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Many insignificant events in our daily life are forgotten quickly but can be remembered for longer when other memory-

modulating events occur before or after them. This phenomenon has been investigated in animal models in a protocol in

which weak memories persist longer if exploration in a novel context is introduced around the time of memory encoding.

This study aims to understand whether other types of rewarding or novel tasks, such as rewarded learning in a T-maze and

novel object recognition, can also be effective memory-modulating events. Rats were trained in a delayed matching-to-place

task to encode and retrieve food locations in an event arena. Weak encoding with only one food pellet at the sample loca-

tion induced memory encoding but forgetting over 24 h. When this same weak encoding was followed by a rewarded task in

a T-maze, the memory persisted for 24 h. Moreover, the same persistence of memory over 24 h could be achieved by ex-

ploration in a novel box or by a rewarded T-maze task after a “non-rewarded” weak encoding. When the one-pellet weak

encoding was followed by novel object exploration, the memory did not persist at 24 h. Together, the results confirm that

place encoding is possible without explicit reward, and that rewarded learning in a separate task lacking novelty can be an

effective memory-modulating event. The behavioral and neurobiological implications are discussed.

Memories for the trivial daily events of life fade away quickly while
those of emotionally significant or surprising events are more like-
ly to last. Sometimes, the memory of significant events can be ac-
companied by a “halo” of remembering for what would normally
be considered unimportant details—a phenomenon captured by
the metaphor of “flashbulb memory” (Brown and Kulik 1977). A
recent series of prospective experiments (Moncada and Viola
2007; Ballarini et al. 2009; Wang et al. 2010; Almaguer-Melian
et al. 2012) have created an animal model of this flashbulb memo-
ry phenomenon with a view to understanding the underlying neu-
robiology. In our own study using an appetitively motivated task
for rats (Wang et al. 2010), we observed that spatial memories
that typically decay within a day could still be observed after 24
h if the initial encoding was followed or preceded by exploration
in a novel context. Novelty was also used as a successful modulator
in the studies of the Viola group. Collectively, this series of studies
has established that novelty-induced enhancement of the persis-
tence of memory is sensitive to pharmacological blockade of do-
pamine D1/D5 receptors in the hippocampus and local
inhibition of protein synthesis (Moncada and Viola 2007; Wang
et al. 2010). The theoretical basis of this work, in particular its
link to Lisman and Grace’s model of novelty-associated modula-
tion of hippocampal-dependent memory (Lisman and Grace
2005) and to the synaptic tagging and capture (STC) hypothesis
of Frey and Morris (1998), is outlined in the discussion below.
The relevance of work on memory modulation by post-training
events (Cahill and McGaugh 1998; McGaugh 2000) and stress
(Diamond et al. 2007) is also considered.

The aim of the present study was to investigate further, at a
strictly behavioral level, the determinants of this memory persis-
tence. The protocols that we developed can be thought of as con-
sisting of: (1) an “everyday” spatial memory task in which new
memories are formed each day; and (2) occasional modulating

experiences that are scheduled at a separate time from memory
encoding (typically 30 min later). The spatial memory task
involves training hungry animals to search in a test arena for a sin-
gle sandwell in which they can dig to secure food; the location of
the sandwell varies from day to day. This memory-encoding trial
is followed by a daily choice trial in which the animal is exposed to
five sandwells in different locations of which only one contains
food—this being the sandwell that occupies the same location
in the arena as that used for encoding (win-stay). The “correct” lo-
cation of the encoding trial varies from day to day, and the proto-
col deployed enables training to continue over days, weeks, and
even months (i.e., a repeated-measures, within-subject design
across conditions). Good performance in this task is displayed
by minimal errors in searching for the correctly located sandwell
on the daily choice trial. This choice measure is supplemented by
occasional probe tests in which the daily choice trial is replaced by
an extinction trial in which none of the five sandwells of the sec-
ond trial of the day contains food, and the time spent digging in
each sandwell serves as an index of memory. This probe trial is
scheduled at varying times after the encoding trial, varying from
30 min to even 24 h (i.e., the next day). Successful application
of the win-stay principle predicts that more time will be spent dig-
ging in the “correct” rather than the “wrong” sandwells, with a
significant difference between these constituting evidence for
memory of that day’s encoding location. In contrast to the main
task, the modulating experience used so far has consisted of no
more than occasionally placing the animal inside a Perspex box
that is put inside the arena, and allowing the animals to explore
this box. Rats are very sensitive to the floor substrate on which
they walk, and so varying the substrate of the Perspex box
(sand, feathers, carpet, etc.) enables repeated novel experiences
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for the animals (provided the protocol is
not repeated too frequently). This 5-min
period of exploration is typically sched-
uled 30 min after the encoding trial.
The supposition is that novelty explora-
tion triggers neuromodulatory events
that enable consolidation of the other-
wise decaying memory trace of the daily
location of the sandwell used in the earli-
er encoding trial.

The determinants of persistence of
this daily spatial memory are likely to
include (1) events happening at the
time of memory encoding, and (2) events
happening at the time of the modulating
experience. Accordingly, we first investi-
gated both the necessity for food reward
and variation in the magnitude of re-
ward at the time of memory encoding
(Experiment 1). We then turned to the
modulating experience itself and asked
whether a rewarding task in a familiar-
ized T-maze, with or without procedural
novelty, would be sufficient to modulate
the persistence of the spatial memory
(Experiment 2). Finally, we examined
the impact of novel object exploration
on the persistence of the spatial memory
(Experiment 3). More generally, we can
think of the daily spatial memory experi-
ences as relatively trivial “events,” and
the later, albeit occasional novelty and/

or reward experiences, as the surprising
or emotionally significant events which
happen from time to time that may cre-
ate a halo of better memory for other
closely timed events.

Results

Male Lister-Hooded rats were trained in an event arena to perform
the everyday memory task described above. We describe first the
outcome of the initial training protocol and levels of asymptotic
performance that were sustained through the subsequent within-
subject experiments. We then describe Experiments 1–3 in turn.

Training and asymptotic performance
The animals (n ¼ 16) were first habituated to the event arena and
taught to dig for food in a single sandwell located at the central
location of the arena (row 4, column 4 [see Fig. 1A]). After 6 d in
which the animals were effectively rewarded for returning to the
same location to secure additional food pellets, daily training
commenced for the main spatial memory task. This involved an
encoding trial (one sandwell) and a retrieval choice trial (five
sandwells) (Fig. 1A). During the encoding trial of each day, one
sandwell was located in a specific but varying location in the are-
na. Rats entered the arena from one of four start boxes (North,
East, South, West—varied across days), explored the arena, en-
countered the sandwell, dug in it, and so retrieved a food pellet
hidden in the sand that they typically carried back to eat in the
start box. The animals then returned to the sandwell to collect in-
dividually two further food pellets, whereupon they were re-
turned to the home cage. After a 30- to 40-min delay, they
would be put back into the same start box for 30 sec, the door sep-
arating it from the arena would open, and the animals would be

confronted by five sandwells as a retrieval-choice trial. Only the
sandwell that matched the location of the encoding trial would
again contain food pellets. Rats would dig in the sandwells and
find more pellets in the matching location, with their choices of
which sandwells at which they dug recorded by the experimenter
with “correct” and “wrong” sandwell choices noted. Daily train-
ing concluded after the rats had collected and eaten three further
food pellets. Across animals, different baited locations were used
within a day to avoid animals using cryptic traces from other an-
imals in the arena to solve the task. Across days, different baited
locations were also used for individual rats so rats would learn
to update the information based on the baited location in the en-
coding trial.

The latency to locate the rewarded sandwell in the retrieval-
choice trial gradually declined over the course of 12 sessions of
daily training (F(1,15) ¼ 4.53, P ¼ 0.05, linear trend) (Fig. 1B).
Over the last four of these sessions, choice errors were low result-
ing in a performance index (PI ¼ 100 × (1 2 (errors/4))) that was
consistently above the chance level (all t(15) . 2.42, P , 0.05; ran-
dom search is two errors/trial which equals a performance index
of 50%) (Fig. 1C). After this initial training, numerous modulatory
conditions were introduced over Experiments 1–3 (Fig. 1C) inter-
spersed by further training days. This took an additional 31 ses-
sions and the performance index on retrieval-choice trials
throughout was well above chance (session 14–35, all t(15) .

4.14, P , 0.005; session 36–42, all t(11) . 9.9, P , 0.005; session
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Figure 1. One-trial spatial memory task in the event arena. (A) Schematic representation of the basic
protocol and training procedure showing the separate encoding and retrieval choice trials. (B)
Performance during acquisition of the task. Latency to the first reward in the retrieval trial gradually de-
clined over the first 12 training sessions. The performance index (PI), computed from the number of
choice errors, over the last four of these sessions was consistently above chance level. (C) The PI was
maintained at a stable, above chance level, across the whole study.
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43, t(11) ¼ 2.15, P ¼ 0.053). These data indicate that the animals
had learned this “matching-to-place” task and sustained above
chance levels of performance throughout the various condi-
tions and probe tests of the three experiments described below.
Broadly speaking, these experiments were conducted and are re-
ported in order; however, some studies are reported in their logical
rather than their chronological order (see Fig. 1C and Materials
and Methods for details; in brief, Experiment 1 was done before
Experiment 2 and Experiment 3 with the exception that the 1-h
memory test in Experiment 1 [Fig. 2B] was done after confirming
the effectiveness of the T-maze task in Experiment 2). The use
of counterbalancing of conditions within these experiments
and the stability of retrieval-choice performance indicates that
this was a reasonable manner of conducting and comparing
conditions.

Experiment 1: The impact of varying reward during

encoding of the spatial memory task
The first step of our analysis was to establish that variation in the
conditions prevailing at the time of spatial/event-memory encod-
ing could alter the duration for which such a memory could be de-
tected. Interspersed training always took place with three food
pellets available at encoding, as in baseline training. Reducing
this reward from three to one pellet on the encoding trial (Fig.

2A) may still allow a spatial memory to be encoded, but this unex-
pected reduction in reward may cause faster decay, with memory
no longer detectable 1 d (24 h) after the encoding trial. Although
a choice trial might allow some assessment of the impact of
reward reduction, our experience in this and other delayed
matching-to-place tasks, i.e., in the water maze task (Steele and
Morris 1999), is that a nonrewarded probe trial offers a more sen-
sitive and graded measure of memory within and across animals.
In such a trial, no food reward is available at any of the five avail-
able sandwells of the choice trial and the time spent digging at
each well is measured. The use of three- or one-pellet encoding
was counterbalanced across animals, with two successive probe
tests interspersed by further baseline training, and the probe trial
concluded by the experimenters placing food into the correct
sandwell after 60 sec and allowing the animal to retrieve this
food (so avoiding extinction).

The results showed effective spatial memory with three-
pellet reward at 1 h and 24 h whereas spatial memory declined
to chance over 24 h with one-pellet reward at encoding (Fig.
2B). Analyses showed that, at 24 h, memory was above chance
only for the three-pellet condition (t(15) ¼ 3.97, P , 0.005) but
not the one-pellet condition (t(15) ¼ 0.4, P ¼ 0.7). Importantly,
memory declined between 1 h and 24 h for the one-pellet condi-
tion as shown by a significant interaction between time (1 h or 24
h) and digging type (correct or wrong; F(1, 15) ¼ 47.7, P , 0.001).

In a further investigation of the im-
pact of reward during initial encoding,
we asked whether reward was actually
necessary. Clearly this is a task in which
the daily protocol was ordinarily one in
which three pellets were available on
both encoding and retrieval-choice trials.
The “event” of finding a sandwell, encod-
ing its location, and retrieving food re-
ward can, however, be broken up into
components each of which may contrib-
ute to the totality of an event memory.
Accordingly, one session was given in
which the encoding trial had no food
available, a modulatory event scheduled,
and a subsequent probe trial conducted
to see whether the animals could remem-
ber that location. In pilot work, we found
that such encoding of space without re-
ward does not result in good memory
when the probe trial is conducted at 24
h (correct digging ¼ 19.67+3.03%, in-
different from chance, t(15) ¼ 0.1, P ¼
0.92) (SH Wang and RGM Morris,
unpubl.). Interestingly, here we found
that performance was significantly above
chance at 24 h (t(15) ¼ 2.38, P , 0.05)
(Fig. 2C) when novel box exploration, a
method that we reliably showed to facili-
tate the 24-h memory persistence of en-
coding one-pellet location (Wang et al.
2010), was introduced at 30 min after
this type of nonrewarded encoding.

Experiment 2: The impact of reward

in a separate task on the persistence

of memory in the event arena
Experiment 1 had confirmed that memo-
ry persistence is sensitive to reward mag-
nitude at the time of memory encoding.
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Figure 2. Experiment 1: The impact of manipulating the amount of reward during encoding of the
spatial memory task. (A) Schematic representation of the protocol in which the rats dug one sandwell to
find three pellets or one pellet as reward (memory encoding) and received a nonrewarded probe trial 1
h or 24 h later (retrieval). (B) Memory was effective with three-pellet reward at 1 h and 24 h. When only
one pellet was available at encoding, memory persistence decayed from above chance at 1 h to chance
at 24 h. (C) Spatial memory after encoding with no reward (i.e., no pellets) was maintained at 24 h by
the exploration of a novel box 30 min after encoding.

Reward and novelty modulating memory persistence

www.learnmem.org 63 Learning & Memory



We now asked whether variation in reward magnitude in a sepa-
rate rewarded learning task, given as modulatory experience 30
min after spatial memory encoding, could facilitate memory per-
sistence. The task we chose was a simple T-maze choice task in
which the rats were rewarded for leaving a start box and turning
leftor right toa goal (Fig. 3A). Suchataskcanbeacquired inparallel
with the DMP task in the event arena without causing interfer-
ence, it can be acquired in a similar timeframe, and it allows chang-
es of the rewarding scheme that may cause “novelty or surprise”
on the critical days for assessing an impact on memory persistence.

We anticipated that the rats would spontaneously alternate
between the two T-maze choice options to collect food reward
(Ainge et al. 2007; Bett et al. 2012). Hence, we initially trained
the rats to collect food rewards (with a flavor that was different
from the pellets used in the event arena) with both arms rewarded
for the first trial. However, for the remaining trials, reward would
be in the arm that was not rewarded in the previous trial (i.e.,
alternation). On Day 1, the T-maze session stopped after the rats
collected three rewards from the left arm and three rewards
from the right arm; on Days 2–5 training continued until five re-
wards had been secured in each arm.

This alternating rewarding scheme is similar to the “win-
shift” schedule that is commonly used in the radial arm maze,
but clearly opposite to the “win-stay” principle that governed per-
formance in the event arena. Not surprisingly, half of our animals
(n ¼ 8 of 16 animals) alternated naturally and secured 73.3+0.8%
rewarded choices in the T-maze; the other half (n ¼ 8 of 16 ani-
mals) preferentially repeated previous choices (rewarded choices
dropped to 65.3+1.4%; group differentiation criterion, chance ¼
70%, calculated by 10 rewards collected in 10 choices ¼ 100%
rewarded choices, 10 rewards in 11 trials ¼ 90.9% rewarded choic-
es, . . ., 10 rewards in 20 trials ¼ 50% rewarded choices; average of
100%, 90.9%, . . ., 50% ¼ 70%). Given that it was important to
match the reward regime to the rats’ natural or trained preferences,
we continued with win-shift for the first half of the group, but
switched the others to win-stay over sessions 6–8. During these
sessions, the win-shift subgroup displayed further heterogeneity
such that half of these animals (n ¼ 4 of the eight win-shift ani-
mals) started to adopt a win-stay rule also. By the end (sessions
9–12) (Fig. 3B), we had 12 animals who preferred and were reward-
ed according to a win-stay principle (rewarded choices signifi-
cantly better than chance, 70% as described above, t(11)¼ 4.57,
P , 0.05) and four animals who continued on a win-shift reward
protocol (rewarded choices significantly better than chance,
t(15)¼ 2.85, P , 0.05; no between group difference, t(15)¼ 1.6,
P ¼ 0.12).

These 12 d of training, conducted in parallel with continued
training in the event arena, always used one-pellet reward in the
goal arms of the T-maze. There were five types of modulatory con-
ditions introduced 30 min after the encoding of one-pellet loca-
tion in the event arena (Fig. 3C). The first modulatory condition
was to give rats “rewards” in their home cage that were normally
only obtained in the T-maze. This made the 24-h spatial memory
in the event arena slightly worse than chance (t(15)¼ 22.38, P ¼
0.03) (Fig. 3C,D), but no different from the 24-h memory of one-
pellet spatial encoding without modulatory events (t(15)¼ 1.44,
P ¼ 0.17). The second modulatory condition was a regular
T-maze training session to which the rats were already familiar-
ized. This made the 24-h spatial memory significantly better
than chance (t(15)¼ 22.99, P , 0.01). The third condition was to
introduce procedural novelty by increasing the reward magnitude
per choice. We baited the goal arm of the T-maze with two double-
sized pellets (four times larger than the usual single reward). This
also made the 24-h spatial memory significantly better than
chance (t(15)¼ 4.39, P , 0.001). The fourth condition was similar
to condition 3 but the procedure was delayed by 3 h, a time point

that we have previously shown to be ineffective for memory mod-
ulation. As expected, this had no effect on memory persistence,
with 24-h spatial memory no different to chance (t(15)¼ 20.15,
P ¼ 0.88). The fifth condition was to introduce a different type
of procedural novelty based on reward contingency. We switched
the reward regime in a way that win-stay rats now received rewards
baited in the alternating arm and win-shift rats now had rewards
baited in the fixed arm. This modulatory condition made the 24-h
spatial memory above chance with a marginal trend toward signif-
icance (t(15) ¼ 2.07, P ¼ 0.056), but it did not differ from the spa-
tial memory in condition 2 (t(15) ¼ 0.67, P ¼ 0.51) (Fig. 3C,D).

To confirm that conditions 3 and 5 indeed produced behav-
ioral changes reflecting novelty, we examined the behavioral
performance changes in the T-maze task in condition 3 and con-
dition 5 in comparison with the familiarized T-maze task of
condition 2. We found that in condition 2, rats averagely collected
9.4+0.4 pellets in 11.2+0.7 choices in an �5 min session. This
resulted in a reward/choice ratio of 0.86+0.02, which reflected
the behavioral efficacy in obtaining rewards. This efficacy was sig-
nificantly increased in condition 3 (1.82+0.1, t(15)¼ 6.54, P ,

0.001) when more rewards were baited per goal arm. This efficacy
was significantly decreased in condition 5 (0.71+0.02, t(15)¼

4.19, P , 0.001) when the rewarding regime did not match the fa-
miliarized regime.

Finally, we asked whether modulatory condition 3 (i.e., in-
creased reward) described above could also extend the persistence
of memory of a nonrewarded spatial encoding in the event arena
(similar to that in Fig. 2C). A 3-h delay of such condition (similar
to condition 4 described above) was conducted in parallel. We
found that while a T-maze task with increased reward enabled
24-h spatial memory in the event arena significantly above chance
(t(15) ¼ 2.86, P ¼ 0.01), no such effect was seen with a 3-h delay
(t(15) ¼ 0.88, P ¼ 0.39). The interaction between these two condi-
tions and digging types (correct or wrong) was also significant
(F(1,15) ¼ 8.3, P ¼ 0.01) (Fig. 3E).

Experiment 3: The impact of post-encoding novel object

experience on the persistence of spatial memory
Training continued in the event arena, with the same animals,
with habituation to a box over three consecutive days that would
later be used for novel object recognition conducted in parallel
with the main task. Daily box habituation lasted 10 min for
each animal. On the next pair of sessions (interspersed with regu-
lar training), the animals received a one-pellet encoding trial in
the event arena followed, after 30 min, by a 5-min session in the
now habituated box with or without two identical novel objects
(i.e., the novel object and control conditions, respectively). A
probe trial in the event arena was given 24 h after each of the en-
coding trials (Fig. 4A) to test whether novel object exploration fa-
cilitated the persistence of spatial memory. Spatial memory of
one-pellet encoding was at chance level at 24 h, with no difference
between correct and wrong digging (t(11), 1, P . 0.05) (Fig. 4C,
placed graphically under the “probe test” of Fig. 4A). Exploration
of the novel objects 30 min after encoding failed to enhance this
24-h memory (no significant difference between correct and
wrong digging, t(11)¼ 1.19, P . 0.05). There was also no signifi-
cant interaction between the conditions and digging type
(F(1,11) ¼ 0.91, P ¼ 0.35) (Fig. 4C). Within-subject comparison
of conditions also indicated no difference between performance
on days with or without novel objects in the familiarized box
(t(11), 1, P . 0.05).

Before any interpretation of these data is possible, it was es-
sential to establish that the novel object session in the familiarized
box had itself created a memory that would last. This was tested by
scheduling a further 5-min exposure to the box after the event
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arena probe trial, with one of the previously novel objects re-
placed with a new novel object. During the initial exposure to
two novel objects, the absolute time spent examining the two ob-
jects within the 5-min session was �35 sec (Fig. 4B). During the
second exposure to one of these same objects together with a
new novel object, greater absolute time was spent exploring the
new novel object than the now familiar one, indicating that a
24-h memory of the original two novel objects had been created
(t(11) ¼ 6.23, P , 0.01) (Fig. 4D). These absolute times of the sec-
ond exposure to the box were converted into the percentage of
time that a rat spent exploring the novel object (compared to
the familiar one). A value of 50% indicates no preference (chance),
whereas a value above 50% indicates a preferential exploration of
the novel object. Using a one-sample t-test, percentage of explora-
tion of the novel object was above chance (t(11)¼ 6.78, P , 0.01)
(Fig. 4D).

Discussion

The main findings of this study are that conditions other than
novelty exploration in a box 30 min after spatial memory encod-
ing can also influence the persistence of memory. In Experiment
1, we found that an increase from one-pellet to three-pellet reward
had the effect of rendering more stable a normally fragile memory
of location in a task in which the correct location is constantly
varying. However, reward at the time of memory encoding ap-
pears not to be necessary as novelty exploration 30 min after en-
coding with no reward still enables a 24-h memory of spatial
location. In Experiment 2, we found that rewarded learning in a
separate but parallel trained task, with or without changes in re-
ward magnitude or procedural novelty, was successful in modulat-

ing the persistence of memory in the event arena. In Experiment
3, we observed that a different type of novelty—exploration of
novel objects—could create a lasting 24-h memory of the objects,
but was insufficient to successfully modulate memory of spatial
location in the event arena. The implications of these findings
will be discussed from a behavioral and a theoretical perspective.

Features of the task
It is important to recognize that the usual way in which behavio-
ral experiments on learning are conducted in animals is with
training of a single task at any one time. This is simple and analyt-
ically tractable. From this, numerous important principles have
been derived, including the importance of the gradient of rein-
forcement (i.e., the deleterious impact of delaying reward for a
correct action) and the impact of unexpected reinforcement on
memory trace strength. However, while analytically more simple,
this laboratory convenience is very unrealistic of everyday life in
which a number of different things are typically happening with-
in a short space of time.

Doing two things at once, or within a short period of time,
opens the opportunity for interference—particularly if the infor-
mation content of one task can affect information processing in
the second. Equally, however, it opens the opportunity for syner-
gistic interactions with the “behavioral tagging” phenomenon of
novelty-associated enhancement of memory persistence being of
this character (Moncada and Viola 2007). Specifically, there is no
obvious way in which exploring a novel box can interfere in a
strict informational sense with execution of an inhibitory avoid-
ance response or making a choice of a sandwell in which to dig.
Instead, as outlined below, a synergistic interaction may occur
at the level of memory modulation in which neurobiological
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Figure 4. Experiment 3: The impact of the post-encoding exploration of two novel objects. (A) Schematic representation of the protocol. Rats were
placed in a familiarized box with or without two identical novel objects, 30 min after spatial memory encoding with one-pellet reward in the event
arena. The probe test was conducted 24 h later. After probe test in the event arena, animals were placed in the same box with one of the previously ex-
perienced object (now familiar) and one novel. This served as a measure of recognition memory for the novel object encoding scheduled the previous day.
(B) Time spent exploring was comparable between the two novel objects during first exposure. (C) Persistence of spatial memory in the arena was not
facilitated by the exposure to the novel objects. (D) Exploration of the objects during the object recognition test. Animals explored significantly more the
novel object than the familiar one, indicating that object recognition memory persisted for 24 h.
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events are triggered by task 2 that affect and may support the sta-
bilization of memory for task 1.

Behavioral interpretation
Our studies were motivated by a desire to establish whether nov-
elty exploration in a box (as task 2) was the only kind of experience
that could affect the persistence of memory of task 1—spatial
memory encoding. Our results show clearly that it is not.
Experiment 1 shows that persistence can be enhanced by events
contained entirely within the main task (such as amount of re-
ward), while Expts. 2 and 3 indicate that it can be affected by re-
ward in a separate task, and unaffected by other forms of
novelty. Thus, rewarded learning in task 2 in the T-maze, which
is delivered 30 min after spatial memory encoding in the event
arena (task 1), alters the persistence of memory for this main
task. This period of time is much longer than the usual time inter-
vals relevant to the concept of gradient of reinforcement, indicat-
ing that its likely effect is not on memory encoding per se but on a
separate consolidation/stabilization process. The introduction of
procedural novelty by increasing reward magnitude per choice or
by changing rewarding regime in the T-maze did produce observ-
able changes in behavior efficacy and contributed to 24-h memo-
ry persistence in the event arena. However, these procedural
changes may not have further enhanced memory because a famil-
iarized T-maze task alone is already sufficient to make spatial
memory in the event arena last for 24 h. Similarly, Experiment 3
indicated that our protocol of novel object exploration could set
up a memory of the initially novel objects that would last for at
least 24 h but was insufficient to modulate spatial memory persis-
tence in the event arena. That is, events other than novelty can
modulate, and not all novel events are successful in doing so.

There are some caveats to this dual interpretation of our find-
ings. First, in Experiment 1, the larger reward magnitude of three
pellets relative to one pellet at encoding required that the animals
make three visits from the start box to the single available sand-
well at the time of encoding. Our further finding within that study
that the availability of reward is actually not necessary for memo-
ry encoding of location raises the question of how the confound-
ing between reward magnitude and number of visits should be
interpreted. One possibility, consistent with Hebbian learning
(see below), is that reward has minimal effect on memory en-
coding (O’Keefe and Nadel 1978), while multiple visits from the
start box to the goal create the opportunity for more reliable
Hebbian encoding that is more persistent over time. Second, in
Experiment 3, novel object exploration was insufficient to modu-
late the persistence of previously encoded spatial memory, while
walking across novel floor substrates was sufficient (Wang et al.
2010; Experiment 2 this study). In Experiment 3, the time spent
exploring each of the novel objects during their exposure to the
previously familiarized box (on average 37.8 sec per object, and
75.6 sec in total) was broadly comparable to the time taken (laten-
cy) to make either a sample or a correct choice in the baseline spa-
tial memory task (�30 sec). We know that a single visit to the
encoding sandwell (one-pellet reward) is insufficient to create a
lasting memory and thus the question arises, by analogy, whether
a single trial of exposure to initially novel objects would be suffi-
cient to produce an adequate memory. However, in novel object
exploration, the animals will typically make multiple approaches
to the individual objects. Moreover, the discrimination index
data, calculated at 24 h, indicate that the period of 75.6 sec in a
5-min trial was sufficient to create a lasting novel object recogni-
tion memory. One possibility is that the threshold for novelty to
modulate other memories may be higher than that for lasting
novel object recognition memory itself. Another possibility is
that there may be less arousal associated with novel object recog-

nition. In the earlier report, the formation of flashbulb memories
is described as a consequence of surprising or arousal events
(Brown and Kulik 1977). The level of arousal or surprise may deter-
mine whether flashbulb memories are formed or whether trivial
events surrounding these arousal events can last longer. Due to
the lack of a physiological measurement that can objectively re-
flect the level of arousal unconfounded by other constructs such
as novelty, reward, or stress, we are unable to support or rule out
this interpretation.

A recent report indicates that exploration of different novel
objects at distinct locations can be an effective modulating event
to facilitate the persistence of memory in an inhibitory avoidance
paradigm (Dong et al. 2012). However, we did not find that novel
object exploration served as an effective memory modulatory
event, despite resulting in good 24-h object recognition memory.
This may reflect the impact of different forms of novelty, as the
spatial version of novel object exploration might activate wider re-
gions of the brain (including the hippocampus), which overlap
with brain areas involved in the memory task being modulated,
and/or provide greater neuromodulation in the key brain areas
(see the section Neurobiological implications below). However,
it seems more likely that it is due to the differential duration of ha-
bituation to the box that was used for object exploration. In our
study, we used four or eight sessions (due to counterbalancing)
of 10 min per session, while Dong et al (2012) used only one
15-min session of habituation, raising the possibility that the
box itself remained novel and the effect observed was linked to
general exploration of a still-novel box. Exposure to a novel box
is sufficient to effectively modulate memory persistence of inhib-
itory avoidance (Moncada and Viola 2007; Lu et al. 2011), contex-
tual fear conditioning and spatial object recognition (Ballarini et
al. 2009), spatial memory in the event arena (Wang et al. 2010),
spatial memory in the water maze (Almaguer-Melian et al. 2012),
and extinction of contextual fear (de Carvalho Myskiw et al. 2013).

Third, in Experiment 2, the impact of the rewarded T-maze
task is clear, but the novelty of a much larger amount of reward
in the modulatory task 2 (four times the reward for each choice,
resulting in a 50% increase in reward secured in the T-maze
task) actually had little impact on memory persistence in task 1
beyond the mere doing of the T-maze task. Given that 24-h
memory of task 1 was still observed after no change in reward
magnitude (one pellet) or even a decrease rewarded choices in
task 2, these point to “novelty” in the T-maze having minimal
effect. The most parsimonious interpretation for the data of
Experiment 2 is that rewarded performance of the T-maze task
(not the consumption of reward alone) is sufficient to modulate
the memory persistence in task 1.

In parallel with our aim of examining whether other events
can modulate memory persistence, it has recently been shown
that the reconsolidation of contextual fear conditioning and
place memory in the water maze can each help make an otherwise
weak object-location memory last for 24 h (Cassini et al. 2013).
These findings further expand the generality of the phenomenon.
Many studies have suggested that when memory reactivation
provides strengthening (Lee 2008), updating (Lee 2009), or mis-
matches from the training protocol (Pedreira et al. 2004; Morris
et al. 2006), a protein-synthesis dependent reconsolidation pro-
cess is engaged, especially in a hippocampus-dependent task
(Wang and Morris 2010). It is important to recognize that memory
reactivation, triggering reconsolidation, is procedurally different
from memory encoding. Such procedural differences could con-
tribute to the perception of novelty and this, in turn, could trigger
a modulatory circuit. In terms of neurobiology, what encoding
and reactivation can have in common is triggering plasticity pro-
tein synthesis, and it is precisely this that is essential for modula-
tion of other closely timed memories.
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Fourth, classical studies of “gradient of reinforcement” point
to a very steep decay over time periods as short as a few seconds,
whereas we see the impact of reward in task 2 given 30 min after
task 1. Our interpretation of the difference is that reward and/or
novelty here act as modulators of post-learning consolidation pro-
cesses once memory encoding has occurred, whereas standard
tasks use reward to mark one or another action as the correct
things to do. Here the “correct thing to do” is simply to return
to the same sandwell that has been dug in during trial 1, irrespec-
tive of whether reward was secured at that time. The classical gra-
dient of reinforcement seems to be a gradient related exclusively
to memory encoding and not relevant to memory modulation.

Fifth, our memory-modulating events in this study were
mainly introduced after the memory-encoding event. This proto-
col is similar to post-training modulatory studies that examined
memory-modulatory mechanisms related to the amygdala and
to hormonal systems (McGaugh 2000; Diamond et al. 2007). It is
suggested that memory undergoing post-learning consolidation
in hippocampus can be modulated by neurotransmitters in amyg-
dala (e.g., action atb-adrenergic receptors) and/or stress hormones
(e.g., glucocorticoids) (Cahill and McGaugh 1998; McGaugh
2000).

Although this current study cannot distinguish between the
memory-modulatory theory and synaptic tagging and capture
(STC) theory, these ideas are not mutually exclusive. Combining
our present data with our previous (Wang et al. 2010) and other
studies (Moncada and Viola 2007; Ballarini et al. 2009; Moncada
et al. 2011), the STC theory offers a flexible framework that covers
both pre-learning and post-learning memory modulation. That is,
the memory-enhancing effect can be also seen when the modula-
tory events are introduced before encoding as opposed to just after
encoding (Moncada and Viola 2007; Wang et al. 2010). The STC
theory explains this by suggesting that plasticity-related proteins
(PRPs) are produced in the time window for which the tag is set
by memory encoding. Additionally, based on the memory-
modulatory theory, the post-training modulatory modulation is
more effective “immediately” after encoding with its effectiveness
decaying as the delay between the memory encoding and modu-
latory events (Cahill and McGaugh 1998; McGaugh 2000).
Because the modulatory effects we observed are beyond such an
immediate time window in both the current and previous studies
(Moncada and Viola 2007; Ballarini et al. 2009; Wang et al. 2010;
Moncada et al. 2011), STC theory offers a parsimonious explana-
tion (Frey and Morris 1998).

Sixth, although we mainly use appetitive approaches that
encourage exploration (e.g., novel box exploration) or involve re-
wards (e.g., the T-maze task), there can be other avenues for en-
hancing memory persistence. Diamond et al. (2007) reported
different effects of a rat’s exposure to a stressful stimulus (i.e., ex-
posure to a cat) presented either immediately or 30 min before a
radial arm water maze training. They found that acute stress expo-
sure enhanced 24-h memory for radial maze only when the stress
immediately preceded the training. In the same paper, they re-
ported a second study in which they showed that prolonged stress
(i.e., water immersion) impaired contextual, but not fear memory
(Diamond et al. 2007). Although it seems that both stressful and
novel/appetitive events can modulate memory persistence, there
are some interesting differences. While stress seems to lose its ef-
fect on modulating memory as the gap between the two events
is lengthened from 1 to 30 min (Diamond et al. 2007), there is a
wider window for novel/appetitive events to modulate memory
that comes 30–60 min later (Moncada and Viola 2007; Wang
et al. 2010). In addition, when predator stress is introduced after
learning, it impairs rather than improves a difficult spatial work-
ing memory task (Diamond et al. 1999). Moreover, in other
scenarios in which post-training stress-released hormones can

improve memory, there is also a tight window (immediate to
10-min delay rather than 30 to 120-min delay) for memory mod-
ulation (Gold and Van Buskirk 1975; Cahill and McGaugh 1998).
In contrast, the work on behavioral tagging indicates there is a
wider time window (15–60 min) for novel/appetitive events after
learning to modulate memory (Moncada and Viola 2007; Wang
et al. 2010). More research is required to delineate whether such
differences reflect differences in the nature of the modulatory
events (i.e., stressful/aversive or novel/appetitive) or different
modulatory mechanisms in which plasticity-related protein may
or may not be triggered by the modulatory events (Frey and
Morris 1998).

There is a growing literature examining the effects of inter-
vening tasks given after encoding of an unrelated task and there
are studies reporting interference effects (Netto et al. 1991;
Sandi et al. 2005; Diamond et al. 2006). These studies, however,
typically use stressful stimuli as modulatory events (e.g., predator
exposure, or an open field with flashing lights [OFL]). Netto et al.
(1991) showed that exposure to an OFL for 2 h after encoding of a
two-way active avoidance task impaired memory retrieval 24 h lat-
er. Impairment of memory in this type of protocol may be due
to an excess of stress from the OFL. Indeed, the authors reported
that suppression of the pituitary adrenocorticotropic hormone
(ACTH) response to stress blocked the interference following
OFL presentation, suggesting that this interference was partly
due to the release of ACTH (Netto et al. 1991). Stimulation with
flashing lights is typically used within chronic stress paradigms
(Gamaro et al. 2003; Grippo et al. 2003), and has been shown to
induce high blood pressure when paired with an intense sound
(Florentino et al. 1988). As previously said, the events we used
to modulate spatial memory did not include aversive stimuli.

We refer to our facilitation of memory persistence phenome-
non as being, in certain respects, analogous to aspects of flashbulb
memories. This type of memory has been studied in humans in re-
lation to unpredictable and highly emotional events, such as the
9/11 attacks, but also to personal relevant events of emotional sig-
nificance such as starting college (Talarico 2009). What is relevant
in our work is that flashbulb memories are often surrounded by a
halo of incidental memories (Stratton 1919), involving everyday
life events, which could not be otherwise remembered. Events
that carried an emotional value and surprise are able to induce
long-lasting memory for normal everyday events occurring up to
the preceding day and a few hours after the emotional event
(Stratton 1919). However, in retrospective human studies, which
usually investigate sporadic and unpredictable events, it is very dif-
ficult to manipulate the delay between the surprising event and
other trivial ones in a systemic manner. This type of manipulation
is possible in animal studies because prospective studies can be
done. Rat studies reported that exploration of a novel box, or other
novel events, could enhance memory in various hippocampus-
dependent tasks when given 15 min (Almaguer-Melian et al.
2012), 30 min (Wang et al. 2010), or 1 h (Cassini et al. 2013; de
Carvalho Myskiw et al. 2013) after encoding.

Neurobiological implications
Although no interventions of a neurobiological nature (lesions,
drugs, genetic manipulations) were examined in this study, it is
still appropriate to comment on the original intellectual context
in which this work was conducted. Specifically, the “behavioral
tagging” series of studies begun by Viola was inspired by the “syn-
aptic tagging and capture” (STC) model of the persistence of syn-
aptic potentiation (Frey and Morris 1997, 1998) and they also bear
upon Lisman and Grace’s model (Lisman and Grace 2005; Lisman
et al. 2011) of how novelty activates a specific neural circuit in the
brain to modulate memory.
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In the STC model, two independent events interact to deter-
mine the persistence of change. One is the initial and relatively
automatic encoding of memory traces by distributed patterns
of synaptic potentiation and depression induced according to a
Hebbian principle. For example, potentiation takes place when a
specific pattern of glutamatergic presynaptic activity intersects
with a specific pattern of postsynaptic activity. As has been noted
a number of times, there is no necessity for “reward” in this
process, the induced change being mediated exclusively by alter-
ations in the strength of glutamatergic synapses (e.g., in hippo-
campus). Novel object encoding is one classic example of
memory encoding in the absence of reward, as is spontaneous al-
ternation, to which we can now add the act of finding a sandwell
in which to dig irrespective of whether reward is actually available
on that specific trial (it is, of course, available on most daily trials).
Even when it is not available, the animal successfully encodes
the location of the sandwell. The second event of importance in
the STC model is the up-regulation of plasticity-related proteins
(PRPs) within neurons that are then distributed through dendrites
and can be captured at potentiated synapses by “tags” set at the
time of synaptic potentiation. With respect to the present exper-
iments, we can think of novelty exploration or changes in reward
magnitude—either within task 1 or within task 2 some 30 min lat-
er—as events that are likely to up-regulate PRPs. An obstacle to a
rigorous examination of this idea is that we still do not know
the identity of the PRPs, although some controversial candidates
have been proposed (Sacktor 2011).

Lisman and Grace’s original 2005 model, guided by relevant
electrophysiology, suggested that novelty was detected in the su-
biculum, and was then projected by a disinhibitory circuit that in-
cluded the accumbens and ventral pallidum to activate the
ventral tegmental area (VTA). The VTA in turn projects to the hip-
pocampus where, they supposed, the release of dopamine would
act on D1/D5 receptors to set in train intracellular events that trig-
gered consolidation. The revised model (Lisman et al. 2011) estab-
lishes a link between these ideas and the STC model. Our findings
are clearly compatible with these ideas, but the lack of modulatory
effects after novel object exploration raises a question about access
to this modulatory loop. One possibility is that the processing and
retention of novel object memory traces is within perirhinal cor-
tex and that no information is passed to the subiculum to trigger
activity in the modulatory loop. As noted above, however, it may
be that our protocol, while sufficient to produce 24-h memory for
initially novel objects, was not strong enough. We cannot choose
between these alternatives beyond noting that novelty is likely to
be detected by comparators at different places and the insistence
on the subiculum being the starting point of the modulatory
loop may be too narrow.

This study focuses on the behavioral determinants of memo-
ry enhancement from a behavioral point of view. We do not yet
have direct evidence to specify what molecular mechanisms are
involved in our memory modulatory events. NMDA receptors
are known to be essential for LTP induction and the subsequent
formation of hippocampus-dependent memories. NMDA-depen-
dent synaptic plasticity involves, as one step, an increase of intra-
cellular calcium into postsynaptic cells (Morris 1989). Although,
hippocampus-dependent memory is affected by stress through ac-
tivation of NMDA receptors (Kim et al. 1996; Kim and Diamond
2002), we are not aware of evidence of enhanced LTP or memory
following arousal via exclusive activation of these receptors. We
therefore explain the enhanced consolidation according to STC
theory. The modulatory events we used in our experiments were
given to rats within the time window of persistence of tags that
were set at the time of memory encoding, and so presumably of
synaptic potentiation (Moncada and Viola 2007; Wang et al.
2010). Novelty and reward up-regulate immediately early genes

leading to synthesis and distribution of PRPs. PRPs can be cap-
tured by the tags, enhancing LTP persistence. LTP, which would
normally decay in time, can be sustained by PRPs, even when their
availability is due to a different stimulus than the original one
(Frey and Morris 1997, 1998). Several candidates and processes
have been suggested to be part of the PRPs (Moncada et al.
2011; Redondo and Morris 2011).

To conclude, this behavioral study establishes that manipula-
tions other than exploring an empty box with different floor sur-
faces have the potential to modulate the persistence of memory
traces of a concurrent task. Animal models of the “flashbulb mem-
ory” phenomenon have the analytic advantage of being prospec-
tive (unlike retrospective human studies), but the successful use of
a particular manipulation to date should not preclude thinking of
other protocols for modulating the memory of inconsequential
events.

Materials and Methods

Animals
Adult male Lister-hooded rats were used in these studies (n ¼ 16,
200–225 g on arrival). Rats were group housed with four rats/
cage. They had free access to food and water during acclimation
to the animal room for 2–3 d and then were handled for 3
d. After this, they had free access to water but limited daily
amount of food chow maintaining them at around 90% of free-
feeding weight. This light food deprivation was introduced to
keep the rats motivated to search for food in the event arena or
in the T-maze. They were kept in a 12-h light–dark cycle (light 7
a.m. to 7 p.m.) and the experiment was conducted at the light
phase of the cycle. Food chow (15–25 g per rat) was given at the
end of daily training session separated by .1 h. All procedures fol-
lowed the UK Home Office regulations of animal experimentation
(Animals [Scientific Procedures] Act 1986) and were approved by
qualified vets at the University of Edinburgh.

Apparatus
An event arena (L 160 × W 160 × H 40 cm) was used for the de-
layed matching-to-place training and memory test (task 1).
There were 7 × 7 grid locations (20-cm spacing) that could be
used for inserting sandwells. The arena was lined with �3 cm of
sawdust with some locations uncovered for placing the sandwells.
There were two intra-maze landmarks (a red metal pyramid and a
plastic gray tower, �10 × 10 × 40 cm), which permanently sat at
column 2, row 4 and column 6, row 4, respectively. Four start boxes
(30 × 25 × 30 cm) were attached to the arena at the center of each
wall (N, E, S, W) and had computer-controlled doors that could be
remotely operated by the experimenter. Chocolate-flavored pel-
lets (0.5 g, Bio-Serv) were used as rewards in the event arena.
Plexiglas pots (6-cm diameter, 5-cm depth) were filled with sand
for hiding rewards and hence were called sandwells. To mask the
olfactory cues from the reward in the sandwell, the sand was mixed
with ground pellets (at a ratio of 125-g pellets/2.5-kg sand) and all
pots contained 10 pellets at the bottom of the pot that could not be
accessed by the animal due to a separation by a mesh-wired metal
disc installed at 1 cm from the bottom. The arena was placed at the
center of a room that had clearly visible cues on the walls of the
room to provide spatial information. Full details have been de-
scribed in our previous publication (Wang et al. 2010).

The T-maze was composed of three sections: a left arm, a
right arm (75 × 20 × 40 cm per arm), and a start box (30 × 25 ×
30 cm), all made of Plexiglas. A shallow circular pot (6-cm diame-
ter and 3-cm depth) was placed at the end of each arm. A food re-
ward (0.5-g Bio-Serv pellet, Very Berry flavor) was placed in the pot
and could not be seen or smelled by the rats from the start box.
The floor was also made of Plexiglas but without sawdust to min-
imize its similarity with the event arena. The floor of the maze was
wiped with diluted alcohol (30%) between animals to remove dust
and potential traces left by previous rats.
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An opaque gray plastic box (80 × 60 × 50 cm) was used for
novel object recognition. It was lined with �2 cm of sawdust.
Two sets of objects, available in triplicates, were used. They dif-
fered in colors, textures, and shapes. One set of objects was a white
square-shaped plastic bottle (7 × 7 × 18.5 cm) with a small blue
cap (3 cm in diameter) on the top. It had a smooth texture at
the bottle and ridged texture at the cap. The other set of objects
was an orange plastic cup (5-cm diameter and 18 cm high) with
a wider yellow top (8 cm in diameter). It had stud-like textures
at the outer face and a concaved top. Neither set was known to
have any ethological significance for the animals. Objects were
placed near the corners of one wall of the box, 15 cm from each
adjacent wall. The objects were secured to the floor of the box
with Velcro strips so that the animals could not displace them.

Behavior procedures

Spatial memory task in the event arena

Training protocol. Daily training in the event arena consisted of a
spatial memory encoding trial and a retrieval choice trial. At the
beginning of the encoding trial the animals were given a single
food pellet (0.5 g) in the start box to accustom them to eating in
the start box. The experimenter then opened the door allowing
the animal to enter the arena where a single sandwell was
present and baited with three pellets. The rats were allowed to
find the sandwell and dig in it in order to find the pellets.
Animals collected the first pellet and returned to the start box to
eat. They then returned to the sandwell to find the second pellet,
and so on. In the daily training session, the rewarded location
was changed across animals so that the rat could not find the
pellet location based on some cryptic cues in the arena that were
potentially left by the previous rat. Another advantage was that
each quadrant of the arena would be used for reward locations
on each day, allowing more reliable comparison across days. The
start location was also varied among North, East, South, West
start boxes across days. The retrieval trial was a choice trial,
which occurred �30–40 min after encoding. During the
retrieval trial the animal entered in the arena from the same start
box as in the encoding trial. Five sandwells were present
in the arena during this choice trial: four nonrewarded sandwells
and one rewarded sandwell (which was located in same location
as during the encoding phase). The animal would retrieve
additional food in the “matching” location based on the
information/memory from the encoding trial. The rewarded
sandwell in the retrieval trial also contained three pellets that
required the rats to collect in three visits. The trial ended when
the animal collected all the pellets and consumed them in the
start box. During the retrieval trial the number of errors was
recorded (i.e., how many nonbaited sandwells the rats dug in
before they dug in the correct, baited sandwell.)

Testing protocol. Testing days consisted of an encoding trial and a
probe test. During the encoding trial, a single sandwell was
baited with three, one, or no pellets depending on the
objectives. The procedure was similar to the encoding trials in
the training sessions except that in some cases (described below)
there would be a different amount of pellets. During the probe
test, five sandwells were present and none of the sandwells were
rewarded. The animals were allowed to dig for 60 sec. Digging
duration at each sandwell was recorded. Digging was defined as
the direct contact of the sandwell with the forepaws. Sniffing or
touching the well with the nose was not considered as digging.
Sixty seconds later, the experimenter placed three pellets at the
bottom of the correct well for the rats to collect in three visits.
This was similar to the retrieval choice trial during training and
was done to reduce the potential impact of extinction in the first
60 sec.

Testing conditions. The basic procedure was composed of an encoding
trial in the event arena followed by, 30 min or 3 h later, a
modulating event on Day 1. A test of the spatial memory in the

event arena was done 24 h after the encoding on Day 2. The
nature of the encoding trial and modulatory events changed in
different conditions based on the scientific questions being
addressed. These conditions were done in pairs with interleaving
regular training in the event arena between them. They are
described below in a chronological order.

1. We first asked whether spatial encoding with one-pellet reward
and three-pellet reward could generate persistent memory at 24
h (Fig. 2). These two conditions were done in a counterbal-
anced order (i.e., half of the rats received the one-pellet condi-
tion and then the three-pellet condition, and vice versa for the
other half of the rats). This half–half counterbalancing proto-
col also applied to all the following conditions.

2. After confirming that 24-h memory of one-pellet spatial encod-
ing was at chance, we then asked whether procedural novelty
by increasing reward magnitude in the T-maze (for details,
see below), introduced at 30 min after the place encoding of
one-pellet trial in the arena could facilitate this spatial memory
persistence (Fig. 3). For comparison, the same T-maze proce-
dure was delayed by 3 h. This was selected based on previous
findings suggesting there is an effective modulatory time win-
dow (Moncada and Viola 2007; Wang et al. 2010) and 3 h is be-
yond this window and should not facilitate the persistence of
other memories. These two conditions were done in a counter-
balanced manner.

3. We examined whether a different type of procedural novelty by
changing the reward regime in the T-maze (detail see below),
introduced at 30 min after the place encoding of one-pellet tri-
al, could facilitate this spatial memory persistence (Fig. 3). For
comparison, a familiarized T-maze procedure with a consistent
reward regime was conducted at 30 min after the place encod-
ing in the event arena. These two conditions were done in a
counterbalanced manner.

4. We checked the behavior performance at 1-h memory test after
spatial encoding with one-pellet reward and three-pellet re-
ward (Fig. 2). These two conditions were done in a counterbal-
anced order.

5. After discovering that 24-h memory of one-pellet spatial en-
coding was good when the modulatory event was a familiar-
ized task, we needed to confirm whether this was driven by
simple consumption of reward pellets (Fig. 3). We gave animals
the same amount of pellets that they typically obtained from
the T-maze in their home cage as a modulatory event after
the one-pellet encoding trial. In a separate condition, we inves-
tigated whether one pellet at the encoding trial in the event
arena was required. We introduced a nonrewarded encoding
trial followed by an exploration session in a novel box
(Moncada and Viola 2007; Wang et al. 2010). During the en-
coding in the event arena, the animals would dig at the sand-
well for several seconds, not find the reward, and voluntarily
return to the start box (Fig. 2). At this point, the experimenter
closed the door of the start box and returned the rats to their
home cage. This nonrewarded digging was possible because
the animals had been trained to dig in the single sandwell in
all encoding trials so far. The above two conditions were run
in a counterbalanced manner.

6. After finding that rewards in the encoding event are not always
required for maintaining the spatial information, we replicated
the same nonrewarded encoding and testing procedure in the
event arena with modulatory events described in (2). A T-maze
task with increased reward magnitude was introduced at 30
min or 3 h after the nonrewarded encoding trial (Fig. 3).
These two conditions were done in a counterbalanced manner.

7. Finally, we examined whether a commonly used behavior par-
adigm of novelty, called novel object exploration, could be an
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effective modularity event (Fig. 4). The advantage of this para-
digm is that we could then check whether the novel object ex-
ploration could produce a 24-h novel object recognition
memory, which served as a good indicator of whether animals
actually registered the novelty at the exploration phase (see be-
low). Exposure to a habituated box that was used for novel ob-
ject exploration was done in parallel for comparison. These two
conditions were done in a counterbalanced manner.

T-maze rewarding task

The training in the T-maze was done in parallel with the training in
the event arena. About 2–3 h after the daily encoding and retrieval
training in the event arena, rats underwent a short T-maze train-
ing. On Day 1, they were trained under a win-shift regime, with
each arm baited with one pellet at the beginning. Rats collected
one pellet in the right (or left) arm in trial 1, returned and ate it
in the start box, collected the other pellet in the left (or right)
arm in trial 2, and returned and ate it in the start box. For the fol-
lowing trials, the one-pellet reward was baited in alternative arms
so the rats had to shift to win the reward. Training session on Day 1
stopped after rats collected three pellets from the right arm and
three pellets from the left arm. This took on average 15 min. The
same win-shift regime was repeated for Days 2–5, with sessions
stopped after the rats collected five pellets from each arm. The ses-
sion length gradually reduced from �10 min to 5 min. The per-
centage of choices that were rewarded was calculated as the
behavior index. Two heterogeneous groups were identified. One
group of rats (n ¼ 8 of the total 16 rats) preferentially revisited
the arm that was previously baited and as a result showed lower
percentage of rewarded choices (65.3+1.4%), while the other
group (the other eight of the 16 rats) preferentially switched across
arms and had higher percentage of rewarded choices (73.3+
0.8%).

On Days 6–8, the first group was trained under the win-stay
regime, with the reward baited in the same arm, since they were
naturally more likely to revisit the same arm based on Days 1–5
performance (n ¼ 4 baited at the right arm, n ¼ 4 baited at the
left arm). The second group was trained under the same win-shift
regime as on Day 1–5. After these three days of training, we found
the eight rats in the win-stay group still visited the same arm to
collect rewards and resulted in a high percentage of rewarded vis-
its (77+1.8%). Four rats in the win-shift group maintained their
preference to alternate between arms to collect rewards (77.2+
2.1% of rewarded visits). Four rats in the win-shift group, however,
changed their alternating pattern and preferentially revisited the
same arm to try to collect rewards and resulted in a reduced re-
warded probability per visit (63.3+1.4%). These four rats were
then trained with win-stay regime for the rest of the study. The
aim was to train the rats based on their natural tendency so the
procedural changes to be introduced later on as modulating
events in various testing conditions would exert greater effects
on generating procedural novelty.

On Days 9–12, 12 rats were trained under the win-stay re-
gime (n ¼ 6 rewarded at the right arm, n ¼ 6 rewarded at the left
arm) and four rats were trained under the win-shift regime. The
percentage of rewarded choices remained very high and stable
throughout these sessions. The win-stay group remained reward-
ed with a win-stay regime and the win-shift group remained re-
warded with a win-shift regime for the rest of the study. The
T-maze task, with or without procedural novelty, was then used
as modulatory events for various testing conditions described
above. One regular T-maze training session was interleaved be-
tween those testing conditions that involved the T-maze as a mod-
ulatory event.

The first type of modulating event was a regular T-maze train-
ing session but with procedural novelty caused by increasing the
reward magnitude. This involved an �5 min T-maze task with in-
creased reward in the baited arm (2 × double-sized reward, i.e.,
four times the amount). The 5 min was chosen specifically to be
as similar as the length of novel exploration in a box that was typ-
ically used as an effective modulatory event (Moncada and Viola

2007; Ballarini et al. 2009; Wang et al. 2010; Moncada et al.
2011). In order to minimize the disruption of the animals’ behav-
ior, the session stopped when the rats collected the pellet between
4.5 min and 5 min and naturally returned to the start box, the
door of which was then closed. The same logic applied to all
T-maze sessions as a modulatory event. This procedure of increas-
ing reward greatly increased the reward efficacy per choice (see
Results). This T-maze with increased reward was introduced at ei-
ther 30 min or 3 h after encoding with one pellet or with no pellet
in the event arena (link to testing conditions [2] and [6] described
above).

The second type of modulating event was a regular T-maze
training setup but with procedural novelty caused by a changed
rewarding regime. The win-stay group would be rewarded by a
win-shift regime and the win-shift group would be rewarded by
a win-stay regime in an �5-min session (link to testing condition
[3] described above). This effectively reduced the reward efficacy
per choice (see Results).

The third type of modulating event was an �5 min regular
T-maze training without explicit introduction of procedural nov-
elty. This was done in counterbalance with the previous condition
of changed rewarding regime (linked to testing condition [3] de-
scribed above).

Finally, a similar amount of pellets (10 pellets per rat) that the
rat would typically collect in a regular T-maze training session was
given in their home cage. This was to check whether consumption
of pellets alone without engaging a learning/memory process
could be an effective modulatory event. It took rats �4–5 min
to consume all the pellets.

Novel object recognition

On Days 1–4, animals (n ¼ 12, excluding one cage of four rats in
which one rat died naturally and one rat developed a weak limb)
were habituated to the box without objects for 10-min daily be-
fore exposure to the objects. On Day 1, the animals remained in
their home cage and the cage was put in the gray box that would
later be used for object exploration. On Days 3 and 4, animals were
placed individually in the gray box for 10 min. Habituation took
place �1–2 h after training in the event arena. On Day 5, animals
were placed in the familiarized box with or without objects for 5
min at 30 min after the spatial encoding trial with one-pellet re-
ward in the event arena. The test phase was conducted 24–26 h
later and at �2 h after the memory probe test in the event arena.

Animals were placed in the gray box facing the wall opposite
to the objects and allowed 5-min exploration. In the object explo-
ration condition two identical objects were presented in the box.
Time spent exploring each object was recorded. Exploratory
behavior was defined as directing the nose toward the object with-
in 2 cm and actively exploring them. Sitting on the objects or
rearing near them without signs of active exploration was not
considered as exploratory behavior (Ennaceur and Delacour
1988; Ennaceur et al. 2005). After 5 min the animal was removed
from the box from the same side from which it entered and
brought back to the home cage.

The next day rats were reintroduced in the box for a test
phase in order to assess memory for the previously encountered
objects. During this test phase the box contained two different ob-
jects, one copy of the previously seen object and a novel one,
placed in the same locations used in the initial exposure.
Animals were allowed to spend 5 min in the box. Time spent ex-
ploring the objects was recorded as before. The type of objects
used as familiar or novel, and the position of the novel object in
the test phase, were counterbalanced between subjects. An over-
head camera was used to monitor the movements of the animal
in the box.

The procedure, i.e., event arena and objects exploration,
was repeated twice. After the first test animals were rehabituated
to the box without stimuli for 2 d, and received 3 d of training
in the event arena. On Day 4 the spatial memory encoding and
the box exploration (with and without objects) was performed
as before. All animals explored both the familiarized empty gray
box and the box with novel objects in a counterbalanced order.
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Data collection and statistical analysis
Overhead cameras were used to monitor the movements of the an-
imal in the event area, T-maze, and box. In the training in the
event arena, the number of errors (0–4) that the rats made by dig-
ging in wrong sandwells at the retrieval-choice trial was recorded
and used to calculate the performance index (100—(error/4) ×
20). In the probe trial of memory test, digging time in each well
was recorded by using a multitimer software developed in-house
(LabView by P. Spooner). In the T-maze task, the choices made
(left or right) and whether it was rewarded were recorded at each
trial to calculate the percentage of rewarded choices per training
session. In the novel object exploration, measurement of the ex-
ploration time was performed manually by using the same multi-
timer software. The design of the study was mainly within-subjects
and hence paired t-tests (Figs. 2–4) and repeated measures
ANOVAs (Figs. 1–4) were used in this study. One exception was
that the rewarding regime in the T-maze was between-subjects.
Two-tailed tests were used and Type One error was at 0.05.
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