, the procedure was
the same as for Day 1, except that a different list of feeders (e.g.
List 2 ¼ 1,4,6) was used. There were three conditions on Day 2.
In the Reminder condition, rats learned List 2 in Context
A. There was no explicit recall of List 1 on Day 2, so that context
A was the only reminder of List 1. In the No Reminder condition,
rats learned List 2 in the context of different texture, odor, and
distal visual cues (Context B). In the Interference Control
condition, rats did not learn any list and remained in their
home cages. This condition was included to control for any
general effects that learning List 2 might have on the maintenance
or retrieval of the List 1 memory. On Day 3, the rats were cued
to recall List 1 in Context A (Fig. 1A). They received light cues
and rewards only at List 1 feeders. The very first light cue was immediate in order to cue the rats as to which feeder list to recall, but
the subsequent cues were delayed by 15 sec each. In order to keep
the rats motivated while minimizing the level of reinforcement,
a reward was given 50% of the time that the rats went to a correct feeder after having visited a different correct feeder, and
33% of the time after having visited an incorrect feeder. The test

task using an animal model. We found that reactivating a positively motivated spatial memory with contextual cues allowed it
to be updated with new information. The ability to influence
memory updating holds promise for various applications, including the treatment of post-traumatic stress disorder. Our findings
highlight the dynamic nature of memory over time and the
impact of environmental context at different stages of memory
processing.

Materials and Methods
Animals
Sixteen adult (8– 12 mo-old) male Brown Norway/Fisher 344 hybrid rats were housed in Plexiglas home cages, maintained on a reversed 24-h light/dark cycle, and food deprived to 85% of their ad
libitum weight. Experiments were conducted in the dark phase.
Rats were used across multiple experiments and conditions,
with the order of conditions counterbalanced for each experiment. While all of the rats were reused, not all were available for
the entire study, resulting in various numbers of animals across
different experiments and conditions. The number of animals in
each experiment and condition is noted in the figures. Different
feeder lists and different combinations of sensory cues (contexts)
were used for each different condition and experiment. In order to
ensure that the animals did not have a preference for lists from
previous experiments, they always received at least 1 d of random
training between experiments, during which they were repeatedly
cued to visit all eight feeders in random order. All procedures were
in accordance with the animal care guidelines of the University of
Arizona.
www.learnmem.org
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continued until performance reached the same criterion as during
training.
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Training and test procedures: Experiment 2—the
selectivity of the reminder effect
The training and test procedures for Experiment 2 were exactly
the same as for Experiment 1 except that the rats were cued to recall List 2 rather than List 1 on Day 3. Also, there was no Interference Control group in this experiment (Fig. 1B).

Training and test procedures: Experiment 3—the
role of the retrieval context
The training and test procedures for Experiment 3 were exactly the
same as for Experiment 1, except that the cued recall of List 1 took
place in Context C rather than Context A on Day 3. There was no
Interference Control group in this experiment (Fig. 1C).

Training and test procedures: Experiment 4—the
time course of the reminder effect
The training and test procedures for Experiment 4 were exactly
the same as for Experiment 1, except that the cued recall of List
1 took place either 15 min, 1 h, 2 h, or 4 h (different groups at
each time point) following List 2 training on Day 2 rather than
on Day 3 (Fig. 1D).

Data collection and analysis
The feeder choices of the rat were recorded by both the experimenter and the computer program. Visits to each feeder type
(List 1, List 2, and No List, the two remaining feeders that were
neither part of List 1 nor List 2) are expressed as a percentage of
the total number of feeders visited. These values have been
normalized to account for the difference between the numbers
of each feeder type. When analyzing recall, visits that were
cued by the LEDs (when the rat failed to visit the correct feeder
during the 15-sec delay) were not included. To calculate the percent correct recall and intrusions for each rat, the fraction of
No-List feeders was subtracted from the fraction of List 1 and
List 2 feeders, respectively, in order to control for baseline errors.
(For the Interference Control group, a List 2 was chosen
pseudo-randomly from the non-List 1 feeders.) To calculate percent recall and intrusions in Experiment 2, the fraction of
No-List feeders was subtracted from the fraction of List 2 and List
1 feeders, respectively. Rats that failed to reach the learning criterion on Day 1 or Day 2 were excluded from the analysis (one data
point [out of 12] from the Reminder condition and four [out of 16]
from the No Reminder condition of Experiment 1 were excluded
for this reason).

Statistical analysis
Differences between groups were analyzed using either one-way
ANOVAs or unpaired two-tailed t-tests. When applicable, post
hoc pair-wise comparisons were made using Tukey’s HSD test.
Significance levels were set to 0.05.
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