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ABSTRACT

Cognitive decline in spatial memory is seen in aging. Understanding affected processes in aging is vital for
developing methods to improve wellbeing. Daily memory persistence can be influenced by events around the
time of learning or by prior experiences in early life. Fading memories in young can last longer if a novel event is
introduced around encoding, a process called behavioral tagging. Based on this principle, we asked what
processes are affected in aging and if prior training can rescue them. Two groups of aged rats received training
in an appetitive delayed matching-to-place task. One of the groups additionally received prior training of the
same task in young and in mid-life, constituting a longitudinal study. The results showed long-term memory
decline in late aging without prior training. This would reflect affected encoding and consolidation. On the
other hand, short-term memory was preserved and novelty at memory reactivation and reconsolidation
enabled memory maintenance in aging. Prior training improved cognition through facilitating task
performance, strengthening short-term memory and intermediate memory, and enabling encoding-boosted
long-term memory. Implication of these findings in understanding brain mechanisms in cognitive aging and in
beneficial effects of prior training is discussed.

INTRODUCTION Memory persistence relies on a highly dynamic

cognitive process involving memory encoding,
Aging is a natural biological process and is often modulation, consolidation and reconsolidation [16].
associated with a decline in cognitive function [1]. Age- Encoding of a weak event does not lead to
related impairment in spatial [2, 3] and episodic consolidation of a long-lasting memory. However,
memory [4-6] is common in humans. Similarly, deficits unrelated novelty, such as exploration in a new
in navigational strategy, spatial memory, pattern environment and/or in a box with new substrates,
separation and reduction in working memory capacity introduced around encoding of a weak event can
are also observed during normal aging in animals [7— enable the persistence of long-term memories [17, 18].
14]. Such impairment tends to occur at a later stage of This resembles how we remember details of personal
aging (e.g., > 24 months in rodents). We recently circumstances when encountering significant events or
showed that an appetitive delayed matching-to-place hearing shocking news, a phenomenon called flashbulb
task in rats, simulating an everyday spatial memory in memories [19, 20]. This process in which novelty
humans, can sensitively reveal cognitive impairment at enhances memory persistence follows similar
an earlier stage (12-13 months old) [15]. This model principles that are first reported in the synaptic tagging
can allow earlier detection of cognitive aging and and capture hypothesis [21], and is called behavioral
provide much needed insight into understanding the tagging [22, 23] The synaptic tagging and capture
memory processes and underlying mechanisms that are theory proposes that plasticity-related proteins are
first affected in aging. involved in generating long-lasting changes when they
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are captured by synaptic tags after synaptic stimulation
[24]. Behavioral tagging represents a robust method to
enable longer persistence of everyday memories [18,
25] that normally fade away over time when no peri-
encoding novelty or other memory modulating events
are introduced. While novelty around the time of
encoding supports persistence of various types of long-
term memory in young [22], it is not as effective in
early cognitive aging. Novelty around encoding
improves the persistence of intermediate-term (6 h)
memory, but not long-term (24 h) memory in middle-
aged rats [15, 26]. This study aimed to further
investigate which components of the dynamic
cognitive processes from task acquisition, encoding,
consolidation, to behavioral tagging are further
deteriorated in advanced aging. Memory tasks that
involve  updating  daily  spatial  information
provide an advantage for longitudinal studies
in that these tests can be repeated over the course of

aging.

An important factor to consider in aging is cognitive
stimulation in promoting memory performance. The
lifestyle-cognition hypothesis holds that maintaining an
active lifestyle and engaging in intellectual, physical,
and social activities during one’s life help prevent
cognitive decline during aging [27, 28]. Behavioral
interventions that aim to protect brain functions against
age-related decline are often described in the form of
cognitive training as a non-pharmacological treatment
for cognitive decline during normal aging [29].

Here we asked if cognitive training in young and mid-
life would improve cognitive aging and which elements
of the cognitive processes at old age are preferentially
protected through such training. Specifically, we
examined the errors and speed in task acquisition, and
the presence or absence of short-term memory,
intermediate-term memory, long-term memory, post-
reactivation long-term memory, and novelty-enhanced
memory persistence in advanced aging.

To this end, we trained two groups of rats in an
appetitive delayed-matching-to-place task in the event
arena. The first group was trained, and memory
assessed at an older age (19-23 months old) only (i.e.,
no prior training at younger ages). The second group
received the same training at an older age (19-23
months old) but also underwent prior training when they
were young (3-5 months old), and when they were
middle-aged (11-13 months old). We found that prior
training, simulating active intellectual and physical
activities in humans, improves several aspects of
learning and memory and the findings provide insights
on underlying processes and mechanisms for improving
cognitive aging.

RESULTS

Training performance in old rats without or with
prior training

The rats were trained in an appetitive delayed-
matching-to-place (ADMP) task to encode the reward
location and to navigate to find more rewards at the
matching location after a delay in an open arena (Figure
1A). The regular daily training session consisted of an
encoding trial followed by a retrieval trial (with 4
unrewarded locations and 1 rewarded location that
matched to the encoding one). The encoding trial
constituted the opportunity to register where food was
available in the arena in that session. During the
retrieval trial, the rat could use place memory to
navigate effectively to find more rewards after a delay.

In old rats without prior training, the latency to retrieve
all rewards decreased over the 4 blocks of training
sessions (Figure 1C). The statistical power of latency
reduction from block 1 to block 4 was 1 and the
Cohen’s d was 1.6. The number of errors was stable
over the 4 blocks of training (Figure 1D) and
significantly below chance. To our surprise, the number
of errors was below chance from the first block of
training (one-sample t-test, t1» = 4.62, p = 0.0006), and
even from the first session of training (one-sample t-
test, t1p = 2.9, p = 0.013). This may suggest that older
rats would use a ‘matching’ rule to learn the task from
the beginning. Interleaving training sessions were
introduced between probe tests and the errors made in
these retrieval trials remained significantly below
chance (Figure 1E), showing stable performance of the
task.

In old rats with prior training at young and middle age,
the latency to retrieve all rewards remained stable over
the 4 blocks of training (Figure 1G). The number of
errors also remained stable across 4 blocks of initial
training (Figure 1H) and were significantly below
chance. The errors they made during interleaving
training sessions was also significantly below chance
(Figure 11).

Comparisons between these two groups indicated
shorter latency in the group with prior training at blocks
1 and 3. A two-way ANOVA on Figure 1C and 1G
revealed a significant prior training effect (F1, 24 = 21.4,
p = 0.0001; Bonferroni’s multiple comparisons test,
block 1, p = 0.0004; block 2, p = 0.096; block 3, p =
0.003; block 4, p > 0.99). The interaction between the
prior training factor and the training block was also
significant (Fs, 72 = 10.58, p < 0.0001). These suggest
that prior training contributes to shorter latencies
compared to the group without prior training and the
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Figure 1. Training performance in the appetitive spatial task. (A) Event arena and training paradigm. The appetitive spatial task was
composed of two trials per session. During the encoding trial, the rat found hidden food rewards (filled circle) inside the arena. After a
delay, rats would encounter 5 different sandwells (circles) with the same location being rewarded. (B) A group of aged rats (19-23 months
old) were trained at the older age followed by interleaving training and probe sessions. Various tests refer to the memory tests presented
in Figures 2-5. (C) Latencies to retrieving rewards gradually decline across 4 blocks of training (one-way, repeated measure ANOVA, F3 1, =
18.8, p < 0.0001). (D) The number of errors made at retrieval was below chance (dashed line; one-sample t-tests, all p < 0.001) and stable
across 4 blocks of training (one-way, repeated measure ANOVA, F3 1o= 0.06, p = 0.96). (E) The number of errors made at retrieval during
interleaving training was below chance throughout the study (all p < 0.05-0.001). (F) A second group of rats was trained and tested in
young (3-5 months old), in middle age (11-13 months old), and at later age (19-23 months old). Various tests at the older age refer to the
memory tests presented in Figure 2-5. (G) Latencies to retrieving rewards were stable (one-way, repeated measures ANOVA, F3 1,=2.31,
p =0.11). (H) The number of errors made at retrieval was below chance (dashed line; all p < 0.0001) and stable across 4 blocks of training
(one-way, repeated measures ANOVA, F3 1,=0.89, p = 0.44). (I) The number of errors made at interleaving retrieval trials was below chance
(all p < 0.002). All data are presented as mean + SD. "p < 0.05, "*p < 0.01, ***p < 0.005.
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effect is stronger at the early training phase. A two-way
ANOVA on Figure 1D and 1H showed only a trend of
prior training effect (Fy1, 24 = 3.4, p = 0.078), suggesting
that prior training has a mild effect on reducing the
errors during early training. A two-way ANOVA on
Figure 1E and 11 showed an insignificant prior training
effect (F1, 24 = 1.15, p = 0.3), suggesting that prior
training does not reduce errors further after the animals
have gone through numerous training sessions.

The group with prior training represented a longitudinal
study that allows comparison across lifespan from
young and middle-age to an older age. Data from young
and middle-aged animals were published in our
previous article [15]. To understand if there is saving
from young to older ages, we performed several
analyses on latencies and errors. On latencies in Figure
1G here and in Figure 1D and 1F in our previous study
[15], a two-way ANOVA showed a significant age
effect (F1.s9,10.05s = 79.25, p < 0.0001). The within-group
saving on latencies in the first training block was most
significant from young to mid-age (i.e., young, mean £
SD, 285.3 £ 63.4 s vs. mid-age, 118.9 £ 34.5 s, Tukey

test, p < 0.0001), with no further saving from mid-age
to old (mid-age vs. old age, mean + SD, 155.05 + 35.94
s, Tukey test, p = 0.28). When comparing errors in
Figure 1H and in Figure 1C and 1E in our previous
study [15], the age effect was also significant (two-way
ANOVA, F196 24 = 8.27, p = 0.002). The within-group
saving on errors in the first training block was also most
apparent from young to mid-age (young, mean + SD,
1.5 £ 0.8 vs. mid-age, 0.7 + 0.5, Tukey test, p = 0.03),
and not from mid-age to old (mid-age vs. old age, mean
+ SD, 0.9 + 0.6, Tukey test, p = 0.99). These would
suggest that once the animals acquire the task in early
life, they can relearn and perform the task effectively
and fairly accurately in an older age.

Short-term memory is intact in old rats, is facilitated
by prior training, and remains allocentric

To assess the short-term memory, rats would receive a
weak (1 reward) encoding trial followed by a probe test
in which five nonrewarded sandwell would be presented
ata 1 h delay (Figure 2A). The percentage of time spent
in digging the correct location over total digging
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Figure 2. Short-term retention of everyday spatial memory in aging. (A) Rats received a weak encoding (1 reward, filled circle).
One hour later, they were tested in a probe trial with 5 non-rewarded sandwells (open circles). (B) The percentage of correct digging was
significantly above chance (dashed line; one-sample t-test, no prior training, ti11 = 4.01, p = 0.002, attrition of 1 rat; priorly trained, t1; =
7.04, p < 0.001) after weak encoding in both groups and the group difference was significant (unpaired t-test, ty3 = 2.14, p = 0.043). The
statistical power of short-term memory in the group without prior training was 0.99 and the Cohen’s d was 1.16. (C) Similar to procedures
in A except that the start location was changed at the probe test. (D) The percentage of correct digging was significantly above chance
(dashed line; one-sample t-test, t;; = 4.86, p < 0.001). Data are presented as mean + SD. "p <0.05, *"p < 0.01, *""p < 0.005.
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time of all locations constituted the % of correct digging
which was used as the index of memory.

The group with prior training showed significantly
better performance than the group without prior training
(Figure 2B). This would indicate that prior training
facilitates short-term memory in old rats. No group
difference was observed with other measurements
(unpaired t-tests: errors, p = 0.29; latency to encoded
location, p = 0.23; latency to collect all rewards after the
probe, p = 0.41). The short-term memory was
significantly above chance in both groups (Figure 2B),
indicating a good short-term memory. Associated with
our previous results showing that short-term memory
was not impaired in young and middle-aged rats, these
results indicated that short-term memory is not affected
by aging in this ADMP task.

To determine if an allocentric strategy was used to find
the rewards as seen in young rats [18], the start box was
changed between the encoding trial and the probe test in

the group with prior training (Figure 2C). The correct
digging percentage remained significantly above chance
after changing the start box (Figure 2D) and was
indifferent from the percentage when the start box was
unchanged (Figure 2B right, paired t-test, t11= 0.84, p =
0.42). This suggests that old rats can use an allocentric
strategy and spatial cues to find the correct sandwell.

Intermediate-term memory is facilitated by prior
training in old rats

With strong encoding (3 rewards, Figure 3A),
intermediate-term memory (6 h) was significantly better
in the group with prior training (Figure 3B).
Performance was not significantly above chance in the
group without prior training (Figure 3B left), but it was
in the group with prior training (Figure 3B right). With
weak encoding (1 reward, Figure 3C), intermediate-
term memory was not significantly above chance in the
group without prior training (Figure 3E left). Novelty
(Figure 3D) introduced after weak encoding enabled the
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Figure 3. Intermediate-term retention of everyday spatial memory in aging. (A) Rats received a strong encoding trial (3 rewards,
filled circle). Six hours later, they were tested in a probe trial with 5 non-rewarded sandwells (open circles). (B) The percentage of correct
digging was not significantly above chance (dashed line) in older rats without prior training (one-sample t-test, t1; = 1.88, p = 0.085) but
significantly above chance in older rats with prior training (one-sample t-test, t1, = 4.45, p < 0.001). The group difference was significant
(unpaired t-test, tys = 2.2, p = 0.04). (C) Similar to procedures in A except that exploration in a novel box (green box) was introduced or
omitted at 30 min after a weak encoding trial (1 reward). (D) An example of a novel box. (E) In rats with no prior training, the percentage of
correct digging was not significantly above chance (dashed line; one-sample t-test, t1; = 1.74, p = 0.11) after weak encoding and was
significantly above chance after weak encoding with novelty (one-sample t-test, t11= 2.89, p = 0.015). No difference was observed between
the absence or presence of novelty (paired t-test, t11= 0.87, p = 0.4). (F) In rats with prior training, the percentage of correct digging was
significantly above chance (dashed line) in both conditions (absence of novelty: one-sample t-test, ti;; = 2.8, p = 0.02; presence of novelty:
one-sample t-test, t;; = 4.34, p = 0.00). No difference was observed between the absence or presence of novelty (paired t-test, t;,=0.99, p
=0.34). Data are presented as mean * SD. "p < 0.05, **"p < 0.005.
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memory retention (Figure 3E right). The difference intact in young animals [15, 18] but degraded at mid-

between the two conditions was insignificant (Figure 3E age [15]. Here we found that long-term memory after
left vs. right). In the group with prior training, the strong encoding in old rats with or without previous
percentage of correct digging was significantly above training (Figure 4A) was absent (Figure 4B). No
chance in both conditions (Figure 3F). The difference difference was observed between the two groups. With
between the two conditions was insignificant (Figure 3F this result, we confirmed that aging impairs long-term
left vs. right). A two-way ANOVA on percentage of memory retention. As in middle-aged rats [15],
correct digging in Figure 3E and 3F showed an novelty, introduced after strong encoding (Figure 4C),
insignificant novelty effect (F1, 24 = 2.23, p = 0.15, did not improve long-term memory in both groups
partial 12 = 0.03), prior training effect (Fy,24 = 2.18, p = (Figure 4C vs. 4B, paired t-test, no prior training, ti2 =
0.15, partial 12 = 0.05 which was close to a medium 0.04, p = 0.97; priorly trained, tio = 0.52, p = 0.61),
effect), or interaction (F1, 24 = 0.006, p = 0.94, partial n2 and the correct digging percentage was not higher than
< 0.0001). These results suggest that prior training chance. The long-term memory after strong encoding
facilitates the retention of intermediate-term memory with novelty in old rats was comparable with middle-
after strong encoding in old rats. aged rats (Figure 4C in our previous study [15],
paired-t-test, t;3 = 0.2, p = 0.84; unpaired-t-test, ty7 =
Long-term memory after one encoding trial is 1.1, p =0.29).
impaired at an old age, while prior training with
additional encoding can rescue the impairment Our previously observation showed that early aging
primarily affects encoding as re-exposure to the
With strong encoding (3 rewards), it has been encoding zone enables memory persistence [15]. Here,
previously shown that long-term memory (24 h) was we asked if re-exposure to the encoding zone without

Long-term memory
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Figure 4. Long-term retention of everyday spatial memory in aging. (A) Rats received a strong encoding (3 rewards, filled circle)
trial and 30 min later different memory-modulating events. The novel box was represented in green, the encoding zone was represented in
blue, and the second strong encoding trial was represented in orange. Twenty-four hours after encoding, they were tested in a probe trial
with 5 non-rewarded sandwells (open circles). (B) After strong encoding, the percentage of correct digging was not different from chance
(dashed line) in both groups (No prior training: one-sample t-test, t1, = 1.58, p = 0.14; Priorly trained: t1, = 0.87, p = 0.40). No difference was
observed between the two groups (unpaired t-test, t,4 = 0.43, p = 0.67) (C) Novel box exposure after encoding did not lead to above-chance
performance in both groups (No prior training: one-sample t-test, t;;= 1.59, p = 0.14; Priorly trained, t;,=0.05, p = 0.96). No difference was
observed between the two groups (unpaired t-test, tas = 0.73, p = 0.48). (D) Exploration in the encoded zone after encoding increased the
percentage of correct digging in priorly trained group only (No prior training: one-sample t-test vs. chance, t1; = 0.47, p = 0.65; Priorly
trained: one-sample t-test vs. chance, ti1; = 2.76, p = 0.017). A significant difference was observed between groups (unpaired t-test, tyq =
2.37, p = 0.03). (E) With a second strong encoding trial, the percentage of correct digging was significantly above chance in both groups (No
prior training: one-sample t-test, t1; = 3.31, p = 0.006; Priorly trained: ti;2 = 2.74, p = 0.02). No significant group difference was observed
(unpaired t-test, tys = 0.65, p = 0.52) Data are presented as mean + SD. "p < 0.05, **p < 0.01.
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rewards would enable memory persistence in later
aging. The result showed that this was no longer
effective for the group without prior training (Figure 4D
left; Figure 4D left vs. 4B left, paired t-test, t;o = 0.85,
p = 0.41). However, old rats with prior training showed
higher correct percentage of digging when re-exposed
to the encoding zone (Figure 4D right).

Finally, when both groups received another strong
encoding trial after the initial encoding, both showed
higher correct digging percentages than chance (Figure
4E), or than one encoding only condition (Figure 4E vs.
4B, paired t-test, no prior training, t;> = 2.87, p = 0.01;
priorly trained, t;» = 2.18, p = 0.05). No significant
group difference was observed after two strong
encoding (Figure 4E left vs. right). Taken together
across 4 panels in Figure 4, these results suggest that
both encoding and consolidation after one encoding trial
are affected at later aging (compared to our previous
results obtained in young and middle-aged rats [15, 18,
30]). Prior training rescues long-term memory retention

and renders memory processing in old rats alike which
in middle-aged rats [15].

Novelty improves memory persistence through
memory reactivation and reconsolidation in old rats

Both groups received strong encoding and, 6 h later, a
non-rewarded trial to reactivate the memory that was (or
was not) followed by exploration in a novel box. They
were then tested in a probe trial 18 h after reactivation
(Figure 5A). With reactivation only, memory in both
groups was not significantly above chance (Figure 5B
and 5C left). With novelty after reactivation, memory in
both groups was significantly above chance (Figure 5B
and 5C right). A two-way ANOVA on percentages of
correct digging in Figure 5B and 5C showed a
significant novelty effect (F1, 20 = 11.09, p = 0.003), an
insignificant prior training effect (F1, 20 = 0.12, p =
0.73), and an insignificant interaction (F1,20 = 0.51, p =
0.48). Novelty without reactivation (Figure 5D) did not
lead to significantly higher correct digging percentages

Memory reactivation and reconsolidation
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Figure 5. Memory retention after strong encoding and non-rewarded reactivation in aging. (A) Rats received a strong encoding
trial (3 rewards, filled circle), a reactivation trial with a non-rewarded sandwell (open circle) at 6 hours later, and a non-rewarded probe
trial at another 18 hours later. Exploration in a novel box was introduced or omitted at 30 min after reactivation. (B) In rats without prior
training, the percentage of correct digging was not different from chance (dashed line) without novelty (one-sample t-test, to= 0.41, p =
0.69, attrition of 2 rats) and was significantly above chance with novelty (one-sample t-test, ts= 3.21, p = 0.01). No difference was observed
between the conditions (paired t-test, ty= 1.91, p = 0.09; Bonferroni’s multiple comparison test p = 0.18). (C) In rats with prior training, the
percentage of correct digging was not different from chance (dashed line) without novelty (one-sample t-test, t;;=0.18, p = 0.86) and was
significantly above chance with novelty (one-sample t-test, t;;= 6.01, p < 0.001). The condition difference was significant (paired t-test, t;; =
2.84, p = 0.02; Bonferroni’s multiple comparison test p = 0.014). (D) Rats received a strong encoding trial (filled circle), exploration in a
novel box at 6.5 hours later, and a non-rewarded probe trial at another 17.5 hours later. (E) The percentage of correct digging was not
above chance in either group (No prior training: one-sample t-test, to=0.09, p = 0.93; Priorly trained: one-sample t-test, t11=0.31, p = 0.76).

Data are presented as mean  SD. "p < 0.05, *"*p < 0.005.
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than chance in both groups (Figure 5E). These results
indicate that novelty after reactivation facilitates
memory persistence as seen in young [30] and in
middle-aged rats [15].

DISCUSSION

Using the appetitive delayed matching-to-place
paradigm, similar to human experiences of daily
encoding and retrieval of spatial information, long-term
memory decline is revealed in early [15] and advanced
aging (Figure 4B). Critically, prior training rescues
cognition at an older age with improved learning
efficiency, stronger short-term memory, stronger
intermediate-term memory, and facilitated long-term
memory via re-encoding (Figures 1-4). Re-exposure to
the encoding zone without rewards is sufficient to
rescue long-term memory in early aging [15] but not in
advanced aging without prior training (Figure 4D),
suggesting decline in encoding and consolidation at an
older age. Novelty after reactivation at an intermediate

delay enables memory persistence (Figure 5),
supporting facilitation of memory through re-
consolidation. Of note, this line of research in

investigating the life-course changes in learning and
memory of this spatial task primarily uses male animals.
This is to be consistent with the decade-long efforts in
using an appetitive model in understanding how
behavioral tagging modulates memory persistence [15,
18, 25, 26, 30, 31]. Future research would be required to
investigate if similar age-dependent changes are
observed in female animals or in other behavioral
paradigms.

Young rats show good long-term memory performance
after strong, but not weak, encoding in this ADMP task
[15, 18, 26, 30]. Novelty, introduced after encoding, can
enhance the persistence of long-term memory, a
phenomenon called behavioral tagging and capture. The
comparison between young and middle-aged rats
already showed an age-related decline in memory
persistence [26]. After strong encoding, both middle-
aged rats [15, 26] and older rats (Figure 4B) do not
show long-term memory. Re-exposure to the encoding
zone after strong encoding is sufficient to rescue to
memory in middle-aged rats [15], but not in older rats
(Figure 4D left), suggesting an encoding impairment
from early aging that sustained to later aging. Only
when both encoding and consolidation processes are
reinforced with a second strong encoding trial that long-
term memory is observed in old rats (Figure 4E left). It
has been shown that aged animals can be divided into
aged impaired vs. aged unimpaired populations based
on their memory performance [32-35]. Our data in
Figure 4E may suggest that certain rats outperform
others. While this holds true for this memory test, the

same rats do not always show superior memory in other
tests. For example, among the 5 top performers in the
prior training group in the two strong encoding
condition (Figure 4E right), 2 of them performed
consistently above group average in another similar test
condition (Figure 4D right). Among the 4 top
performers in the group without prior training (Figure
4E left), 2 of them performed consistently above group
average in another similar test condition (Figure 4D
left). This would suggest that while there is a clear
individual difference in the aging population, within-
subject variation also exists and requires systematic
investigations in the future.

Mechanisms underlying memory decline in aging

Through intervention at different time point of
learning a task, it is established that encoding and
consolidation are required for long-term memory
formation [16, 36]. In early adulthood, these processes
work seamlessly to achieve memory persistence. Any
step that goes wrong in these processes can lead to
observed memory decline or impairment. Earlier
research showed long-term memory decline in old
animals (e.g., 19-24 months old rodents) in spatial
reference memory in the water maze [37-41], Barnes
maze [42], radial maze [42-44] and in delayed-
matching-to-place memory in the water maze [45, 46].
On the other hand, short-term memory is shown
preserved in the radial maze in 26-month-old rats [43,
47]. Our results are consistent with this pattern of
observation. These might be interpreted as intact
encoding and impaired consolidation in the aging.
However, if this were the case, then strengthening
encoding would not rescue long-term memory while
strengthening consolidation would. To test the
encoding view, re-exposer to the familiar encoding
zone is shown to improve memory in early [15], but
not in late aging (Figure 4D left). Re-exposure to the
encoded zone is designed to re-engage the encoding
process without rewards. This would likely re-engage
the tagging mechanisms more than the production of
plasticity-related proteins as novelty or rewards are not
introduced. Older rats with prior training act like
middle-aged rats under this condition [15], suggesting
rejuvenation of the memory function. To test the
consolidation view, peri-learning novelty, postulated
to generate plasticity-related proteins [17, 24, 48] to
strengthen consolidation, is shown not to rescue long-
term memory decline in both early [15, 26] and late
aging (Figure 4C). Together, these indicate an
encoding impairment in early aging and impairment in
both encoding and consolidation in late aging. The
implication in impairment in synaptic tagging and
capture preceding changes in production of plasticity-
related proteins in aging has been discussed [15].
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While our approaches are based at the behavioral level of
observation, aging-related changes in cognitive processes
have significant implication in identifying the underlying
molecular mechanisms. It may seem unusual that
encoding for long-term memory is impaired while short-
term memory is intact in aging when the ‘encoding’
process is believed to be a fundamental process that
precedes short-term and long-term memory [49]. At the
molecular level, encoding can trigger a cascade of signal
induction and transduction [50]. For initial induction,
findings have consistently suggested the importance of
glutamatergic receptors, such as NMDA and AMPA
receptors in forming short- and long-term memory [51,
52]. However, partially dissociative molecular
mechanisms for short-term and long-term memory have
been reported. In systematic research using post-training
drug infusion in the hippocampus, inhibition of mitogen
activated protein kinase (MAPK) or agonism of
serotonin, 5-HT-1A, receptors impairs short-term
memory selectively, but not long-term memory. On the
other hand, inhibition of Ca2+/calmodulin-dependent
protein kinase 1l (CaMKII), protein kinase C, or protein
kinase G impairs long-term memory, but not short-term
memory [53]. Our findings on cognitive aging,
combining with molecular evidence, can provide insights
on promising targets to improve memory function. Short-
term memory remains intact in several rodent studies [43,
47], which corresponds with some human observation
[54-57]. Boosting mechanisms that are associated to
short-term memory, such as age-dependent change in 5-
HT-1A receptor densities, binding sites, or its G-protein-
activating capacity [58], would likely be less effective in
improving long-term memory decline in aging, albeit
their involvement in memory processes in young [59,
60]. On the other hand, synaptic tagging and capture
research has suggested CaMK involvement in tag setting
[61, 62] and it could be that targeting aging-dependent
changes in this pathway [63, 64] can improve long-term
memory in early aging. Aging affects synthesis and
regulation of plasticity-related genes and proteins [65—
67]. Postsynaptic density protein 95, is reduced in aged
hippocampus synaptosomes and the protein level is
correlated with spatial performance [68]. Phosphorylation
of cAMP-response element binding proteins in the
hippocampus is also reduced with aging [69]. When
aging is more advanced, targeting molecular pathways
involved in both tagging and production of plasticity-
related proteins [70, 71] will be promising in improving
the memory function.

At the cellular level, memory encoding and novel
events increase the number of hippocampal cells,
mainly neurons, that express immediate early genes in
young animals [26, 72]. Effective events that lead to
behavioral tagging and capture also engage a clear
overlapping hippocampal population in CAl and CA3

[72], particularly in distal CA1 and proximal CA3 when
using the same behavioral task as seen in this study
[26]. In early aging, encoding- and novelty-triggered
neuronal populations and an overlapping population of
the two in CA1 are significantly reduced [26]. A more
profound reduction in the encoding population is
strongly associated with the reduced overlapping
population [26]. Based on behavioral and cellular
evidence, encoding and associated processes are
preferentially affected in early aging [15, 26].

Prior training benefits in cognitive aging and related
mechanisms

Cognitive reserve theory describes how early life
activities prevent age-associated cognitive decline. This
view holds that higher levels of education, engagement
in leisure activities, and innate intelligence provides
cognitive reserve that contributes to less cognitive
decline in aging [73] or in dementia [74]. Here we show
that prior training in young and in midlife, with long
intervals (2 x 6 months) of no training, is sufficient to
improve cognitive function in later life. It enables
encoding-facilitated long-term memory (Figure 4D) and
improves intermediate-term memory in old animals
(Figure 3B), at a level similar to or better than middle-
aged animals that are priorly trained [15]. Previous
studies have shown that repeated learning experience
could prevent age-related impairment in spatial
reference memory [75-78]. However, there is evidence
that prior training can work in a task-specific manner as
aged rats that are trained in a water maze or a radial
maze still show impairment in acquiring passive
avoidance or a cross-maze task [76, 79].

In task acquisition, prior training provides saving in
retrieval efficiency in subsequent learning at an older
age (Figure 1G). In humans, spatial training improves
subsequent navigation performance in young and in old
participants and potentially points to a trend in
preventing mild reduction of hippocampal volume over
time [80]. Previous studies show that procedural
memories acquired at a young age are resistant to age-
related decline. In a water maze task, priorly trained
aged animals show shorter latencies to relearn the task,
compared to when they are first trained at a younger age
[75-78]. The shorter latency in the group with prior
training (Figure 1G vs. 1C) in our task is consistent with
these reports on the view that procedural aspects of
learning being retained in the aging process. The spatial
aspect of the learning, when inferred from the ‘error’
index as a proxy, is only mildly restored by prior
training (Figure 1H vs. 1D).

Better short-term memory is also seen in old animals
with prior training (Figure 2B). As the number of errors
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and latencies are comparable between groups at the
short-term memory test, one possible explaining for
prior training in enabling better short-term memory is
through increase the ‘certainty’ of the encoded location.
It is likely that old rats with prior training would be
more persistent at digging at the encoded location which
then leads to increased correct performance. This could
also be related to strengthened knowledge of the
matching rule that they use from the onset of the task.
Although we could not directly gauge how ‘certain’ the
animal registers the location or the matching rule, one
way to test this speculation in the future is to see if
differential rates of extinction (of the encoded
information or the matching rule) would be observed
between old animals with or without prior training.

In young animals, once the initial training phase is
concluded, subsequent training performance has been
very stable and consistent across studies in one with 25
sessions [15] or in another with 105 sessions [18], with
the errors being significantly below chance. The
performances at short-term memory tests are also
similar after 12-14 training sessions [15] or after 96—
100 training sessions [18]. In middle-aged animals,
subsequent training performance is also comparable in a
group with prior training [15] and in a group without
prior training [26]. Prior training does not improve
long-term memory or intermediate-term memory in
middle-aged animals [15]. Together, these would
suggest that the prior training effect on short-term
memory is more pronounced in aged rats, compared to
young rats, and the effect on intermediate-term memory
is more pronounced in aged rats, compared to middle-
aged rats.

With these profound effects in aged animals, it is likely
that prior training affects multiple pathways involved in
memory function. For example, sensory and cognitive
stimulation are associated with changes in a myriad of
molecular and cellular mediators, such as expression of
brain-derived neurotrophic factors, nerve growth factors
and neurogenesis (review in [81]). While most of these
changes are seen in young animals, there is evidence for
gene expression changes in old animals. Prior lifelong
wheel running improves long-term memory in a brief
water maze test at old age and increases signal
intensities in  genes associated with  synaptic
transmission and energy metabolism [82]. Activities in
prior training in this or our earlier studies [15, 26, 83]
are relatively mild, compared to intensive exercise that
is shown to improve learning or memory (e.g., wheel
running for 1.5 km per day in [82] or treadmill running
for approximately 330 m per day for 100 days in [84]).
Environmental enrichment has also been shown to
improve cognition in aging, although it typically
involves more objects for prolonged interaction [85-87]

than two landmarks and sandwells in this study that
animals tend to habituate to. It is conceivable that
cognitive stimulation plays a crucial role in the prior
training effect seen here. The stimulation includes
learning of the procedural aspects of the task as
discussed above, formation and consolidation of the
spatial map that enables assimilation in the case of
schema learning [88, 89], rapid updating and
maintaining of daily information on reward locations,
and occasional exposure to novelty that modulated
memory persistence [15, 18, 26, 30, 83]. Studies have
shown that ‘training’, as opposed to activity-only
control, is critical for improvement in navigation or
memory abilities in aging [90, 91].

At the brain circuit level, it is likely that such prior
training benefits would recruit the frontal or cortical
network. The time course of the prior training would
engage systems consolidation [16] that is shown to
involve prefrontal cortex [92]. Prior training also
enables the formation of the spatial knowledge and
learning rules that is shown to require neural
transmissions in the prefrontal cortex [88] and anterior
cingulate cortex [89, 93]. A recent study suggests that
proteins in the prefrontal cortex can explain cognitive
resilience in aging. Analyses of human clinical testing
and prototypic peptides show that higher levels of
synaptic plasticity-related proteins, such SNAP25,
SYT12, and VGF, and mitochondrial proteins, such as
NDUFA, are associated with slower cognitive decline
[94].

Preserved learning, motor, and motivation in aging

The task acquisition ability is unchanged in older
animals in this ADMP task, which is evident by errors
made during training being below chance. No learning
deficit was observed in our previous study evaluating
age-related decline in this ADMP task in middle-aged
rats [15, 26]. To our surprise, errors that older rats made
at retrieval are already below chance from early training
sessions in the no prior training group. This could be
due to preference in using a matching rule in finding
more rewards in the same location after a delay,
consistent with intact acquisition of delayed matching-
to-place task in the water maze in aged rats [95]. Our
task requires the animals to visit the matching location
between encoding and retrieval to obtain more rewards.
As there are more than 1 non-rewarded location at the
retrieval trials or probe tests, this paradigm is not
currently designed for non-matching tests that are seen
in 2-choice tasks [96, 97]. Through increasing difficulty
in a radial maze task, a delayed-non-matching-to-
sample task that involves both spatial and working
memory can be a sensitive assay to detect age-
dependent memory decline [98].
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Efficiency in retrieval during rewarded learning is also
intact in older rats. For the group without prior training,
the steady linear decrease of latencies in retrieval is
comparable with what has been observed in young and
middle-aged rats [15, 26], indicating that aging did not
affect the motor and learning capacity of the rats in this
ADMP task. It is consistent with previous studies
showing that sensorimotor abilities, exploration of a
complex environment, or spontaneous locomotor
activities during the light phase are intact in old rats [44,
47, 99]. Intact latencies also imply that motivation and
motor in performing this task is intact in old rats as
previously observed [47]. These findings are different
from an age-dependent impairment in latencies in a
reference task in the water maze and slower swimming
speed in ex-breeder female rats [37]. It is likely that
increase in physical demanding of the task, further
advancement in aging, sex, and history of the animals
contribute to decline in motor or in efficiency in task
performance in aging.

Frequent handling during training in this study would
likely lead to habituation to handling. Animals also
received weekly handling and weighing from the age of
3 months onwards, while the prior trained group
received additional handing on the training days in
younger age. Frequent transportation on a daily basis
during training would likely lead to habituation to
transportation. Our attempt to address the necessity of
training in contributing to cognitive benefits can been
seen in a recent study using a mouse model of
Alzheimer’s disease with the wildtype littermates [100].
Prior training, compared to handling control, improves
performance efficiency and accuracy in midlife [100].
The ADMP training in the current study was done in the
light phase. Sleep disturbance might occur. While the
sleep quality and patterns were not monitored in this
study, rats were often asleep after performing the short
daily task. As sleep disturbance has negative impacts on
memory [101, 102], it is likely that the benefit from
prior training observed in this study is underestimated if
sleep disturbance had occurred at the younger age.

CONCLUSION

Overall, our findings suggest a selective impairment in
encoding for long-term memory formation in early
aging and an additional impairment in consolidation in
later aging. Learning ability, short-term memories,
motor and motivation functions remain intact in older
age, suggesting a phase when memory-associated
processes are compromised before apparent navigation
or learning deficits in advanced aging [103]. Prior
training shows profound benefits in cognitive aging and
it can provide a translatable model to simulate human
cognition which is built upon lifelong experiences.

MATERIALS AND METHODS
Animals

Adult male Lister Hooded rats (Charles River, 200—
225 g on arrival, n = 26) were group-housed at 3-4
rats per cage throughout their lives. The cages (L46 x
W37 x H20 cm) were lined with bedding (a mixture of
sawdust (Datesand) and wood shavings (DBM Ltd
UK), at approximately 1:1 ratio and placed in a colony
room with regulated temperature (20-22°C) and
humidity (40-60%). The room was under a 12 h
light/dark cycle (light onset 7.00AM) and behavioral
training and testing was conducted during the light
phase (between 9.00AM and 5.00 PM). Food (Diet
#801700, DBM Ltd UK) and water were available ad
libitum except that during training and test sessions
food was restricted to 80 g to 100 g per cage of 4 rats
per day to maintain their body weight at around 90—
95% of free-feeding weight. The food amount was
adjusted based on the animals’ body weight and age.
All rats were obtained from the same supplier at highly
similar weight/age. They were aged in the same colony
room in our research facility. They were handled at
least once per week during the 20-month period by the
experimenters to reduce possible stress and to keep the
animals in contact with the experimenters. For training
and testing, cages were placed on a trolley and
transported to the experimental room at about 1 hour
before the beginning of the experiments and returned
to the colony room at about 1 hour after the behavioral
procedures. They would remain in the colony room
overnight and during non-experimental time. Cages
were changed once per week. If the cage change fell
on days with behavioral procedures, it would be done
at > 1 h after the behavioral session was concluded to
reduce disturbance.

Experimental design

This study involved 2 groups of aged rats (19 to 23-
months-old), with or without prior training at younger
age. The first group, without prior early-life training,
received training (Figure 1A) when they were at the age
of 19 months. The interleaved training and testing
continued till they were 23-month-old (n = 13, Figure
1B-1E). The second group, with prior training, received
training and testing at the age of 3 to 5 months, 11 to 13
months, and finally 19 to 23 months (n = 13, Figure 1F—
11). The performance of group 2 at 2 younger age points
were previously reported in Gros and Wang, 2018
(young: 12 training sessions, 7 probe tests, 6
interleaving sessions; mid-age: 12 training sessions, 13
probe tests, 14 interleaving sessions). Both groups of
rats at 19 months-old received 12 initial training
sessions and 10 interleaving training sessions that were
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among 11 (for group 1 and 12 for group 2) encoding-
probe sessions to evaluate their memory persistence.

Apparatus for the appetitive delayed matching-to-
place memory (ADMP) task

Behavioral experiments were conducted in an event
arena (135 x 135 x 40 cm, made of clear Plexiglas walls
and white Plexiglas floor, Figure 1A) lined with around
2 cm sawdust and contained 2 intra-maze landmarks, as
previously described [15]. Four start boxes (30 x 25 x
30 cm) were placed in the center of each wall. They
were covered with red films that darkened the box and
equipped with automated doors under the control of the
experimenter. Chocolate-flavored food pellets (Supreme
Mini Treats™, ref: F05472, Bio-Serv) were used as food
rewards (0.5 g per reward). Plexiglas sandwells (6 cm
diameter, 4 cm depth) could be inserted into the floor of
the arena at different locations. Sandwells were filled
with bird sand mixing with 5% of ground pellets. Four
food pellets were embedded at the bottom of every
sandwell and kept out of reach of the animals by a metal
mesh divider. These were designed to keep olfactory
cues more consistent among all sandwells. The arena
was placed in a rectangular laboratory room with extra-
maze visual cues on 3 walls and 1 curtain.

Box and substrates for inducing novelty

A square Plexiglas box (100 x 100 x 40 cm) with
opaque white walls was used. Small substrates were
placed on the floor to encourage exploration. To
introduce novelty, different materials with distinct
shapes, sizes, and textures, such as small aquarium
pebbles, polished stones, plastic sealing clips, and small
bricks, were placed on the floor of the square box (an
example in Figure 3D). Rats have been shown to rapidly
sense the textures in the environment [104] or respond
to texture novelty [105].

Behavioral procedures

The ADMP task was designed to gauge the animals’
spatial memory [18, 106] and also to simulate our daily
experience of learning a location of interest and
navigate to the same location after a delay (e.g., park a
bike and come back to retrieval it afterwards). Rats
were trained to locate the reward location in an open
arena and then to use the encoded information to find
and obtain more rewards after a delay when they would
face multiple choices. This task has been used and
replicated in previous studies [15, 18, 25, 26, 30, 31,
106]. In brief, rats were first habituated to the
experimenters, to the event arena apparatus and
procedures, before being trained to perform the ADMP
task in the event arena. Theses pre-training procedures

are designed to reduce stress and to familiarize animals
with the environment. There were 12 initial training
sessions to train the animals with the matching rule of
the task. We then examined memory performance at
various delayed durations in probe tests with different
encoding strength and with or without novelty after
encoding. These were to assess their short-term,
intermediate-term and long-term memory persistence
and to determine if peri-encoding novelty could
facilitate memory persistence.

Habituation

Phase 1: habituation to the experimenter. Rats were
handled every day for 5 days to habituate them to the
experimenter to reduce stress. Daily body weight was
measured to establish the baseline of weight gain under
normal feeding. Phase 2: habituation to the sandwell
and food pellets. Rats received limited food daily from
now on to maintain the body weight at 90-95% of free-
feeding weight. Sandwells with chocolate-flavored
pellets were placed in their home cage for 30 min daily
for 2 days. They naturally explored and dug through the
sand and found and ate the pellets. Phase 3: habituation
to the sandwell in the event arena. Rats were then
habituated to digging the sandwells in the event arena.
First, rats explored a quarter of the event arena (divided
by removable inserts) with a sandwell containing 4
pellets (one pellet on top and three pellets in the middle
of the sandwell). They would receive 4 trials and hence
explored 4 quadrants of the arena. Second, rats explored
half of the event arena with a sandwell containing 4
pellets (one pellet on top and three pellets in the middle
of the sandwell). They would receive 2 trials and hence
explored 2 halves of the arena. Finally, the rats explored
the whole event arena with a sandwell placed at the
center of the arena containing 4 pellets (one pellet on
top and three pellets in the middle of the sandwell).
They would explore the arena voluntarily, find the
pellet and carry it to the start box to eat. Each
habituation trial stopped when they found and ate all the
4 pellets or capped at 15 minutes.

Training

Rats were trained in the event arena for 12 sessions at 5,
6 days per week. A daily training session consisted of a
sampling trial for memory encoding followed by a
choice trial for memory retrieval about 40 min later
(Figure 1A). During the encoding trial, one rewarded
sandwell was placed in the arena at a particular location
and constituted the opportunity for each rat to encode
where the food was available on that day. The rewarded
location (e.g., far from or near the start box) on a given
day was counter-balanced across all rats to avoid bias
toward certain regions of the arena. The rewarded
location for a given rat was also counter-balanced
across training sessions to avoid preference of certain
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regions of the arena. The rewarded sandwell location
and the start box (North, East, South, West) were
changed across days to encourage the animal to encode
a new location on different days, simulating our daily
experience of locating and retrieving where we park a
vehicle or place an object. Rats were given a pellet in
the start box at the beginning of each trial to be
accustomed with eating at the start box. After about 30
sec when the pellet was consumed, the experimenter
would remotely open the door without being seen by the
animal for the rest of the trial. After the door opened,
rats explored the arena, found the sandwell location,
dug to find the hidden reward, and then returned to the
start box to eat the pellet. The rats repeated these
procedures until they collected 3 pellets. The door
would be closed, and the trial ended.

At the retrieval trial, 5 different sandwell locations were
present but only the sandwell location that matched the
rewarded place at the encoding trial would contain
rewards. This was designed to train the animal to use a
matching rule to find the reward location. If the
rewarded location during the encoding trial was
remembered, the animal would make minimal errors in
digging at non-matching location before return to the
matching location to find more rewards. The trial ended
after the rats had retrieved and eaten 3 pellets.

Rats were trained sequentially in batches of 6-8 rats per
batch. In batch 1, rat 1 would receive an encoding trial
and then return to the home cage. Next, rat 2 would
receive an encoding trial with the rewarded sandwell in a
different location from rat 1 and then return to the home
cage, so on and so forth. The encoding phase typically
took about 40 minutes (5 min per rats). Rat 1 would then
receive the retrieval trial and then return to the home
cage. Same for rat 2 and so on and so forth. The smell-
based navigation strategy was reduced or prevented by
(1) using different rewarded locations between trials
(i.e., the same rewarded location was not used in 2
consecutive trials), (2) training different rats in between
encoding and retrieval (or probe), (3) mixing arena
bedding between trials, (4) mixing grounded reward in
the sandwell, and (5) adding rewards at the bottom of the
sandwell with in an inaccessible compartment (also see
description in [18]). All animals spontaneously engaged
with the training or retrieval trials, so no intervention
was required to enable the animals to respond. The prior
trained group was conducted before the other group. We
ensured that the quality and consistency of the cross-
group comparison was reliable by using the same arena,
colony room, animal supplier, methods of housing,
methods of transportation, and the same behavioral
protocols. The comparability between groups was
confirmed toward the last block of training. Both groups
at block 4 of training showed similarity in errors

(Bonferroni’s multiple comparisons test p > 0.99) and in
latencies (p > 0.99).

Probe tests

After 12 initial training sessions, rats received various
encoding-probe test sessions to assess their memory
persistence. A test session was consisted of an encoding
trial with a single rewarded sandwell, followed by a 60-
sec probe trial with 5 non-rewarded sandwells at certain
delays. To assess their short-term memory, the delay
was 1 h (Figure 2). To assess their intermediate-term
memory, the delay was 6 h (Figure 3). To assess their
long-term memory, the delay was 24 h (Figure 4). One
of these 5 non-rewarded sandwells would be at the
matching location to the rewarded place at the encoding
trial. The animals would explore the arena and dig
sandwells. After 60 sec, the experimenters placed 1
pellet at top of the matching sandwell and 2 pellets at
the bottom of it, so rats could find, retrieve, and eat the
pellets. This was to avoid weakening of using the
matching rule to search after non-rewarded probe tests.
A reactivation trial involved an animal exploring the
arena with a non-rewarded sandwell at the matching
location to the rewarded location at encoding (Figure 5).
The trial was ended when the rat returned to the start
box after exploring the arena and digging the sandwell.
Counterbalancing between paired conditions (e.g., with
and without memory-modulating events after encoding)
was performed.

Memory-modulating events

To evaluate if novelty (an example, see Figure 3D) after
encoding would facilitate memory persistence, rats
would receive an encoding trial, and approx. 30 min
later a 5-min trial of spontaneous exploration in a novel
box. This would be run in a counterbalanced order with
no modulating event (i.e., half of the rats received
encoding + no novelty + probe before they were
retrained and received encoding + novelty + probe,
while the other half received the reversed order). To
evaluate if exploration of an encoding zone would
facilitate long-term memory, rats would receive an
encoding trial, and approx. 30 min later a 5-min trial
during which a rat could freely explore the zone of the
arena (approx. 45 x 55 cm, enclosed with clear
plexiglass walls at 40 cm height) that centered around
of the previously rewarded sandwell location. For this,
plexiglass walls were installed into the arena to limit the
area containing the food location. To evaluate if
strengthening the rewarded encoding would facilitate
long-term memory, rats would receive an encoding trial,
and approx. 30 min later another encoding trial.

Interleaving training sessions and test sequence
These were identical to the initial training trials except
that 1 such session was introduced between 2 probe
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tests. One exception was 2 consecutive sessions at
session 18— 19 and 1 omission at session 28 in the prior
group. The goal of interleaving training was to prevent
reduction in sandwell digging time and retain the use of
the matching rule after non-rewarded probe. The
sequence of tests was: long-term memory after strong
encoding, after strong encoding followed by a novel
box or encoding zone (counterbalanced), after 2 strong
encodings; intermediate-term memory after strong
encoding, after weak encoding (with or without novelty,
counterbalanced); short-term memory after weak
encoding; reactivation (with or without box,
counterbalanced) and no reactivation control. For the
prior training group, the last session was a weak
encoding trial followed by a short-term memory test
with mismatched start box locations. The consistency of
memory performance in this task has been examined in
previous studies regardless of the test sequence [15, 18,
30, 31].

Behavioral measurement and analysis

During training, how many non-matching (i.e., wrong)
sandwells visited by rats before they dug in the correct
sandwell during the retrieval trial would constitute
errors. This index would reflect the accuracy in memory
retrieval. Latencies (in sec) to find the pellets in the
rewarded sandwell in the retrieval trial were also
measured to reflect the efficiency of retrieval.

To assess memory at probe tests, the time that rats spent
digging (moving sand from the sandwell with forepaws)
in the 5 sandwells was recorded for the first 60 sec of
the trial. Sniffing or touching the sandwell with the nose
was not included in the digging time. A custom-built
LabView timer was used to record the digging durations
and latencies. The correct digging percentage was
calculated by the percentage of time digging at the
correct (i.e., matching to encoding) location over the
total digging time. The wrong digging percentage was
calculated by the percentage of averaged digging time at
the 4 non-matching locations over the total digging
time. The experimenters were blind to the encoding
conditions when measuring and recording the digging
duration.

Statistical analysis

Training analysis

Data were presented in 4 blocks of 3 training sessions
per block. Data were averaged across 3 sessions per
animal per block for statistical analysis and then
averaged across animals for figures. The number of
errors was analyzed using repeated-measures one-way
ANOVA across blocks followed by two-tailed, one
sample t-tests to compare each block with the chance

level. The chance level of errors was 2, and a score of 0
would mean that the animal dug at the matching
location without digging at other locations. The latency
to obtain all rewards was analyzed using repeated-
measures one-way ANOVA across blocks. The training
effect in latency reduction has been shown to be robust
with a statistical power of 1 and a large effect size of
Cohen’s d > 1.54 [15, 30]. Comparisons between
groups were analyzed using repeated-measures two-
way ANOVA followed by Bonferroni’s multiple
comparisons tests. Comparisons between ages in priorly
trained animals were analyzed using repeated-measures
two-way ANOVA followed by Tukey tests.

Test analysis

Data were averaged across animals within each
encoding-probe condition and were presented as mean
+ SD in figures. The percentage of digging in the
correct location was compared with the mean
percentage of digging in wrong locations using two-
tailed paired t-tests. To evaluate if performance was
different between paired conditions (e.g., without vs.
with novelty, encoding zone exploration, or second
encoding trial after encoding), the percentages of
correct digging was compared using a two-tailed
paired t-test. The chance level for the percentage of
correct digging was 20 %. To evaluate the benefit of
prior training, between-group comparisons were done
by two-tailed, independent two-sample t-tests.
Comparisons between groups in Figure 3 and Figure 5
were analyzed using repeated-measures two-way
ANOVA. Short-term memory persistence in this task
has been shown to be robust with a statistical power of
1 and a large effect size of Cohen’s d > 0.94 [15, 30].
Parametric tests were used as the data did not violate a
normal distribution (Shapiro-Wilk test). A power
calculation based on our previous papers in young and
mid-aged rats [15, 18, 30] would suggest n > 8 rats per
group (based on latency) to achieve good learning and
n > 12 per group (based on long-term memory) to
achieve good memory. For all statistical tests of the
training data and most of the test data, the size of the
population was n = 13 for both groups. For the
reactivation probe tests done around 23-month-old, the
size of the population for group 1 (no prior training)
was reduced to n = 10 as 3 rats passed away. Statistical
significance was set at p < 0.05. All statistical analysis
was done using SPSS Statistics 22 (IBM).

AUTHOR CONTRIBUTIONS

A.G. and S-H.W. design the experiments, performed the
research, analyzed the data, and wrote the manuscript.
S-H.W. proposed and secured funding for this project.
All authors contributed to the article and approved the
submitted version.

wWww.aging-us.com

6003

AGING



ACKNOWLEDGMENTS

We thank colleagues at Bioresearch and Veterinary
Services of the University of Edinburgh for animal care.

CONFLICTS OF INTEREST

The authors declare that the research was conducted in
the absence of any commercial or financial relationships
that could be construed as a potential conflict of
interest.

ETHICAL STATEMENT

All experiments were approved by the Bioresearch and
Veterinary Services at the University of Edinburgh,
conducted under a project license that was approved by
U.K. Home Office, and performed in accordance with
the U.K. Home Office regulations of animal
experimentation (Animals (Scientific Procedures) Act
1986, Amendment Regulations 2012).

FUNDING

This work was supported by the Biotechnology and
Biological Sciences Research  Council  (grant
BB/M025128/1) and Alzheimer’s Research UK (Senior
Research Fellowship).

REFERENCES

1. Leal SL, Yassa MA. Neurocognitive Aging and the
Hippocampus across Species. Trends Neurosci. 2015;
38:800-12.
https://doi.org/10.1016/}.tins.2015.10.003
PMID:26607684

2. Bohbot VD, McKenzie S, Konishi K, Fouquet C, Kurdi
V, Schachar R, Boivin M, Robaey P. Virtual navigation
strategies from childhood to senescence: evidence
for changes across the life span. Front Aging
Neurosci. 2012; 4:28.
https://doi.org/10.3389/fnagi.2012.00028
PMID:23162463

3. Techentin C, Voyer D, Voyer SD. Spatial abilities and aging:
a meta-analysis. Exp Aging Res. 2014; 40:395-425.
https://doi.org/10.1080/0361073X.2014.926773
PMID:25054640

4. Isingrini M, Taconnat L. [Episodic memory, frontal
functioning, and aging]. Rev Neurol (Paris). 2008
(Suppl 3); 164:591-5.
https://doi.org/10.1016/S0035-3787(08)73297-1
PMID:18675053

5. Ronnlund M, Nyberg L, Backman L, Nilsson LG.
Stability, growth, and decline in adult life span

10.

11.

12.

13.

. Barnes

development of declarative memory: cross-sectional
and longitudinal data from a population-based study.
Psychol Aging. 2005; 20:3—18.
https://doi.org/10.1037/0882-7974.20.1.3
PMID:15769210

. Spencer WD, Raz N. Differential effects of aging on

memory for content and context: a meta-analysis.
Psychol Aging. 1995; 10:527-39.
https://doi.org/10.1037/0882-7974.10.4.527
PMID:8749580

CA. Memory deficits associated with
senescence: a neurophysiological and behavioral study
in the rat. J Comp Physiol Psychol. 1979; 93:74-104.
https://doi.org/10.1037/h0077579

PMID:221551

. Markowska AL, Stone WS, Ingram DK, Reynolds J,

Gold PE, Conti LH, Pontecorvo MJ, Wenk GL, Olton
DS. Individual differences in aging: behavioral and
neurobiological correlates. Neurobiol Aging. 1989;
10:31-43.
https://doi.org/10.1016/s0197-4580(89)80008-9
PMID:2569170

. Lacreuse A, Russell JL, Hopkins WD, Herndon JG.

Cognitive and motor aging in female chimpanzees.
Neurobiol Aging. 2014; 35:623-32.
https://doi.org/10.1016/j.neurobiolaging.2013.08.036
PMID:24112794

Dunnett SB, Evenden JL, Iversen SD. Delay-dependent
short-term  memory deficits in aged rats.
Psychopharmacology (Berl). 1988; 96:174-80.
https://doi.org/10.1007/BF00177557

PMID:3148143

Bach ME, Barad M, Son H, Zhuo M, Lu YF, Shih R,

Mansuy I, Hawkins RD, Kandel ER. Age-related defects
in spatial memory are correlated with defects in the
late phase of hippocampal long-term potentiation in
vitro and are attenuated by drugs that enhance the
cAMP signaling pathway. Proc Natl Acad Sci U S A.
1999; 96:5280-5.
https://doi.org/10.1073/pnas.96.9.5280
PMID:10220457

Rapp PR, Kansky MT, Roberts JA. Impaired spatial
information processing in aged monkeys with preserved
recognition memory. Neuroreport. 1997; 8:1923-8.
https://doi.org/10.1097/00001756-199705260-00026
PMID:9223078

Ces A, Burg T, Herbeaux K, Héraud C, Bott JB,
Mensah-Nyagan AG, Mathis C. Age-related
vulnerability of pattern separation in C57BL/6J mice.
Neurobiol Aging. 2018; 62:120-9.
https://doi.org/10.1016/j.neurobiolaging.2017.10.013
PMID:29149630

wWww.aging-us.com

6004

AGING


https://doi.org/10.1016/j.tins.2015.10.003
https://pubmed.ncbi.nlm.nih.gov/26607684
https://doi.org/10.3389/fnagi.2012.00028
https://pubmed.ncbi.nlm.nih.gov/23162463
https://doi.org/10.1080/0361073X.2014.926773
https://pubmed.ncbi.nlm.nih.gov/25054640
https://doi.org/10.1016/S0035-3787(08)73297-1
https://pubmed.ncbi.nlm.nih.gov/18675053
https://doi.org/10.1037/0882-7974.20.1.3
https://pubmed.ncbi.nlm.nih.gov/15769210
https://doi.org/10.1037/0882-7974.10.4.527
https://pubmed.ncbi.nlm.nih.gov/8749580
https://doi.org/10.1037/h0077579
https://pubmed.ncbi.nlm.nih.gov/221551
https://doi.org/10.1016/s0197-4580(89)80008-9
https://pubmed.ncbi.nlm.nih.gov/2569170
https://doi.org/10.1016/j.neurobiolaging.2013.08.036
https://pubmed.ncbi.nlm.nih.gov/24112794
https://doi.org/10.1007/BF00177557
https://pubmed.ncbi.nlm.nih.gov/3148143
https://doi.org/10.1073/pnas.96.9.5280
https://pubmed.ncbi.nlm.nih.gov/10220457
https://doi.org/10.1097/00001756-199705260-00026
https://pubmed.ncbi.nlm.nih.gov/9223078
https://doi.org/10.1016/j.neurobiolaging.2017.10.013
https://pubmed.ncbi.nlm.nih.gov/29149630

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Creer DJ, Romberg C, Saksida LM, van Praag H, Bussey
TJ. Running enhances spatial pattern separation in
mice. Proc Natl Acad Sci U S A. 2010; 107:2367-72.
https://doi.org/10.1073/pnas.0911725107
PMID:20133882

Gros A, Wang SH. Behavioral tagging and capture:
long-term memory decline in middle-aged rats.
Neurobiol Aging. 2018; 67:31-41.
https://doi.org/10.1016/j.neurobiolaging.2018.02.023
PMID:29609080

Wang SH, Morris RG. Hippocampal-neocortical
interactions in memory formation, consolidation, and
reconsolidation. Annu Rev Psychol. 2010; 61:49-79.
https://doi.org/10.1146/annurev.psych.093008.100523
PMID:19575620

Ballarini F, Moncada D, Martinez MC, Alen N, Viola H.
Behavioral tagging is a general mechanism of long-
term memory formation. Proc Natl Acad Sci U S A.
2009; 106:14599-604.
https://doi.org/10.1073/pnas.0907078106
PMID:19706547

Wang SH, Redondo RL, Morris RG. Relevance of
synaptic tagging and capture to the persistence of
long-term potentiation and everyday spatial memory.
Proc Natl Acad Sci U S A. 2010; 107:19537-42.
https://doi.org/10.1073/pnas.1008638107
PMID:20962282

Brown R, Kulik J. Flashbulb memories. Cognition.
1977; 5:73-99.
https://doi.org/10.1016/0010-0277(77)90018-X

Congleton AR, Berntsen D. How suspense and
surprise enhance subsequent memory: the case of
the 2016 United States Presidential Election.
Memory. 2022; 30:317-29.
https://doi.org/10.1080/09658211.2021.2013503
PMID:34965840

Frey U, Morris RG. Synaptic tagging and long-term
potentiation. Nature. 1997; 385:533-6.
https://doi.org/10.1038/385533a0

PMID:9020359

Moncada D, Ballarini F, Viola H. Behavioral Tagging: A
Translation of the Synaptic Tagging and Capture
Hypothesis. Neural Plast. 2015; 2015:650780.
https://doi.org/10.1155/2015/650780
PMID:26380117

Viola H, Ballarini F, Martinez MC, Moncada D. The
tagging and capture hypothesis from synapse to
memory. Prog Mol Biol Transl Sci. 2014; 122:391-423.
https://doi.org/10.1016/B978-0-12-420170-5.00013-1
PMID:24484708

Redondo RL, Morris RG. Making memories last: the
synaptic tagging and capture hypothesis. Nat Rev
Neurosci. 2011; 12:17-30.

25.

26.

27.

28.

29.

30.

31.

32.

https://doi.org/10.1038/nrn2963
PMID:21170072

Nonaka M, Fitzpatrick R, Lapira J, Wheeler D, Spooner
PA, Corcoles-Parada M, Muiioz-Lépez M, Tully T,
Peters M, Morris RGM. Everyday memory: towards a
translationally effective method of modelling the
encoding, forgetting and enhancement of memory.
Eur J Neurosci. 2017; 46:1937-53.
https://doi.org/10.1111/ejn.13637

PMID:28677201

Gros A, Lim AWH, Hohendorf V, White N, Eckert M,
McHugh TJ, Wang SH. Behavioral and Cellular Tagging
in Young and in Early Cognitive Aging. Front Aging
Neurosci. 2022; 14:809879.
https://doi.org/10.3389/fnagi.2022.809879
PMID:35283750

Harada CN, Natelson Love MC, Triebel KL. Normal
cognitive aging. Clin Geriatr Med. 2013; 29:737-52.
https://doi.org/10.1016/j.cger.2013.07.002
PMID:24094294

Marioni RE, van den Hout A, Valenzuela MJ, Brayne C,
Matthews FE, and MRC Cognitive Function and
Ageing Study. Active cognitive lifestyle associates
with cognitive recovery and a reduced risk of
cognitive decline. J Alzheimers Dis. 2012; 28:223-30.
https://doi.org/10.3233/JAD-2011-110377
PMID:21971400

van Balkom TD, van den Heuvel OA, Berendse HW,
van der Werf YD, Vriend C. The Effects of Cognitive
Training on Brain Network Activity and Connectivity in
Aging and Neurodegenerative Diseases: a Systematic
Review. Neuropsychol Rev. 2020; 30:267-86.
https://doi.org/10.1007/s11065-020-09440-w
PMID:32529356

Wang SH. Novelty enhances memory persistence
and remediates propranolol-induced deficit via
reconsolidation. Neuropharmacology. 2018;
141:42-54.
https://doi.org/10.1016/j.neuropharm.2018.08.015
PMID:30125560

Salvetti B, Morris RG, Wang SH. The role of rewarding
and novel events in facilitating memory persistence in
a separate spatial memory task. Learn Mem. 2014;
21:61-72.

https://doi.org/10.1101/Im.032177.113
PMID:24429424

Bizon JL, LaSarge CL, Montgomery KS, McDermott AN,
Setlow B, Griffith WH. Spatial reference and working
memory across the lifespan of male Fischer 344 rats.
Neurobiol Aging. 2009; 30:646-55.
https://doi.org/10.1016/j.neurobiolaging.2007.08.004
PMID:17889407

wWww.aging-us.com

AGING


https://doi.org/10.1073/pnas.0911725107
https://pubmed.ncbi.nlm.nih.gov/20133882
https://doi.org/10.1016/j.neurobiolaging.2018.02.023
https://pubmed.ncbi.nlm.nih.gov/29609080
https://doi.org/10.1146/annurev.psych.093008.100523
https://pubmed.ncbi.nlm.nih.gov/19575620
https://doi.org/10.1073/pnas.0907078106
https://pubmed.ncbi.nlm.nih.gov/19706547
https://doi.org/10.1073/pnas.1008638107
https://pubmed.ncbi.nlm.nih.gov/20962282
https://doi.org/10.1016/0010-0277(77)90018-X
https://doi.org/10.1080/09658211.2021.2013503
https://pubmed.ncbi.nlm.nih.gov/34965840
https://doi.org/10.1038/385533a0
https://pubmed.ncbi.nlm.nih.gov/9020359
https://doi.org/10.1155/2015/650780
https://pubmed.ncbi.nlm.nih.gov/26380117
https://doi.org/10.1016/B978-0-12-420170-5.00013-1
https://pubmed.ncbi.nlm.nih.gov/24484708
https://doi.org/10.1038/nrn2963
https://pubmed.ncbi.nlm.nih.gov/21170072
https://doi.org/10.1111/ejn.13637
https://pubmed.ncbi.nlm.nih.gov/28677201
https://doi.org/10.3389/fnagi.2022.809879
https://pubmed.ncbi.nlm.nih.gov/35283750
https://doi.org/10.1016/j.cger.2013.07.002
https://pubmed.ncbi.nlm.nih.gov/24094294
https://doi.org/10.3233/JAD-2011-110377
https://pubmed.ncbi.nlm.nih.gov/21971400
https://doi.org/10.1007/s11065-020-09440-w
https://pubmed.ncbi.nlm.nih.gov/32529356
https://doi.org/10.1016/j.neuropharm.2018.08.015
https://pubmed.ncbi.nlm.nih.gov/30125560
https://doi.org/10.1101/lm.032177.113
https://pubmed.ncbi.nlm.nih.gov/24429424
https://doi.org/10.1016/j.neurobiolaging.2007.08.004
https://pubmed.ncbi.nlm.nih.gov/17889407

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

Gallagher M, Bizon JL, Hoyt EC, Helm KA, Lund PK.
Effects of aging on the hippocampal formation in a
naturally occurring animal model of mild cognitive
impairment. Exp Gerontol. 2003; 38:71-7.
https://doi.org/10.1016/s0531-5565(02)00159-6
PMID:12543263

Bizon JL, Gallagher M. Production of new cells in the
rat dentate gyrus over the lifespan: relation to
cognitive decline. Eur J Neurosci. 2003; 18:215-9.
https://doi.org/10.1046/j.1460-9568.2003.02733.x
PMID:12859354

Koh MT, McMahan RW, Gallagher M. Individual
differences in neurocognitive aging in outbred male
and female long-evans rats. Behav Neurosci. 2022;
136:13-8.

https://doi.org/10.1037/bne0000490
PMID:34553963

Dudai Y. The neurobiology of consolidations, or, how
stable is the engram? Annu Rev Psychol. 2004; 55:51—
86.
https://doi.org/10.1146/annurev.psych.55.090902.14
2050

PMID:14744210

Gage FH, Dunnett SB, Bjorklund A. Spatial learning
and motor deficits in aged rats. Neurobiol Aging.
1984; 5:43-8.
https://doi.org/10.1016/0197-4580(84)90084-8
PMID:6738785

Gallagher M, Burwell RD. Relationship of age-related
decline across several behavioral domains. Neurobiol
Aging. 1989; 10:691-708.
https://doi.org/10.1016/0197-4580(89)90006-7
PMID:2628781

Gallagher M, Pelleymounter MA. Spatial learning
deficits in old rats: a model for memory decline in the
aged. Neurobiol Aging. 1988; 9:549-56.
https://doi.org/10.1016/s0197-4580(88)80112-x
PMID:3062465

Rapp PR, Rosenberg RA, Gallagher M. An evaluation
of spatial information processing in aged rats. Behav
Neurosci. 1987; 101:3-12.
https://doi.org/10.1037/0735-7044.101.1.3
PMID:3828055

Yoder WM, Gaynor LS, Burke SN, Setlow B, Smith DW,
Bizon JL. Interaction between age and perceptual
similarity in olfactory discrimination learning in F344
rats: relationships with spatial learning. Neurobiol
Aging. 2017; 53:122-37.
https://doi.org/10.1016/j.neurobiolaging.2017.01.023
PMID:28259065

Barnes CA, Nadel L, Honig WK. Spatial memory deficit
in senescent rats. Can J Psychol. 1980; 34:29-39.

43.

44,

45.

46.

47.

48.

49.

50.

51.

https://doi.org/10.1037/h0081022
PMID:7388694

Wallace JE, Krauter EE, Campbell BA. Animal models
of declining memory in the aged: short-term and
spatial memory in the aged rat. J Gerontol. 1980;
35:355-63.

https://doi.org/10.1093/geronj/35.3.355
PMID:7410786

Willig F, Palacios A, Monmaur P, M'Harzi M, Laurent J,
Delacour J. Short-term memory, exploration and
locomotor activity in aged rats. Neurobiol Aging.
1987; 8:393-402.
https://doi.org/10.1016/0197-4580(87)90033-9
PMID:3683720

Means LW, Kennard KJ. Working memory and the
aged rat: deficient two-choice win-stay water-escape
acquisition and retention. Physiol Behav. 1991;
49:301-7.
https://doi.org/10.1016/0031-9384(91)90047-r
PMID:2062901

Aggleton JP, Blindt HS, Candy JM. Working memory in
aged rats. Behav Neurosci. 1989; 103:975-83.
https://doi.org/10.1037/0735-7044.103.5.975
PMID:2803564

Johnson SA, Turner SM, Santacroce LA, Carty KN,
Shafig L, Bizon JL, Maurer AP, Burke SN. Rodent age-
related impairments in discriminating perceptually
similar objects parallel those observed in humans.
Hippocampus. 2017; 27:759-76.
https://doi.org/10.1002/hip0.22729

PMID:28342259

Moncada D, Viola H. Induction of long-term memory
by exposure to novelty requires protein synthesis:
evidence for a behavioral tagging. J Neurosci. 2007;
27:7476-81.
https://doi.org/10.1523/JNEUROSCI.1083-07.2007
PMID:17626208

McGaugh JL. Memory--a century of consolidation.
Science. 2000; 287:248-51.
https://doi.org/10.1126/science.287.5451.248
PMID:10634773

Rodrigues SM, Schafe GE, LeDoux JE. Molecular
mechanisms underlying emotional learning and
memory in the lateral amygdala. Neuron. 2004;
44:75-91.
https://doi.org/10.1016/j.neuron.2004.09.014
PMID:15450161

Pereyra M, Medina JH. AMPA Receptors: A Key Piece
in the Puzzle of Memory Retrieval. Front Hum
Neurosci. 2021; 15:729051.
https://doi.org/10.3389/fnhum.2021.729051
PMID:34621161

wWww.aging-us.com

AGING


https://doi.org/10.1016/s0531-5565(02)00159-6
https://pubmed.ncbi.nlm.nih.gov/12543263
https://doi.org/10.1046/j.1460-9568.2003.02733.x
https://pubmed.ncbi.nlm.nih.gov/12859354
https://doi.org/10.1037/bne0000490
https://pubmed.ncbi.nlm.nih.gov/34553963
https://doi.org/10.1146/annurev.psych.55.090902.142050
https://doi.org/10.1146/annurev.psych.55.090902.142050
https://pubmed.ncbi.nlm.nih.gov/14744210
https://doi.org/10.1016/0197-4580(84)90084-8
https://pubmed.ncbi.nlm.nih.gov/6738785
https://doi.org/10.1016/0197-4580(89)90006-7
https://pubmed.ncbi.nlm.nih.gov/2628781
https://doi.org/10.1016/s0197-4580(88)80112-x
https://pubmed.ncbi.nlm.nih.gov/3062465
https://doi.org/10.1037/0735-7044.101.1.3
https://pubmed.ncbi.nlm.nih.gov/3828055
https://doi.org/10.1016/j.neurobiolaging.2017.01.023
https://pubmed.ncbi.nlm.nih.gov/28259065
https://doi.org/10.1037/h0081022
https://pubmed.ncbi.nlm.nih.gov/7388694
https://doi.org/10.1093/geronj/35.3.355
https://pubmed.ncbi.nlm.nih.gov/7410786
https://doi.org/10.1016/0197-4580(87)90033-9
https://pubmed.ncbi.nlm.nih.gov/3683720
https://doi.org/10.1016/0031-9384(91)90047-r
https://pubmed.ncbi.nlm.nih.gov/2062901
https://doi.org/10.1037/0735-7044.103.5.975
https://pubmed.ncbi.nlm.nih.gov/2803564
https://doi.org/10.1002/hipo.22729
https://pubmed.ncbi.nlm.nih.gov/28342259
https://doi.org/10.1523/JNEUROSCI.1083-07.2007
https://pubmed.ncbi.nlm.nih.gov/17626208
https://doi.org/10.1126/science.287.5451.248
https://pubmed.ncbi.nlm.nih.gov/10634773
https://doi.org/10.1016/j.neuron.2004.09.014
https://pubmed.ncbi.nlm.nih.gov/15450161
https://doi.org/10.3389/fnhum.2021.729051
https://pubmed.ncbi.nlm.nih.gov/34621161

52.

53.

54.

55.

56.

57.

58.

59.

60.

Riedel G, Platt B, Micheau J. Glutamate receptor
function in learning and memory. Behav Brain Res.
2003; 140:1-47.
https://doi.org/10.1016/s0166-4328(02)00272-3
PMID:12644276

Izquierdo I, Medina JH, Vianna MR, lzquierdo LA,
Barros DM. Separate mechanisms for short- and long-
term memory. Behav Brain Res. 1999; 103:1-11.
https://doi.org/10.1016/s0166-4328(99)00036-4
PMID:10475159

Mitchell DB, Schmitt FA. Short- and long-term implicit
memory in aging and Alzheimer's disease.
Neuropsychol Dev Cogn B Aging Neuropsychol Cogn.
2006; 13:611-35.
https://doi.org/10.1080/13825580600697616
PMID:16887792

Thornton WJ, Raz N. Aging and the role of working
memory resources in  visuospatial attention.
Neuropsychol Dev Cogn B Aging Neuropsychol Cogn.
2006; 13:36-61.
https://doi.org/10.1080/13825580490904264
PMID:16766342

Parra MA, Sala SD, Logie RH, Abrahams S. Selective
impairment in visual short-term memory binding.
Cogn Neuropsychol. 2009; 26:583-605.
https://doi.org/10.1080/02643290903523286
PMID:20127543

Davis EE, Foy EA, Giovanello KS, Campbell KL.
Implicit associative memory remains intact with age
and extends to target-distractor pairs. Neuropsychol
Dev Cogn B Aging Neuropsychol Cogn. 2021;
28:455-71.
https://doi.org/10.1080/13825585.2020.1782827
PMID:32564704

Duncan MJ, Hensler JG. Aging alters in a region-
specific manner serotonin transporter sites and 5-
HT(1A) receptor-G protein interactions in hamster
brain. Neuropharmacology. 2002; 43:36-44.
https://doi.org/10.1016/s0028-3908(02)00072-2
PMID:12213257

Meneses A. Stimulation of 5-HT1A, 5-HT1B, 5-
HT2A/2C, 5-HT3 and 5-HT4 receptors or 5-HT uptake
inhibition: short- and long-term memory. Behav Brain
Res. 2007; 184:81-90.
https://doi.org/10.1016/j.bbr.2007.06.026
PMID:17692935

Solis-Guillén R, Leopoldo M, Meneses A, Centurion D.
Activation of 5-HT1a and 5-HT7 receptors enhanced a
positively reinforced long-term memory. Behav Brain
Res. 2021; 397:112932.
https://doi.org/10.1016/j.bbr.2020.112932
PMID:32987057

61.

62.

63.

64.

65.

66.

67.

68.

69.

Sajikumar S, Navakkode S, Frey JU. Identification of
compartment- and process-specific molecules
required for "synaptic tagging" during long-term
potentiation and long-term  depression in
hippocampal CA1. J Neurosci. 2007; 27:5068-80.
https://doi.org/10.1523/JINEUROSCI.4940-06.2007
PMID:17494693

Redondo RL, Okuno H, Spooner PA, Frenguelli BG,
Bito H, Morris RG. Synaptic tagging and capture:
differential role of distinct calcium/calmodulin
kinases in protein synthesis-dependent long-term
potentiation. J Neurosci. 2010; 30:4981-9.
https://doi.org/10.1523/JINEUROSCI.3140-09.2010
PMID:20371818

Davis S, Salin H, Helme-Guizon A, Dumas S, Stéphan
A, Corbex M, Mallet J, Laroche S. Dysfunctional
regulation of alphaCaMKIl and syntaxin 1B
transcription after induction of LTP in the aged rat.
Eur J Neurosci. 2000; 12:3276-82.
https://doi.org/10.1046/].1460-9568.2000.00193.x
PMID:10998111

Long LH, Liu RL, Wang F, Liu J, Hu ZL, Xie N, Jin Y, Fu H,
Chen JG. Age-related synaptic changes in the CA1l
stratum radiatum and spatial learning impairment in
rats. Clin Exp Pharmacol Physiol. 2009; 36:675-81.
https://doi.org/10.1111/j.1440-1681.2008.05132.x
PMID:19594553

Schimanski LA, Barnes CA. Neural Protein Synthesis
during Aging: Effects on Plasticity and Memory. Front
Aging Neurosci. 2010; 2:26.
https://doi.org/10.3389/fnagi.2010.00026
PMID:20802800

LuT, PanY, Kao SY, Li C, Kohane |, Chan J, Yankner BA.
Gene regulation and DNA damage in the ageing
human brain. Nature. 2004; 429:883-91.
https://doi.org/10.1038/nature02661
PMID:15190254

Kelly A, Maguire C, Lynch MA. Deficits in nerve
growth factor release and tyrosine receptor kinase
phosphorylation are associated with age-related
impairment in long-term potentiation in the dentate
gyrus. Neuroscience. 2000; 95:359-65.
https://doi.org/10.1016/s0306-4522(99)00460-1
PMID:10658615

Vanguilder HD, Freeman WM. The hippocampal
neuroproteome with aging and cognitive decline:
past progress and future directions. Front Aging
Neurosci. 2011; 3:8.
https://doi.org/10.3389/fnagi.2011.00008
PMID:21647399

Porte Y, Buhot MC, Mons N. Alteration of CREB

phosphorylation and spatial memory deficits in

wWww.aging-us.com

6007

AGING


https://doi.org/10.1016/s0166-4328(02)00272-3
https://pubmed.ncbi.nlm.nih.gov/12644276
https://doi.org/10.1016/s0166-4328(99)00036-4
https://pubmed.ncbi.nlm.nih.gov/10475159
https://doi.org/10.1080/13825580600697616
https://pubmed.ncbi.nlm.nih.gov/16887792
https://doi.org/10.1080/13825580490904264
https://pubmed.ncbi.nlm.nih.gov/16766342
https://doi.org/10.1080/02643290903523286
https://pubmed.ncbi.nlm.nih.gov/20127543
https://doi.org/10.1080/13825585.2020.1782827
https://pubmed.ncbi.nlm.nih.gov/32564704
https://doi.org/10.1016/s0028-3908(02)00072-2
https://pubmed.ncbi.nlm.nih.gov/12213257
https://doi.org/10.1016/j.bbr.2007.06.026
https://pubmed.ncbi.nlm.nih.gov/17692935
https://doi.org/10.1016/j.bbr.2020.112932
https://pubmed.ncbi.nlm.nih.gov/32987057
https://doi.org/10.1523/JNEUROSCI.4940-06.2007
https://pubmed.ncbi.nlm.nih.gov/17494693
https://doi.org/10.1523/JNEUROSCI.3140-09.2010
https://pubmed.ncbi.nlm.nih.gov/20371818
https://doi.org/10.1046/j.1460-9568.2000.00193.x
https://pubmed.ncbi.nlm.nih.gov/10998111
https://doi.org/10.1111/j.1440-1681.2008.05132.x
https://pubmed.ncbi.nlm.nih.gov/19594553
https://doi.org/10.3389/fnagi.2010.00026
https://pubmed.ncbi.nlm.nih.gov/20802800
https://doi.org/10.1038/nature02661
https://pubmed.ncbi.nlm.nih.gov/15190254
https://doi.org/10.1016/s0306-4522(99)00460-1
https://pubmed.ncbi.nlm.nih.gov/10658615
https://doi.org/10.3389/fnagi.2011.00008
https://pubmed.ncbi.nlm.nih.gov/21647399

70.

71.

72.

73.

74.

75.

76.

77.

78.

aged 129T2/Sv mice. Neurobiol
29:1533-46.
https://doi.org/10.1016/j.neurobiolaging.2007.03.023

PMID:17478013

Yu XW, Curlik DM, Oh MM, Yin JC, Disterhoft JF. CREB
overexpression in dorsal CA1 ameliorates long-term
memory deficits in aged rats. Elife. 2017; 6:e19358.
https://doi.org/10.7554/elife.19358

PMID:28051768

Yu XW, Oh MM, Disterhoft JF. CREB, cellular
excitability, and cognition: Implications for aging.
Behav Brain Res. 2017; 322:206—-11.
https://doi.org/10.1016/].bbr.2016.07.042
PMID:27478142

Aging. 2008;

Nomoto M, Ohkawa N, Nishizono H, Yokose J, Suzuki
A, Matsuo M, Tsujimura S, Takahashi Y, Nagase M,
Watabe AM, Kato F, Inokuchi K. Cellular tagging as a
neural network mechanism for behavioural tagging.
Nat Commun. 2016; 7:12319.
https://doi.org/10.1038/ncomms12319
PMID:27477539

Whalley LJ, Deary 1), Appleton CL, Starr JM. Cognitive
reserve and the neurobiology of cognitive aging.
Ageing Res Rev. 2004; 3:369-82.
https://doi.org/10.1016/].arr.2004.05.001
PMID:15541707

Scarmeas N, Stern Y. Cognitive reserve and lifestyle. )
Clin Exp Neuropsychol. 2003; 25:625-33.
https://doi.org/10.1076/jcen.25.5.625.14576
PMID:12815500

Dellu F, Mayo W, Vallee M, Le Moal M, Simon H.
Facilitation of cognitive performance in aged rats by
past experience depends on the type of information
processing involved: a combined cross-sectional and
longitudinal study. Neurobiol Learn Mem. 1997;
67:121-8.

https://doi.org/10.1006/nIme.1996.3750
PMID:9075240

Pitsikas N, Biagini L, Algeri S. Previous experience
facilitates preservation of spatial memory in the
senescent rat. Physiol Behav. 1991; 49:823-5.
https://doi.org/10.1016/0031-9384(91)90325-i
PMID:1881991

Markowska AL, Savonenko AV. Protective effect of
practice on cognition during aging: implications for
predictive characteristics of performance and efficacy
of practice. Neurobiol Learn Mem. 2002; 78:294-320.
https://doi.org/10.1006/nlme.2002.4064
PMID:12431419

van Groen T, Kadish I, Wyss JM. Old rats remember
old tricks; memories of the water maze persist for 12
months. Behav Brain Res. 2002; 136:247-55.

79.

80.

81.

82.

83.

84.

85.

86.

https://doi.org/10.1016/s0166-4328(02)00137-7
PMID:12385811

Beatty WW, Bierley RA, Boyd JG. Preservation of
accurate spatial memory in aged rats. Neurobiol
Aging. 1985; 6:219-25.
https://doi.org/10.1016/0197-4580(85)90053-3
PMID:4058651

Lovdén M, Schaefer S, Noack H, Bodammer NC, Kithn
S, Heinze HJ, Duzel E, Backman L, Lindenberger U.
Spatial navigation training protects the hippocampus
against age-related changes during early and late
adulthood. Neurobiol Aging. 2012; 33:620.e9—e22.
https://doi.org/10.1016/j.neurobiolaging.2011.02.013
PMID:21497950

Nithianantharajah J, Hannan AJ. The neurobiology of
brain and cognitive reserve: mental and physical
activity as modulators of brain disorders. Prog
Neurobiol. 2009; 89:369-82.
https://doi.org/10.1016/j.pneurobio.2009.10.001
PMID:19819293

Stranahan AM, Lee K, Becker KG, Zhang Y, Maudsley
S, Martin B, Cutler RG, Mattson MP. Hippocampal
gene  expression patterns underlying  the
enhancement of memory by running in aged mice.
Neurobiol Aging. 2010; 31:1937-49.
https://doi.org/10.1016/j.neurobiolaging.2008.10.016
PMID:19070401

Broadbelt T, Mutlu-Smith M, Carnicero-Senabre D,
Saido TC, Saito T, Wang SH. Impairment in novelty-
promoted memory via behavioral tagging and capture
before apparent memory loss in a knock-in model of
Alzheimer's disease. Sci Rep. 2022; 12:22298.
https://doi.org/10.1038/s41598-022-26113-1
PMID:36566248

Bo H, Kang W, lJiang N, Wang X, Zhang Y, Ji LL.
Exercise-induced neuroprotection of hippocampus in
APP/PS1 transgenic mice via upregulation of
mitochondrial 8-oxoguanine DNA glycosylase. Oxid
Med Cell Longev. 2014; 2014:834502.
https://doi.org/10.1155/2014/834502
PMID:25538817

Birch AM, Kelly AM. Lifelong environmental

enrichment in the absence of exercise protects the
brain  from  age-related cognitive  decline.
Neuropharmacology. 2019; 145:59-74.
https://doi.org/10.1016/j.neuropharm.2018.03.042
PMID:29630903

Bennett JC, McRae PA, Levy LJ, Frick KM. Long-term
continuous, but not daily, environmental enrichment
reduces spatial memory decline in aged male mice.
Neurobiol Learn Mem. 2006; 85:139-52.
https://doi.org/10.1016/j.nIm.2005.09.003
PMID:16256380

wWww.aging-us.com

AGING


https://doi.org/10.1016/j.neurobiolaging.2007.03.023
https://pubmed.ncbi.nlm.nih.gov/17478013
https://doi.org/10.7554/eLife.19358
https://pubmed.ncbi.nlm.nih.gov/28051768
https://doi.org/10.1016/j.bbr.2016.07.042
https://pubmed.ncbi.nlm.nih.gov/27478142
https://doi.org/10.1038/ncomms12319
https://pubmed.ncbi.nlm.nih.gov/27477539
https://doi.org/10.1016/j.arr.2004.05.001
https://pubmed.ncbi.nlm.nih.gov/15541707
https://doi.org/10.1076/jcen.25.5.625.14576
https://pubmed.ncbi.nlm.nih.gov/12815500
https://doi.org/10.1006/nlme.1996.3750
https://pubmed.ncbi.nlm.nih.gov/9075240
https://doi.org/10.1016/0031-9384(91)90325-i
https://pubmed.ncbi.nlm.nih.gov/1881991
https://doi.org/10.1006/nlme.2002.4064
https://pubmed.ncbi.nlm.nih.gov/12431419
https://doi.org/10.1016/s0166-4328(02)00137-7
https://pubmed.ncbi.nlm.nih.gov/12385811
https://doi.org/10.1016/0197-4580(85)90053-3
https://pubmed.ncbi.nlm.nih.gov/4058651
https://doi.org/10.1016/j.neurobiolaging.2011.02.013
https://pubmed.ncbi.nlm.nih.gov/21497950
https://doi.org/10.1016/j.pneurobio.2009.10.001
https://pubmed.ncbi.nlm.nih.gov/19819293
https://doi.org/10.1016/j.neurobiolaging.2008.10.016
https://pubmed.ncbi.nlm.nih.gov/19070401
https://doi.org/10.1038/s41598-022-26113-1
https://pubmed.ncbi.nlm.nih.gov/36566248
https://doi.org/10.1155/2014/834502
https://pubmed.ncbi.nlm.nih.gov/25538817
https://doi.org/10.1016/j.neuropharm.2018.03.042
https://pubmed.ncbi.nlm.nih.gov/29630903
https://doi.org/10.1016/j.nlm.2005.09.003
https://pubmed.ncbi.nlm.nih.gov/16256380

87.

88.

89.

90.

91.

92.

93.

94,

95.

Harati H, Majchrzak M, Cosquer B, Galani R, Kelche C,
Cassel JC, Barbelivien A. Attention and memory in
aged rats: Impact of lifelong environmental
enrichment. Neurobiol Aging. 2011; 32:718-36.
https://doi.org/10.1016/j.neurobiolaging.2009.03.012
PMID:19398248

Tse D, Takeuchi T, Kakeyama M, Kajii Y, Okuno H,
Tohyama C, Bito H, Morris RG. Schema-dependent
gene activation and memory encoding in neocortex.
Science. 2011; 333:891-5.
https://doi.org/10.1126/science.1205274
PMID:21737703

Wang SH, Tse D, Morris RG. Anterior cingulate cortex
in schema assimilation and expression. Learn Mem.
2012; 19:315-8.
https://doi.org/10.1101/Im.026336.112
PMID:22802592

Takehara-Nishiuchi K. Neurobiology of systems memory
consolidation. Eur J Neurosci. 2021; 54:6850-63.
https://doi.org/10.1111/ejn.14694

PMID:32027423

Finnie PSB, Gamache K, Protopoulos M, Sinclair E,
Baker AG, Wang SH, Nader K. Cortico-hippocampal
Schemas Enable NMDAR-Independent Fear
Conditioning in Rats. Curr Biol. 2018; 28:2900-9.e5.
https://doi.org/10.1016/j.cub.2018.07.037
PMID:30197087

Zammit AR, Yu L, Petyuk V, Schneider JA, De Jager PL,
Klein HU, Bennett DA, Buchman AS. Cortical Proteins
and Individual Differences in Cognitive Resilience in
Older Adults. Neurology. 2022; 98:e1304-14.
https://doi.org/10.1212/WNL.0000000000200017
PMID:35241503

Mitolo M, Borella E, Meneghetti C, Carbone E,
Pazzaglia F. How to enhance route learning and visuo-
spatial working memory in aging: a training for
residential care home residents. Aging Ment Health.
2017; 21:562-70.
https://doi.org/10.1080/13607863.2015.1132673
PMID:26745469

Carbone E, Vianello E, Carretti B, Borella E. Working
Memory Training for Older Adults After Major Surgery:
Benefits to Cognitive and Emotional Functioning. Am J
Geriatr Psychiatry. 2019; 27:1219-27.
https://doi.org/10.1016/].jagp.2019.05.023
PMID:31278011

Seif Gl, Clements KM, Wainwright PE. Effects of
distraction and stress on delayed matching-to-place
performance in aged rats. Physiol Behav. 2004;
82:477-87.
https://doi.org/10.1016/j.physbeh.2004.04.051
PMID:15276813

96.

97.

98.

99.

Yhnell E, Dunnett SB, Brooks SP. The utilisation of
operant delayed matching and non-matching to
position for probing cognitive flexibility and working
memory in mouse models of Huntington's disease. J
Neurosci Methods. 2016; 265:72-80.
https://doi.org/10.1016/j.jneumeth.2015.08.022
PMID:26321735

Easton A, Parker K, Derrington AM, Parker A. Behaviour
of marmoset monkeys in a T-maze: comparison with
rats and macaque monkeys on a spatial delayed non-
match to sample task. Exp Brain Res. 2003; 150:114—6.
https://doi.org/10.1007/s00221-003-1409-5
PMID:12698223

Sabolek HR, Bunce JG, Giuliana D, Chrobak JJ. Within-
subject memory decline in middle-aged rats: effects
of intraseptal tacrine. Neurobiol Aging. 2004;
25:1221-9.
https://doi.org/10.1016/j.neurobiolaging.2003.12.006
PMID:15312968

Williams E, Mutlu-Smith M, Alex A, Chin XW, Spires-
Jones T, Wang SH. Mid-Adulthood Cognitive Training
Improves Performance in a Spatial Task but Does Not
Ameliorate Hippocampal Pathology in a Mouse
Model of Alzheimer's Disease. J Alzheimers Dis. 2023;
93:683-704.

https://doi.org/10.3233/JAD-221185

PMID:37066912

100.Kreutzmann JC, Havekes R, Abel T, Meerlo P. Sleep

deprivation and hippocampal vulnerability: changes
in neuronal plasticity, neurogenesis and cognitive
function. Neuroscience. 2015; 309:173-90.
https://doi.org/10.1016/j.neuroscience.2015.04.053
PMID:25937398

101.Colavito V, Fabene PF, Grassi-Zucconi G, Pifferi F,

Lamberty Y, Bentivoglio M, Bertini G. Experimental
sleep deprivation as a tool to test memory deficits in
rodents. Front Syst Neurosci. 2013; 7:106.
https://doi.org/10.3389/fnsys.2013.00106
PMID:24379759

102.Altun M, Bergman E, Edstrom E, Johnson H, Ulfhake

B. Behavioral impairments of the aging rat. Physiol
Behav. 2007; 92:911-23.
https://doi.org/10.1016/j.physbeh.2007.06.017
PMID:17675121

103.Lester AW, Moffat SD, Wiener JM, Barnes CA,

104.Diamond ME.

Wolbers T. The Aging Navigational System. Neuron.
2017; 95:1019-35.
https://doi.org/10.1016/j.neuron.2017.06.037
PMID:28858613

Texture sensation through the
fingertips and the whiskers. Curr Opin Neurobiol.
2010; 20:319-27.

wWww.aging-us.com

6009

AGING


https://doi.org/10.1016/j.neurobiolaging.2009.03.012
https://pubmed.ncbi.nlm.nih.gov/19398248
https://doi.org/10.1126/science.1205274
https://pubmed.ncbi.nlm.nih.gov/21737703
https://doi.org/10.1101/lm.026336.112
https://pubmed.ncbi.nlm.nih.gov/22802592
https://doi.org/10.1111/ejn.14694
https://pubmed.ncbi.nlm.nih.gov/32027423
https://doi.org/10.1016/j.cub.2018.07.037
https://pubmed.ncbi.nlm.nih.gov/30197087
https://doi.org/10.1212/WNL.0000000000200017
https://pubmed.ncbi.nlm.nih.gov/35241503
https://doi.org/10.1080/13607863.2015.1132673
https://pubmed.ncbi.nlm.nih.gov/26745469
https://doi.org/10.1016/j.jagp.2019.05.023
https://pubmed.ncbi.nlm.nih.gov/31278011
https://doi.org/10.1016/j.physbeh.2004.04.051
https://pubmed.ncbi.nlm.nih.gov/15276813
https://doi.org/10.1016/j.jneumeth.2015.08.022
https://pubmed.ncbi.nlm.nih.gov/26321735
https://doi.org/10.1007/s00221-003-1409-5
https://pubmed.ncbi.nlm.nih.gov/12698223
https://doi.org/10.1016/j.neurobiolaging.2003.12.006
https://pubmed.ncbi.nlm.nih.gov/15312968
https://doi.org/10.3233/JAD-221185
https://pubmed.ncbi.nlm.nih.gov/37066912
https://doi.org/10.1016/j.neuroscience.2015.04.053
https://pubmed.ncbi.nlm.nih.gov/25937398
https://doi.org/10.3389/fnsys.2013.00106
https://pubmed.ncbi.nlm.nih.gov/24379759
https://doi.org/10.1016/j.physbeh.2007.06.017
https://pubmed.ncbi.nlm.nih.gov/17675121
https://doi.org/10.1016/j.neuron.2017.06.037
https://pubmed.ncbi.nlm.nih.gov/28858613

https://doi.org/10.1016/j.conb.2010.03.004 106.Bast T, da Silva BM, Morris RG. Distinct contributions
PMID:20403683 of hippocampal NMDA and AMPA receptors to
encoding and retrieval of one-trial place memory. J
Neurosci. 2005; 25:5845-56.
https://doi.org/10.1523/INEUROSCI.0698-05.2005
PMID:15976073

105.Moreno C, Vivas O, Lamprea NP, Lamprea MR,
Munera A, Troncoso J. Vibrissal paralysis unveils a
preference for textural rather than positional novelty
in the one-trial object recognition task in rats. Behav
Brain Res. 2010; 211:229-35.
https://doi.org/10.1016/j.bbr.2010.03.044
PMID:20347880

www.aging-us.com 6010 AGING


https://doi.org/10.1016/j.conb.2010.03.004
https://pubmed.ncbi.nlm.nih.gov/20403683
https://doi.org/10.1016/j.bbr.2010.03.044
https://pubmed.ncbi.nlm.nih.gov/20347880
https://doi.org/10.1523/JNEUROSCI.0698-05.2005
https://pubmed.ncbi.nlm.nih.gov/15976073

