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There is strong evidence that hippocampal memory returns to a labile state upon reactivation, initiating a
reconsolidation process that restabilizes it and allows for its updating. Normal aging is associated with
deficits in episodic memory processes. However, the effects of aging on memory reconsolidation and
its neural substrate remain largely unknown, and an animal model is lacking. In this study we investigat-
ed the effects of aging on context-dependent reconsolidation using an episodic set-learning task in
humans and an analogous set-learning spatial task in rats. In both tasks, young and older subjects learned

Keywords: a set of objects (humans) or feeder locations (rats; Set 1) in Context A on Day 1. On Day 2, a different set
Memory L. N t . L.

Reconsolidation (Set 2) was learned in either Context A (Reminder condition) or Context B (No Reminder condition). On
Aging Day 3, subjects were instructed (humans) or cued (rats) to recall Set 1. Young rats and humans in the

Reminder condition falsely recalled significantly more items from Set 2 than those in the No Reminder
condition, suggesting that the reminder context triggered a reactivation of Set 1 on Day 2 and allowed
the integration of Set 2 items into Set 1. In both species, older subjects displayed a different pattern of
results than young subjects. In aged rats, there was no difference between conditions in the level of false-
ly recalled Set 2 items (intrusions). Older humans in the No Reminder condition made significantly more
intrusions than those in the Reminder condition. Follow-up control experiments in aged rats suggested
that intrusions in older animals reflected general interference, independent of context manipulations.
We conclude that contextual reminders are not sufficient to trigger memory updating in aged rats or aged
humans, unlike in younger individuals. Future studies using this animal model should further our under-
standing of the role of the hippocampus in memory maintenance and updating during normal aging.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Consolidated memories do not remain stable but return to a
labile state upon reactivation or retrieval, requiring a “reconsolida-
tion” process in order to once again become resistant to interfer-
ence. Because reconsolidation occurs across a broad range of
species and memory paradigms, it appears to be a fundamental
stage of memory processing (Jones, Bukoski, Nadel, & Fellous,
2012; Nader & Einarsson, 2010; Sara, 2000; Tronson & Taylor,
2007).
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At the behavioral level, memory reactivation leads to updating
when new information is present at the time of reactivation.
Hupbach, Gomez, Hardt, and Nadel (2007), Hupbach, Hardt,
Gomez, and Nadel (2008) found that young adults who learned a
new set of objects in the same spatial context as a previously
learned set falsely recalled items from the second set (Set 2 intru-
sions) when asked to recall the first, whereas subjects who learned
the sets in different contexts did not. The effect was not attributa-
ble to source memory error (Hupbach, Gomez, & Nadel, 2009).
Therefore, it appears that the context reactivated the memory for
the first set, returning it to a labile state and allowing for new items
to become incorporated into the memory (Nadel, 2008).

We adapted the Hupbach, Hardt, Gomez, and Nadel (2008) para-
digm in order to investigate updating of appetitively-motivated spa-
tial memories in young adult rats (Jones et al., 2012). In this study,
animals learned on Day 1 to obtain sugar water rewards from 3 feed-
ers (Set 1) on an open-field arena. On Day 2, the rats were trained to


http://crossmark.crossref.org/dialog/?doi=10.1016/j.nlm.2015.02.003&domain=pdf
http://dx.doi.org/10.1016/j.nlm.2015.02.003
mailto:fellous@email.arizona.edu
http://dx.doi.org/10.1016/j.nlm.2015.02.003
http://www.sciencedirect.com/science/journal/10747427
http://www.elsevier.com/locate/ynlme

8 BJ. Jones et al./ Neurobiology of Learning and Memory 120 (2015) 7-15

run to 3 different feeders (Set 2) in either the same (Reminder con-
dition) or a different (No Reminder condition) experimental context
than that used on Day 1. On Day 3, they were cued to recall Set 1
feeders. Consistent with the human study, rats in the Reminder con-
dition made significantly more visits to Set 2 feeders (intrusions)
during Set 1 recall than rats in the No Reminder condition, suggest-
ing that the reminder triggered reconsolidation and allowed for the
integration of some of the Set 2 items into Set 1.

Aging is associated with episodic memory impairments in
humans (Rajah, Kromas, Han, & Pruessner, 2010) and other mam-
mals (Burke & Barnes, 2006). These impairments have been linked
to deficits in hippocampal synaptic plasticity and changes in hip-
pocampal network activity associated with memory consolidation.
It is possible that aging leads to changes in the reconsolidation pro-
cess as well. However, to our knowledge, the effects of aging on
reconsolidation have not been investigated.

Using reminder-dependent memory updating as a behavioral
marker of reconsolidation, the current study examines the effects
of aging on contextually-triggered reconsolidation of spatial mem-
ories in rats and episodic memories in humans. If reconsolidation is
triggered and occurs similarly across ages, then we expect to repli-
cate in older animals the previous results seen in young humans
and rats by measuring more intrusions in the Reminder group than
in the No Reminder group. However, if the reconsolidation process
is altered in aged subjects, then we expect there to be no difference
in the amount of intrusions expressed in the Reminder and No
Reminder groups.

2. Materials and methods
2.1. Animal experiments

Parts of these methods have been described previously in Jones
et al. (2012). The animal procedures are specifically designed to be
as close as possible to the human experiments so comparisons can
be made across species.

2.1.1. Animals

Eight adult and 16 aged male Fischer 344 rats were obtained
from the National Institute on Aging for this study. Adult rats were
obtained at 8-12 months of age and completed the experimental
procedure (including pretraining) within ~2 months of arrival.
Aged rats were obtained at 22 months, started experiments (after
pretraining) at 24 months, and completed experiments by
26 months of age (see Table S1 for experimental timeline). All rats
were maintained on a reversed 24 h light/dark cycle, and food
restricted to 85% of their ad libitum weight for the duration of
the study. Experiments were conducted in dim light conditions,
in the dark (active) phase. Rats were used across multiple experi-
ments and conditions, with the order of conditions counterbal-
anced for each experiment (see Table S2 and supplemental
methods for experiment order). The average time between succes-
sive experiments was ~4 days (SD =3.6), and the average time
between 1st and last experiments was ~48 days (SD = 11.9). While
all of the rats were reused, not all were available for the entire
study (e.g. due to declining health and mortality in aged animals),
resulting in various numbers of animals across different experi-
ments and conditions (as noted in the figures). Different feeder sets
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 sets from previous
experiments, time between experiments always included at least
1 day of random training, during which rats 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 and approved by the IACUC.

2.1.2. Apparatus

The apparatus used was a 5 wide open-field circular arena
which contained 8 evenly spaced feeders around the edge
(Bower, Euston, & McNaughton, 2005; Jones et al., 2012). The arena
was lined by a 1ft tall wall at its periphery. Attached to each feeder
was a LED light. Reward was a drop of 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 com-
puter and custom written software (Labview, National Instru-
ment). Spatial context was manipulated as a combination of an
odor, a floor texture (e.g. carpet), and 2-3 distal visual cues
attached to curtains surrounding the arena. A local cue was kept
constant at the edge of the arena to promote recognition of the
feeder arrangement across days (i.e. so that rats could orient them-
selves on the table despite contextual changes).

2.1.3. Procedure

2.1.3.1. Experiment 1.1 - the role of context as a reminder. All ani-
mals were pretrained to randomly go to a blinking light to get a
reward at the adjacent feeder. On Day 1, rats were cued by blinking
lights to run to 3 pseudo-randomly presented feeders (learning
phase, e.g. Set 1 =3, 5, 7) in the context of specific floor texture,
odor, and distal visual cues (Context A, Fig. 1A). After young rats
visited each feeder 50 times (150 rewards), the light cues were
delayed by 15 s, and the rats had to choose the feeders from mem-
ory (test phase). The 3 feeders were baited in pseudorandom order
such that the same feeder could not be rewarded twice in a row
and each of the 3 feeders must be visited before the next triplet
of feeders could be baited. Rats could visit the correct feeders in
any order but would receive reward only at the baited feeder (thus,
they had a 50% chance of reward when visiting a correct feeder
after having visited a different correct feeder, and a 33% chance
of reward after having visited an incorrect feeder). This ensured
visitation to all 3 correct feeders. The delay was reset if the rat
reached the baited feeder within less than 15 s, and the next light
cue was activated with a new delay of 15 s. The procedure was the
same for aged rats except, due to their reduced velocity and endur-
ance, they visited each feeder 25 times (75 rewards), and the light
cues were delayed by 20 s. For all rats, the criterion was reached
when they visited 15 correct feeders consecutively with no more
than 2 feeders being cued (i.e. the rats beat the light at least 13
out of 15 times).

On Day 2, the procedure was the same as for Day 1 except that a
different set of feeders (e.g. Set 2 =1, 4, 6) was used. There were
two conditions on Day 2. In the Reminder condition, rats learned
Set 2 in Context A. There was no explicit recall of Set 1 on Day 2,
so that Context A was the only reminder of Set 1. In the No Remin-
der condition, rats learned Set 2 in the context of different floor
texture, odor, and distal visual cues (Context B). On Day 3, the rats
were cued to recall Set 1 in Context A. They received light cues and
rewards only at Set 1 feeders, as during the light-delay phase of
training. The first light cue was immediate in order to cue the rats
to the correct set of feeders to recall, but the subsequent cues were
delayed by 20 s each (15 s for young rats). The test continued until
performance reached the same criterion as during training.

2.1.3.2. Experiment 1.2 - the selectivity of the reminder effect. Only
aged rats performed Experiment 1.2. The training and test proce-
dures for Experiment 1.2 were exactly the same as for Experiment
1.1 except that the rats were cued to recall Set 2 rather than Set 1
on Day 3 (Fig. 1B).

2.1.3.3. Experiment 1.3 - the time course of the reminder effect. Only
aged rats performed Experiment 1.3. The training and test proce-
dures for Experiment 1.3 were exactly the same as for Experiment
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A Experiment 1.1
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Fig. 1. Designs of rat experiments. (A) Experiment 1.1. Rats learned Set 1 on Day 1 in Context A. Rats learned Set 2 on Day 2 in either Context A (Reminder condition) or
Context B (No Reminder condition). Rats were cued to recall Set 1 in Context A on Day 3. B. Experiment 1.2. Same as Experiment 1.1, but rats were cued to recall Set 2 instead
of Set 1 in Context A on Day 3. C. Experiment 1.3. Same as Experiment 1.1, except that rats were cued to recall Set 1 in Context A on Day 2 either 15 min or 4 h following

training for Set 2. figure adapted from Jones et al. (2012).

1.1 except that the cued recall of Set 1 took place either 15 min or
4 h following Set 2 training on Day 2 rather than on Day 3 (Fig. 1C).

2.1.4. Data and statistical analysis

The feeder choices of the rat were recorded by both the experi-
menter and the computer program. Visits to each feeder type (Set
1, Set 2, and No Set: the 2 remaining feeders that were part of nei-
ther Set 1 nor Set 2) were expressed as a percentage of the total
number of feeders visited. These values were normalized to
account for the difference between the numbers of each feeder
type. When analyzing recall, visits which were cued by the LEDs
(when the rat failed to visit the correct feeder during the delay)
were not included. To calculate the percent correct recall and
intrusions for each rat, the fraction of No Set feeders was subtract-
ed from the fraction of Set 1 and Set 2 feeders, respectively, in
order to control for baseline errors. To calculate percent recall
and intrusions in Experiment 1.2, the fraction of No Set feeders
was subtracted from the fraction of Set 2 and Set 1 feeders, respec-
tively. Data points more than 3 standard deviations from the mean
were considered outliers and excluded from analysis.

Differences between groups were analyzed using either ANO-
VAs or two-tailed t-tests. Equality of variances was assessed with
Levene’s Test, and adjusted p-values are reported when applicable.
Post hoc pair-wise comparisons were made using Tukey’s HSD test
or two-tailed t-tests (equal variances) or the Games-Howell Test
(unequal variances). Significance levels were set to 0.05. All tests
were performed using SigmaStat (SYSTAT, San Jose, California) or
SPSS.

2.2. Human experiments

2.2.1. Participants

A group of 40 community dwelling adults over the age of 65
without previous neurological problems participated in the experi-
ment. The participants were recruited from the subject pool from
the Aging and Cognition Laboratory at the University of Arizona.
All older adults had received neuropsychological testing within

the past two years? to assess their frontal and medial temporal lobe
function, and have been assigned z-scores representing their perfor-
mance relative to a normative group of 227 older adults on two com-
posite measures. Tests included in the frontal composite (FL factor)
thought to represent executive functions associated with working
memory (Glisky & Kong, 2008; Glisky, Rubin, & Davidson, 2001)
include the number of categories achieved on the modified Wiscon-
sin Card Sorting Test (Hart, Kwentus, Wade, & Taylor, 1988), Mental
Arithmetic from the Weschler Adult Intelligence Scale - Revised
(WAIS-R; Wechsler, 1981), Mental Control from the Wechsler Mem-
ory Scale - IlIl (WMS-III; Wechsler, 1997), Backward Digit Span from
the WMS-III, and the total number of words generated on the Con-
trolled Oral Word Association Test (Benton & Hamsher, 1976). Neu-
ropsychological tests contributing to the medial temporal composite
(MTL factor) thought to reflect retention and consolidation (Glisky &
Kong, 2008; Glisky et al., 2001) include Logical Memory I, Verbal
Paired Associates I, Faces I (all from WMS-III), Visual Paired Associ-
ates Il (WMS-R, 1987), and Long-Delayed Cued Recall from the
California Verbal Learning Test (Delis, Kramer, Kaplan, & Ober, 1987).

Participants were assigned to one of four groups (N=10 per
group) that were created by crossing the FL and MTL factors. The
four groups were thus comprised of those individuals who were
above average on both factors (HH), below average on both factors
(LL), high on frontal/low on medial temporal (HL), and low on fron-
tal/high on medial temporal (LH). Characteristics of each group are
presented in Table S3. Separate 2 (High vs. Low FL) x 2 (High vs.
Low MTL) analyses of variance (ANOVAs) were conducted to test
for differences in age, education, and scores on the Mini-Mental
Status Examination (MMSE; Folstein, Folstein, & McHugh, 1975)
as a function of neuropsychological group. There were no sig-
nificant differences in age or education between high and low FL
groups or between high and low MTL groups. There were

2 Twenty-eight people were tested in the past year, 9 in the past 18 months, and 3
within 19-24 months. More recent tests on a subset of these individuals suggest that
participants are unlikely to have changed neuropsychological categories since their
original testing.
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differences between high and low groups on MMSE scores,
F(1,36)=5.77, p = .02 (for both FL and MTL factors). Although older
adults with above average function on the FL and MTL composite
measures had slightly higher MMSE scores, all of the participants
were within the normal range (i.e., >26). A control group of 27
young adults (mean age = 19.8, SD = 2.8; mean education=12.7,
SD = 1.3) was also included.

2.2.2. Materials

Materials were identical to those used by Hupbach et al. (2008)
except set lengths were reduced from 20 to 15 unrelated objects
for the older adults. The two groups of objects were counterbal-
anced so that half of the participants in each group received Set
1 on the first day and the other half received Set 2 on the first day.

2.2.3. Procedure

The procedure also was similar to that used by Hupbach et al.
(2008). Participants were informed that they would have to learn
different sets of objects on different days. The three sessions took
place on Monday, Wednesday, and Friday of the same week. On
Day 1 the experimenter took the objects out of a box one at a time
and placed them in a blue basket. The participants were asked to
name each item as it was shown to them and to try to remember
the objects so that they could recall them later. After all of the items
were presented, they were put away by the experimenter and the
participants were asked to recall as many items as they could, in
any order. This procedure was repeated until the older adults could
recall at least 13 of the 15 items on the set or until they had complet-
ed five learning trials. Younger adults continued until they recalled
at least 17 of the 20 objects or completed four learning trials.

On Day 2, participants were pseudo-randomly assigned to one
of two experimental conditions—Reminder or No Reminder, such
that the two experimental groups did not differ on any of the
demographic variables. People in the Reminder group went to
the same room as Day 1 while those in the No Reminder group
went to a different room. In both conditions, a different experi-
menter tested the participant on Day 2. Thus, as in previous stud-
ies, only the context differed between the Reminder and No
Reminder groups. Participants in both groups were asked to learn
a second set of objects. This procedure differed from Day 1 so that
the task did not serve as a reminder. All of the objects in the second
set were placed in front of the participants. They were asked to
name the objects and were given 30 s to study them. The objects
were then removed and participants were asked to recall them in
any order. If they recalled less than 13 items (17 for young), the
procedure was repeated until they could recall 13 (17) or more
items or until they had reached five (four) trials.

On Day 3, all participants returned to the same room with the
same experimenter as on Day 1 and were asked to recall as many
objects as they could from Day 1. When participants indicated that
they were unable to recall any more objects, they took a 30 s break
during which the experimenter engaged the participants in a con-
versation about an unrelated topic. They were then asked to recall
the items again. This was repeated for four recall trials. Average
recall performance across the four trials served as the dependent
measure. Participants were then given a brief questionnaire to
see if they had noticed whether the two sets had been initially
learned in the same or a different room and with the same or a dif-
ferent experimenter.

3. Results
3.1. Memory reconsolidation in adult and aged rats

The purpose of the rat study was to investigate the effects of
aging on memory performance in a spatial reconsolidation task,

with the goal of comparing the results with that of the human
experiments as in our previous study in young rats (Jones et al.,
2012). The main experiment (1.1) assessed whether re-exposure
to a spatial context triggers memory intrusions in aged animals.
Experiment 1.2 was designed to measure the influence of set con-
fusion on memory intrusions, and Experiment 1.3 investigated the
time course of the intrusion effect. A supplemental experiment
examined the effect of the retrieval context (see Supplemental
Results and Fig. S2). Fig. 1 outlines the experimental designs (see
Section 2 for details).

3.1.1. Learning performance on Days 1 and 2 in Experiment 1.1

Rats learned a spatial set of feeders (Set 1) on Day 1 and a dif-
ferent set of feeders (Set 2) on Day 2. The total number of feeder
visits (including errors) required to reach the learning criterion
during the test phase did not significantly differ between young
and aged rats on either day (p’s > 0.05). In order to analyze memory
acquisition, the percent errors (visits to feeders not belonging to
the current set) made during the test phase of the task were
recorded on both days for each rat. Fig. 2A shows the learning per-
formance plotted separately for the young and aged groups. A
2 x 2 x 2 mixed-design ANOVA with group and condition as
between-subjects factors and day as within-subjects factor showed
no significant main effects and no significant interactions (all
p’s > 0.05) Because non-significant effects could be due to low sta-
tistical power, we more closely examined potential learning differ-
ences between the age groups by conducting separate 2
(group) x 2 (condition) ANOVAs for each day. There was no sig-
nificant main effect or interaction on either day, though we note
the non-significant effect of condition (F(1,40)=3.722, p=0.061)
and interaction (F(1,40)=3.163, p=0.083) on Day 2 (all other
p’s >0.25). A more fine-grained analysis of within-session learning
performance (% correct feeders visited during each 10% increment
of training) indicated that aged rats performed at least as well as
young rats over the course of learning on each day (see Supple-
mental Results and Fig. S1). These results suggest that learning
was equivalent in young and aged rats for both Set 1 and Set 2.

It is possible that aged rats learned equally as well as young rats
but failed to consolidate the memory for Set 1. Reasoning that
memory for Set 1 could manifest as erroneous visits to Set 1 feed-
ers on Day 2, we assessed whether the proportion of these visits
differed between age groups (Fig. 2B). The percentage of errors
attributable to Set 1 was calculated for all rats that made at least
2 errors during the test phase of Set 2 training. One-sample t-tests
indicated that both young (t = 5.926, p < 0.001) and aged (t = 3.489,
p =0.001) rats visited Set 1 feeders significantly more than chance
(because sets were 3-feeders long and there were 8 possible feed-
ers, the probability that rats would make errors to Set 1 feeders by
chance was 60% (3 out of the 5 incorrect feeders, dashed line in
Fig. 2B)). Importantly, a 2 (group) x 2 (condition) ANOVA indicated
no significant main effect of group (F(1,29)=0.327, p=0.537) or
condition (F(1,29) = 0.454, p = 0.507) and no significant interaction
(F(1,29)=0.791, p=0.381). These results suggest that aged rats
had consolidated and remembered Set 1 as well as young rats at
the time of the reminder on Day 2.

3.1.2. Experiment 1.1 - the role of context as a reminder

The experimental context has been shown to be a sufficient
reminder to trigger reconsolidation in humans (Hupbach et al.,
2008) and rodents (Artinian, De Jaeger, Fellini, de Saint Blanquat,
& Roullet, 2007). In Experiment 1.1, we manipulated the context
(visual, odor, and texture cues) in which the second set of feeders
(Set 2) was learned in order to either remind or not remind rats of a
previously learned set (Set 1). Rats were cued to recall Set 1 24 h
after learning Set 2. A 2 (group) x 2 (condition) ANOVA was
conducted separately on the percent correct recall and percent
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Fig. 2. Learning performance. (A) Mean percent errors made during training on Days 1 and 2 in the Reminder and No Reminder conditions in the young and aged rats. (B)
Mean proportion of Day 2 errors made to Set 1 feeders in the Reminder and No Reminder conditions in young and aged rats. Eight young and 15 aged rats were used to obtain

these data. All error bars represent standard errors of means.

intrusions. A significant main effect of group was found for correct
recall, F(1,36)=5.985, p=.019, indicating that the young rats
(Fig. 3A) had a greater proportion of visits to Set 1 feeders than
the aged rats (Fig. 3B). Neither the main effect of condition
(F(1,36) = 0.494, p=0.486) nor the interaction (F(1,36)=0.101,
p=0.752) was significant. Regarding intrusions, there was a sig-
nificant main effect of group, F(1,36)=12.189, p=.001; a sig-
nificant main effect of condition, F(1,36) = 11.148, p=.002; and a
significant interaction between the two, F(1,36)=6.701, p =.014.
Follow up pairwise comparisons revealed that young rats in the
Reminder condition made significantly more intrusions than young
rats in the No Reminder condition and significantly more than aged
rats in both conditions (p <.01 in all cases). There was no sig-
nificant difference between the percent of intrusions made by aged
rats in the Reminder and No Reminder conditions, nor between
young rats in the No Reminder condition and aged rats in either
condition (all p’s > 0.9). Analyzing errors to Set 2 feeders separately
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from those to No Set feeders revealed that the difference in intru-
sions between conditions in young rats was driven by a difference
in visits to Set 2 feeders only (Table S4). The percent of LED-cued
visits (when rats did not reach the baited feeder within the time
limit; not included in recall calculations) did not differ between
age groups or conditions, and there was no significant interaction
(2 x 2 ANOVA, all p’s > 0.4). These results suggest that, in young
rats but not in aged, re-exposure to the context prompted recon-
solidation of the memory for the Set 1 learning episode, allowing
for updating to occur.

3.1.3. Experiment 1.2 - the selectivity of the reminder effect

One possibility is that, rather than expressing an updated mem-
ory, the rats are simply visiting all of the feeders on which they
have been trained, regardless of the set to which they belong.
Experiment 1.2 assessed the specificity of the intrusion effect in
aged rats. Fig. 4 shows the percent correct recall of Set 2 and intru-

Aged
m Recall
(Set 1)
O Intrusions
(Set 2)
Reminder No Reminder

n=13 n=12

Fig. 3. Experiment 1.1. (A) Mean percentage of feeders visited belonging to Set 1 and Set 2 during recall of Set 1 on Day 3 in young rats. Eight rats were used to obtain these
data. (B) Mean percentage of feeders visited belonging to Set 1 and Set 2 during recall of Set 1 on Day 3 in aged rats. Fifteen rats were used to obtain these data. All error bars

represent standard errors of means.
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Fig. 4. Experiment 1.2. Mean percentage of feeders visited belonging to Set 1 and
Set 2 during recall of Set 2 on Day 3 in aged rats. Error bars represent standard
errors of means. Thirteen rats were used to obtain these data.

sions from Set 1. Unexpectedly, the No Reminder condition had
both a higher percent correct recall (t = —2.92, p = 0.008) and intru-
sions (t=-2.42, p=0.024) than the Reminder condition. Impor-
tantly, and in contrast to our previous results in young rats, aged
rats made as many intrusions from Set 1 during Set 2 retrieval as
they did from Set 2 during Set 1 retrieval (Reminder: t=1.166,
p =0.256; No Reminder: t=—1.559, p = 0.133). These results sug-
gest that the intrusions observed in the aged rats do not result
from a reminder-triggered reconsolidation process but rather
reflect general interference between the two sets.

3.1.4. Experiment 1.3 - the time course of the reminder effect
Experiment 1.3 investigated the time course of the intrusion
effect in aged rats, testing recall of Set 1 either 15 min or 4 h (dif-
ferent groups at each time point) following Set 2 learning. Fig. 5
illustrates the percent of intrusions made at these points as well
as after 24 h (data from experiment 1.1). A 3 (time) x 2 (condition)
ANOVA indicated a significant main effect of time,
F(2,50)=10.696, p<.001, and follow-up pairwise comparisons
revealed that intrusions declined significantly between the
15 min and 4hr points (p = 0.005) but not between 4 h and 24 h
(p=0.734). There was also a significant main effect of condition,
F(1,50)=10.828, p=0.002, indicating more intrusions in the
Reminder (black line) than the No Reminder (white line) condition.
The interaction did not reach significance, F(2,50) = 2.761, p =.073.
Planned pairwise comparisons revealed that rats in the Reminder
condition made significantly more intrusions at the 15 min time
point than rats in the No Reminder condition at this point

40
35
2]
5 30 =Reminder
2 25 * =No Reminder
=
£ 20
X
c 15
3
= 10
5
15min 4hr 24hr
n=8 n=7 n=13
n=8 n=8 n=12

Fig. 5. Experiment 1.3. Mean percentage of Intrusions during recall of Set 1 either
15 min, 4 h, or 24 h (data from Experiment 1.1) following Set 2 training in aged rats.
Fourteen rats were used to obtain the data in this experiment. All error bars
represent standard errors of means.

(p =.027). However, the difference between the conditions at 4 h
was not significant (p = 0.531). These results indicate that the Set
2 learning context does influence memory interference in the aged
rats, but only in the short-term.

3.2. Memory reconsolidation in young adult and older adult humans

In this study, we were interested in whether the age-related dif-
ference in memory performance observed in rats would extend to
humans. Therefore, we tested young and older adults using the
procedure of Hupbach et al. (2008), on which the rat study was
based. Although episodic memory deficits have frequently been
observed in normally-aging older adults, the reasons for these
impairments have been ascribed not only to declines in hippocam-
pal function but also, under some circumstances, to declines in pre-
frontal function. Although we expected reconsolidation effects to
be associated with medial temporal function, the binding of con-
text to content during initial encoding and at retrieval is also found
to depend at least partly on prefrontal function (see source mem-
ory studies, e.g., (Glisky et al., 2001; Mitchell, Johnson, Raye, &
Greene, 2004; Nolde, Johnson, & D’Esposito, 1998; Slotnick, Moo,
Segal, & Hart, 2003)). We therefore decided to explore the effects
of individual differences in medial temporal and prefrontal func-
tion in older adults in the reconsolidation paradigm.

3.2.1. Young adults

We tested a control group of 27 young adults, 13 in the Remin-
der condition and 14 in the No-Reminder condition. Results from
the young adults replicated findings from earlier studies (see
Fig. 6A). On Day 3, participants in the Reminder group showed sig-
nificantly more intrusions (.20) from Set 2 into recall of Set 1 than
those in the No-Reminder group (.07), t(25) = 2.12, p = .04. There
were no differences between groups in correct recall of Set 1
(Reminder: M=.37, SD=.15; No Reminder: M=.40, SD=.19,
t(25)<1). A 2 x 2 mixed ANOVA of the number of learning trials
to criterion indicated only a significant main effect of Day, F
(1,23)=11.5, p =.002. People learned the new information in few-
er trials on Day 2 (M=2.93, SD=1.1) than on Day 1 (M =3.63,
SD = 1.0). There was no significant effect of condition and no sig-
nificant interaction (p’s > 0.05).

3.2.2. Older adults

3.2.2.1. Learning performance on Days 1 and 2. The number of learn-
ing trials needed for participants to recall at least 13 of the 15
items on Day 1 and Day 2 is shown in Fig. S3. Those who recalled
less than 13 items on the fifth learning trial were given a score of 6.
The average number of trials to reach criterion was 3.93 (SD = 1.42)
on Day 1 and 3.75 (SD = 1.6) on Day 2. A 2 (day) x 2 (condition) x 2
(FL status) x 2 (MTL status) mixed ANOVA indicated only one main
effect: High MTL older adults learned the lists more quickly (3.2
trials) than low MTL participants (4.5 trials), F(1,32)=9.66,
p =.004. There was also an interaction between MTL and condition,
F(1,32)=4.38, p=.04, indicating that this advantage was sig-
nificant only in the Reminder condition. The only other significant
effect was an interaction between day, condition, and FL status,
F(1,32) =4.17, p = .049, which reflected a tendency for individuals
with high FL function to learn the material more quickly than those
with low FL function only in the Reminder condition on Day 2
(p=0.09).

3.2.2.2. Recall of Set 1 on Day 3. The mean proportion of items cor-
rectly recalled from Set 1 and the mean proportion of items falsely
recalled from Set 2 (i.e., intrusions) were analyzed in separate
2 (condition) x 2 (FL) x 2 (MTL) ANOVAs. For correctly recalled
items, there were no significant effects (all p’s > 0.05). Overall, old-
er adults in the Reminder condition correctly recalled 44% of the



BJ. Jones et al./Neurobiology of Learning and Memory 120 (2015) 7-15

A Young Adults B
0.5 —_—
he) o)
Q@ <@
=< 04 =
o o
(9} (9}
o o
c 0.3 c
o o
B B
g 02 8
e g
a a
c 01 <
[} [}
> >
0.0
Reminder No Reminder
n=13 n=14

0.5

0.4

0.3

0.2

0.1

13
Older Adults
*
1

B Correct
(Setl)

[ Intrusions
(Set2)

Reminder No Reminder

n=20 n=20
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mistakenly recalled from Set 2 are labeled as Intrusions. Error bars represent standard errors of means.

Set 1 items and those in the No Reminder condition recalled 40%
(Fig. 6B, black bars). For the intrusion errors from Set 2, however,
there was a significant main effect of condition, which was the
opposite of that reported in previous studies with younger adults.
Older adults in the No Reminder condition produced significantly
more intrusions (33%) than those in the Reminder condition
(19%), F(1,32)=4.93, p=.03 (Fig. 6B, white bars). This effect did
not significantly interact with group factors (p’s > 0.05); the pat-
tern was observable in all neuropsychological groups (see
Fig. S4). No other effects were significant (all p’s>0.05).

4. Discussion

This study explored the effects of aging on performance in ana-
logous context-dependent reconsolidation tasks in rats and
humans. In both species, we found that younger animals in the
Reminder condition made more intrusion errors than those in
the No Reminder condition (Figs. 3A and GA). That is, memory for
Set 2 was more often expressed during Set 1 recall when Set 2
was learned in the same context as Set 1. This result replicates pre-
vious findings using the same tasks (Hupbach et al., 2008; Jones
et al., 2012). Re-exposure to the experimental context has been
shown to be sufficient to induce reactivation and reconsolidation
(Artinian et al., 2007; Sara, 2010). Therefore, in young animals,
re-entering the Set 1 learning context on Day 2 may have triggered
reactivation of the Set 1 memory, allowing the newly learned Set 2
items to be integrated into the Set 1 memory. An alternative inter-
pretation is that, because Set 2 was learned in the same context in
which retrieval took place in the Reminder condition, more intru-
sions in this condition reflect stronger interference at the time of
retrieval (Wixted, 2004). Both explanations rely on the context
cuing a set memory, but at different times (reconsolidation on
Day 2 and interference on Day 3). Though our results cannot dis-
ambiguate between these two influences, we note that context
continuity between Day 1 and Day 2 had no effect on the
proportion of erroneous visits made to Set 1 feeders during the test
phase on Day 2. Future studies using pharmacological interven-
tions on Day 2 could confirm that the Set 1 memory undergoes
reconsolidation.

Another possibility is that intrusions resulted from Set 1 being
internally reactivated during Set 2 learning, independent of the
context. If so, some items of Set 1 may have been bound to Set 2
items ‘directly’ (i.e. not through their association to the context
per se). Recent evidence however suggests that recall in and of
itself may not be sufficient to trigger reconsolidation of fear mem-
ory (Sevenster, Beckers, & Kindt, 2012). Together with the similar-
ity between conditions in the proportion of Set 1 errors during Set
2 learning, these findings suggest that this interpretation is unlike-

ly. The lack of reinforcement (rewards) of Set 1 feeders on Day 2
(i.e. a mismatch between original learning and reactivation), com-
bined with the context, may be key in triggering labilization-re-
consolidation processes (Forcato, Fernandez, & Pedreira, 2014;
Nadel, 2008).

In both species, the pattern of results differed between young
and aged subjects. In aged rats, there was no difference in the per-
cent intrusions between the Reminder and No Reminder condi-
tions (Fig. 3B). In older adult humans, there was a reversal of the
young adult pattern: they produced significantly more intrusion
errors in the No Reminder condition (Fig. 6B). Furthermore, there
was no hint of any involvement of MTL or FL function in older
adults, as measured by our factor scores, in the differential number
of intrusions in the two conditions. In fact, all neuropsychological
groups showed the reverse reminder effect, and there was no inter-
action with condition (Fig. S4).

It is important to consider whether the difference in the pattern
of memory intrusions between young and aged animals in this
study could have resulted from age-related impairment in learning
or consolidation. We believe this explanation is unlikely for several
reasons. First, regarding learning, both human and rat aged groups
reached the same (rat) or an equivalent (human, 13/15 vs. 17/20
objects) learning criterion as young groups. Second, in the human
experiment, despite appearing sensitive to learning abilities (as
indicated by the fact that the high MTL group learned the two sets
in significantly fewer trials initially than the low MTL group;
Fig. S3), MTL functioning level made no difference in the pattern
of intrusions (Fig. S4). In rats, when Set 1 recall took place soon
after Set 2 training (Fig. 5), aged animals made many erroneous
visits to Set 2 (on par with the amount seen previously in young
rats (Jones et al., 2012)), indicating that they had indeed learned
it. Third, regarding consolidation, aged rats made the same propor-
tion of errors to Set 1 feeders during Set 2 training (24hrs after
learning Set 1) as young rats (both groups were significantly above
chance at visiting Set 1; Fig. 2B), suggesting they had consolidated
Set 1 equally as well as young rats. Likewise, on Day 3, aged rats in
both conditions showed the same amount of intrusions as young
rats in the No Reminder condition (Fig. 3B). Older humans recalled
at least as many Set 1 (correct) and Set 2 (intruding) objects on Day
3 as did young adults in this study (Fig. 6) and (with the exception
of increased intrusions in the aged No Reminder group)
approximately the same amount as young adults in the original
Hupbach, Gomez, Hardt, and Nadel (2007) study. Despite this evi-
dence, we cannot completely rule out the possibility of age-related
differences in learning and/or consolidation. However, we note
findings by others that weaker memories are more vulnerable to
reconsolidation than stronger memories (Robinson & Franklin,
2010; Suzuki, Josselyn, Frankland, Masushige, Silva, & Kida, 2004;
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Wang, de Oliveira Alvares, & Nader, 2009; Winters, Tucci, &
DaCosta-Furtado, 2009). Therefore, if the aged groups did not
encode or consolidate the episodes to the same extent as the young
groups, one might expect to see more indication of reconsolidation
rather than less. Taken together, this evidence suggests that, while
it cannot be completely ruled out, age-related impairment in learn-
ing and/or consolidation is unlikely to account for the findings of
this study.

We next consider that reactivation and reconsolidation process-
es may have been active in both conditions in aged animals. Stud-
ies have shown that aging is associated with deficits in pattern
separation (Yassa, Lacy, Stark, Albert, Gallagher, & Stark, 2011a;
Yassa, Mattfeld, Stark, & Stark, 2011b). It is possible that the con-
texts used in our rat experiments were not different enough to
allow the aged animals to distinguish between them. If this were
the case, then it would explain why manipulating the context dur-
ing Set 2 learning did not affect the performance of the rats, as well
as why there was no difference between retrieval in Context A and
Context C (Fig. S2). However, results of Experiment 1.3 indicate
that aged rats could distinguish between the contexts. In this case,
rats in the No Reminder condition made significantly fewer intru-
sions than in the Reminder condition 15 min after learning Set 2
(Fig. 5). These intrusions in the short-term likely reflect retrieval
competition between Set 2, which had just been learned, and Set
1, which the rats were cued to recall. The context change between
Set 2 learning (Context B) and Set 1 recall (Context A) for the No
Reminder condition apparently reduced the retrieval competition,
resulting in fewer intrusions than the Reminder condition. There-
fore, the aged rats could distinguish between the different con-
texts, at least when they were presented close together in time.
However, it is possible that they failed to notice the difference
between the contexts with greater time intervals between expo-
sures. Further studies using neurophysiological recordings in the
rodent hippocampus and measuring the extent of place cell remap-
ping in the different contexts used here could shed light on the
extent to which contexts are perceived to be different on an animal
to animal basis (Anderson, Killing, Morris, O'Donoghue, Onyiagha,
Stevenson, Verriotis, & Jeffery, 2006). See Fig. S5 and Supplemental
Information for further discussion regarding the time course of
intrusions in young and aged animals.

The contexts used in the human experiment were two different
rooms. However, it is possible that older adults failed to encode the
two locations differentially but instead coded them non-specifical-
ly, for example as “rooms at the university.” There is some evi-
dence consistent with this possibility. Previous studies of source
memory in older adults (e.g., Glisky et al., 2001) have shown that
repeating the context facilitates memory for target items even
though older people cannot always recall the specific context, sug-
gesting that the context may have been encoded at a general level
but without distinctive detail. If this were the case, the context
may have served as a reminder in both conditions in older adults.
However, the questionnaire administered at the end of the testing
session indicated that all but one of the older adults were able to
specify whether they were in the same or a different room on
Day 1 and Day 2 and to describe some specific details of the rooms.
Therefore, in both rats and humans, it seems unlikely that recon-
solidation occurred in both conditions as a result of an inability
to distinguish between the contexts.

Another possibility is that re-exposure to the context failed to
trigger reactivation and reconsolidation in aged animals. Results
of Experiment 1.2 indicate that this may indeed be the case.
Regardless of whether or not the rats could distinguish the con-
texts in Experiment 1.1, if the intrusions were due to a specific
reconsolidation effect, then we would expect more intrusions from
Set 2 during Set 1 recall than from Set 1 during Set 2 recall (as Set 2
was never reactivated after it was consolidated, any intrusions

during its recall could not be the result of reconsolidation). Unlike
what we observed previously in young rats (Jones et al., 2012), we
found that in both the Reminder and No Reminder conditions, aged
rats made as many intrusions from Set 1 into Set 2 as they did from
Set 2 into Set 1 (Fig. 4). These results suggest that the intrusions
made by aged animals in this study do not reflect reconsolidation
but rather a general interference process. Though not tested in
humans here, adding a condition in which older adults are asked
to retrieve the Day 2 set rather than the Day 1 set would predict
intrusions from Set 1 into Set 2 recall. However, if intrusions in old-
er adults were attributable to a source memory problem, one
might have predicted an influence of frontal function (see Glisky
et al., 2001).

Why might a contextual reminder fail to trigger reconsolidation
in aged animals? Studies have shown that hippocampal cells rep-
resenting spatial location sometimes spontaneously remap
between exposures to a familiar context in aged rats but not in
young rats (Barnes, Suster, Shen, & McNaughton, 1997; Hok,
Chah, Reilly, & O’Mara, 2012; Wilson, Ikonen, Gureviciene,
McMahan, Gallagher, Eichenbaum, & Tanila, 2004). Furthermore,
whereas young rats show remapping at the first exposure to a nov-
el context, aged animals require more experience or multiple expo-
sures to remap between a familiar and novel context (Wilson et al.,
2004). In our study, rats in the Reminder condition learned Set 1
and Set 2 in Context A, which was a novel context compared to
the familiar pre-training context. Young rats likely had a spatial
representation of Context A which formed on Day 1 and remained
stable across exposures, allowing for reactivation of the Set 1
memory on Day 2 and integration of Set 2 items into that represen-
tation. Aged rats, however, might have had a representation that
did not fully form until Day 2 or which spontaneously remapped
between the learning sessions, preventing memory reactivation
and reconsolidation on Day 2. Similarly, the unique contextual
details of the memory may have been lost after 24 h in aged ani-
mals, such that the context no longer acted as a strong enough
cue to reactivate the representation. Another possibility is that
the aged rats had a stable representation of the environment but
were impaired at associating the set items (feeders) with the over-
all context. Such impairment could have prevented the context
from being able to reactivate the set items and would explain
why the retrieval context failed to influence the intrusions in the
aged rats, unlike what we previously observed in young rats. It
should be noted that such explanations would also pertain to
age-related changes in context-dependent retrieval competition/
interference. Further electrophysiological studies of the rat hip-
pocampus in this task should be useful and could inform future
fMRI studies in humans.

The basic finding in the rat experiments of an age-related differ-
ence in the pattern of memory intrusions extended to humans in
this study. However, unlike in the rats, older adults in the No
Reminder group made significantly more intrusion errors than
those in the Reminder group (Fig. 6B). If the intrusions were due
to general interference, as we suggest here, then why would the
No Reminder group show more interference than the Reminder
group in the human participants? One possible explanation is that
learning Set 2 in a novel context (Context B rather than Context A)
led the No Reminder group to consolidate Set 2 more distinctively
(allowing it to be more easily recalled) than the Reminder group. If
this were the case, then we would expect the No Reminder group
to perform better than the Reminder group at recalling Set 2 on
Day 3. Alternatively, it is possible that the presentation of the
Day 1 context on Day 2 in the Reminder condition strengthened
the Set 1 item-context association. On Day 3, when the context
was repeated for the third time, it may have provided a stronger
cue to Set 1 items than to Set 2 items, reducing the Set 2 intrusions.
In the No Reminder condition, the context may not have been as



BJ. Jones et al./Neurobiology of Learning and Memory 120 (2015) 7-15 15

good a cue for Set 1 items, increasing the likelihood of retrieving
the more recent Set 2 items on Day 3. Testing recall on the third
day in a novel context might provide information relevant to this
interpretation.

To our knowledge, this is the first study investigating recon-
solidation in aged animals in a task closely matched to that given
to humans. Spatial context plays a vital role in episodic memory
processing. However, as opposed to their effect in young animals,
our results suggest that contextual reminders fail to induce reacti-
vation and reconsolidation of spatial memories in aged rats and
episodic memories in aged humans. Importantly, the current study
does not suggest that reconsolidation never occurs in old age, but
rather that the ability of spatial contextual cues to trigger this pro-
cess is diminished. Future work is needed to determine the
mechanisms underlying this age difference, examine the efficacy
of different types of reminder cues in aged animals, and to assess
the effects of aging on reconsolidation in different memory sys-
tems. Other experimental paradigms could validate and enhance
the behavioral results presented here, including the use of compu-
tational models to study the mechanisms of context-dependent
reconsolidation (Lines, Nation, & Fellous, 2014), the use of protein
synthesis inhibitors to block memory reconsolidation, the use of
immediate early gene techniques to image the neural correlates
of spatial memory items and context, and electrophysiological
and optogenetic studies to analyze and manipulate hippocampal
activity at different phases of the experiments.
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