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Behavioral tagging in infant rats
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Recent studies have shown that exposure to a novel environment may stabilize the persistence of weak memories, a phenom-
enon often attributed to a process referred to as “behavioral tagging.” While this phenomenon has been repeatedly demon-
strated in adult animals, no studies to date have examined whether it occurs in infant animals, which is surprising given that
infants exhibit an impaired ability to form long-term memories (LTMs). In the present study, infant (i.e., postnatal day (P) 17)
rats were placed in a context and repeatedly shocked. Infant rats given brief open field exposure 1 h, but not 2 h, prior to
conditioning exhibited enhanced retention when tested 1 d later (Experiments 1 and 2), but comparable retention when
tested shortly after training (Experiment 2). Thus, exploration of an open field facilitates subsequent context fear memories
by enhancing the persistence of the memory rather than strengthening the context-shock association at encoding. While ex-
ploration of an open field did not lead to better memory when animals were tested 3 d later (Experiment 3), a brief pretest
shock led to a more pronounced reinstatement effect in rats exposed to the open field 1 h before conditioning (Experiment 4).
Finally, unlike what has been reported in adults, Experiments 5 and é suggest that familiarization of the open field before
subsequent exposure does not abolish the behavioral tagging effect in infants. Overall, while these findings suggest that
similar behavioral tagging mechanisms to those reported in adults might be involved in the formation of LTMs in infant

rats, they also suggest that there may be developmental differences in the retention of familiarization experiences.

[Supplemental material is available for this article.]

Emerging evidence has demonstrated that unrelated novelty or
surprise may stabilize the persistence or strength of weak memories
(Moncada and Viola 2007; Ballarini et al. 2009; Moncada et al.
2011; de Carvalho Myskiw et al. 2013). For example, some studies
have shown that exposing adult rats to a novel context 1 h before
spatial learning, using parameters that result in a weak memory
trace, extends the persistence of that memory. This remarkable
phenomenon, referred to as behavioral tagging, has been suggest-
ed to be a behavioral analog of synaptic tag and capture (STC) pro-
cesses. According to the STC theory, transient LTP induced by
weakly encoded memories can be stabilized into a longer lasting
form by events that occur either soon before or after the event
due to the increased availability of plasticity-related proteins
(PRPs; Frey and Morris 1997). The behavioral tagging framework
often utilizes exploration of a novel environment as a means of in-
creasing the production of proteins that are captured by the synap-
tic tags set on the weakly stimulated pathway. Without the novel
experience, animals experiencing an event that would lead to a
weakly encoded memory have insufficient levels of plasticity-relat-
ed proteins resulting in the memory not being stabilized and con-
verted to long-term memory (LTM).

In the first demonstration of behavioral tagging, Moncada
and Viola (2007) not only demonstrated that exploration of a nov-
el open field facilitated the formation of LTM for a subsequent con-
ditioning experience but also that this effect was time-dependent.
Specifically, LTM for the weak conditioning experience was only
formed when novel exploration occurred 1 h, but not 2 h, before
or after conditioning. They also found that blocking the synthesis
of PRPs through prior familiarization to the environment, infusion
of adopamine D1/DS5 antagonist, or infusion of a protein synthesis
inhibitor abolished the facilitating effect of exploration on LTM
formation. This finding has since been replicated in several studies
with various tasks (Ballarini et al. 2009; Moncada et al. 2011; de
Carvalho Myskiw et al. 2013). In one study the behavioral tagging
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effect was demonstrated in conditioned taste aversion, contextual
conditioning, and spatial object recognition tasks (Ballarini et al.
2009). Importantly, in that study, the type of novel experience
was critical in determining whether a facilitation of LTM formation
occurred or not. Specifically, the formation of LTM for a hippocam-
pus-dependent task (i.e.,, contextual conditioning and spatial
object recognition) was facilitated by exposure to a novel environ-
ment but not a novel taste. The opposite pattern, however, was
found for conditioned taste aversion, a task that is dependent on
the insular cortex. That is, exposure to a novel taste, but not a novel
environment, promoted the formation of LTM for a conditioned
taste aversion. Taken together, these findings are consistent with
the STC theory which posits that synthesized PRPs must interact
both temporally and spatially with the neuronal population
“tagged” during the weak conditioning experience in order for
that learning experience to be converted to LTM.

While there have been several studies documenting behavio-
ral tagging, all have used adult rodents. These studies demonstrat-
ing that “weak” experiences normally sufficient only to support
short term memory (STM) can be transformed into LTM by novelty
exposure in adult rodents have provided unique insights into the
processes underlying memory. It is unclear, however, whether
these findings can be translated to the immature rat. This is of in-
terest given that, in contrast to adult animals which have been
shown to be capable of retaining memories for context-shock asso-
ciations for at least 16 mo (Gale et al. 2004), infants are markedly
poorer in retaining such memories (e.g., Rudy 1993; Rudy and
Morledge 1994; Weber et al. 2006). This impairment appears to
be attributable to poor LTM for that experience rather than im-
paired learning as infant animals exhibit high levels of context
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Behavioral tagging in infant rats

fear immediately after conditioning but poor retention of this
learning experience 24 h later (Rudy 1993). Thus, the behavioral
tagging framework may allow for a novel means to facilitate the
persistence of memories in the infant.

From the perspective of the STC theory, a possible factor con-
tributing to the impaired formation of LTM in infant rats involves a
limited or insufficient supply of PRPs. Consistent with this notion,
Kabitzke et al. (2011) demonstrated that infant rats (postnatal day
[P] 14), who exhibited impaired contextual fear conditioning, also
did not express increased levels of phosphorylated cAMP-response
element binding protein (pCREB), a critical transcription factor
involved in the expression of new proteins associated with LTM
formation. This was in contrast to juvenile rats (P26) that demon-
strated a robust context fear memory as well as increased levels of
hippocampal pCREB following learning. This difference is unlikely
to be due to an impairment in producing the protein as CREB acti-
vation has been demonstrated in the hippocampus in rats as young
as P10 (Bender et al. 2001). Taken together, these findings suggest
that increasing the supply of PRPs through novel open field expo-
sure around the time of learning may facilitate the formation of
long-term context memories in the infant rat.

Considering that memories formed early in life are vulnerable
to being forgotten (i.e., a phenomenon referred to as “infantile am-
nesia”; Campbell and Spear 1972; Josselyn and Frankland 2012;
Callaghan et al. 2014; Madsen and Kim 2016; Alberini and Trava-
glia 2017), it is possible that brief exposure to a novel environment
may provide the necessary plasticity-related proteins to support
their retention. Therefore, in this study we examined whether ex-
ploration of a novel open field enhances context fear memories
in infant rats. Together, the results provide evidence for a time-
dependent behavioral tagging process in infant rats. Further, we
demonstrate that this behavioral tagging effect occurs even when
infant rats are exposed to a familiar environment (unlike what is
observed in adults), suggesting that there may be developmental
differences in the retention of familiarization experiences.

Results

Experiments 1 and 2: brief open field exposure 1 h,

but not 2 h, prior to subsequent conditioning facilitates
the retention of long-term context fear memories
According to behavioral tagging models, the effect of open field ex-
posure on LTM formation is time-dependent. Specifically, any
PRPs produced by open field exploration should decay over time,
with most studies demonstrating no evidence for a behavioral tag-
ging effect if open field exposure occurs 2 h before conditioning
(e.g., Moncada and Viola 2007; Moncada et al. 2011). Experiment
1 aimed to investigate whether behavioral tagging occurs in the in-
fant rat and whether it is also time-dependent. Infant rats either re-
mained in their home cage (group CTRL) or were given a single
5-min exposure to an open field 1 or 2 h before context fear condi-
tioning (groups OF1 and OF2, respectively). Rats were tested back
in the conditioned context and levels of freezing were measured
the following day.

A one-way ANOVA revealed significant group differences
(F(2,35)=4.64, P=0.02; Fig. 1). Post-hoc comparisons, with the
SNK test, showed that brief open field exposure 1 h prior to context
conditioning resulted in increased levels of context fear at test
compared to the other two groups (P<0.05); no differences in
freezing were found between rats exposed to the open field 2 h
before conditioning and the control group (P=0.96). Thus, explo-
ration of a novel environment 1 h, but not 2 h, prior to condition-
ing facilitated long-term retention of context fear in the infant rat.

Based on behavioral tagging models, PRPs produced by spatial
exploration should facilitate the formation of long- but not short-
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Figure 1. All experiments began when rats were 17 d of age, with the
day of birth being designated as day 0. Mean (+SEM) levels of freezing
at test for groups exposed to a novel open field 1 h (OF1; n=14) or 2 h
(OF2; n=11) before conditioning and control rats that were conditioned
only (CTRL; n=13). (*) indicates a significant difference (P<0.05).

term memories by acting on processes involved in memory stabili-
zation following encoding (Dunsmoor et al. 2015). Therefore, the
aims of Experiment 2 were twofold. First, we aimed to replicate
the novel findings from Experiment 1 demonstrating that open
field exposure 1 h, but not 2 h, before conditioning facilitates
LTM formation in infant rats. Second, we aimed to investigate
whether open field exposure facilitates LTM formation by facilitat-
ing the persistence of the memory rather than the strength of the
context-shock association during encoding. In this experiment,
rats were exposed to an open field either 1 or 2 h before condition-
ing, and then tested either after a short (1-min) or long (1-d) reten-
tion interval. Performance at the 1-min interval will reveal whether
open field exposure facilitates the retention of long-term context
fear memories via its influence on processes involved in memory
encoding or stabilization, while performance at the 1-d interval
will provide a replication of the results in Experiment 1.

Freezing levels at test are shown in Figure 2. A 2 x 2 ANOVA re-
vealed a significant open field condition x test interval interaction
(F(1,44y=4.56, P=0.038), with follow-up independent samples
t-tests showing that levels of freezing between rats exposed to the
open field 1 and 2 h before conditioning differed at the long-term
test (t,,=2.76,P=0.011,95% CI [5.31, 37.19]) but not at the short-
term test (t,2=0.41, P=0.68, 95% CI [-21.71, 14.51]). The main
effects of open field condition (F,44)=2.30, P=0.13) and test in-
terval (F<1.0) were not significant. These results suggest that ex-
ploration of a novel open field facilitates subsequent context fear
memories in infant rats by enhancing the persistence of the mem-
ory rather than strengthening the context-shock association at en-
coding. Further, consistent with the results of Experiment 1 and
past work in adults, the results demonstrate that this facilitation
of long-term context memory in infant rats is time-dependent,
supporting the notion of a behavioral tagging process in infancy.

Experiments 3 and 4: brief open field exposure | h prior
to subsequent contextual conditioning results in a more
durable memory trace

While the results of Experiments 1 and 2 show that brief open
field exposure facilitates the long-term retention of context fear
memories in infant rats, test occurred only 1 d after conditioning.
Given that infant rats typically exhibit rapid forgetting even after a
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Figure 2. Mean (£SEM) levels of freezing at test for rats exposed to a
novel open field 1 h before conditioning and tested after 1 min (OF1-1
min; n=12) or 1 d (OF1-1 d; n=12), and rats exposed to the open field
2 h before conditioning and tested after 1 min (OF2-1 min; n=12) or
1 d (OF2-1 d; n=12). (*) indicates a significant difference (P<0.05).

LTM trace has been formed (i.e., infantile amnesia), in the next two
experiments we examined whether open field exposure soon be-
fore conditioning results in a memory that persists longer than
1 d in the infant rat. In Experiment 3 rats were exposed to an
open field either 1 or 2 h before conditioning and then tested either
1 or 3 d after conditioning.

Analysis of the test data yielded significant main effects of
open field condition (Fq 42 =7.41, P=0.009) and test interval
(F1,42)=4.25, P=0.045); the interaction was not significant (F(; 42)=
2.58, P=0.11; see Fig. 3). Despite the interaction not being signifi-
cant, exploratory post-hoc analyses were performed and revealed
that rats exposed to the open field 1 or 2 h before conditioning
differed in their levels of freezing when tested at the 1 d interval
(t15.202=2.70, P=0.016, 95% CI [4.88, 40.95]) but not the 3 d
interval (t,0=0.97, P=0.34, 95% CI [-6.73, 18.55]). These results
replicate those of the first two experiments at the 1-d interval,
and suggest that the facilitating effects of exposure to a novel
open field shortly prior to conditioning has a relatively restricted ef-
fect in regards to how long the memory is retained (i.e., no effect
seen after 3 d).

Past work has shown that infant rats can retrieve apparently
forgotten memories if a reminder US is given before test (e.g., Li
et al. 2014; Spear and Parsons 1976). Therefore, to further explore
the apparent short-lived effect of open field exposure on the reten-
tion of memories in the infant rat, in Experiment 4 we adminis-
tered a weak reminder foot shock US, in a different context, the
day prior to test. Rats were exposed to the open field either 1 or
2 h before conditioning, and then tested 3 d later. All animals re-
ceived the weak reminder shock the day before test. A third “re-
minder only” group received the weak foot shock the day before
test, but had not been given the initial context training (this group
is a control for the possibility of generalized context fear from the
“reminder” shock alone).

Freezing levels at test are shown in Figure 4. A one-way
ANOVA revealed significant group differences (F(2,33,=39.27, P<
0.001). Post-hoc comparisons, with the SNK test, showed that
rats exposed to the open field 1 h before conditioning had sig-
nificantly higher levels of freezing at test than the other two groups
(P<0.05); the rats exposed to the open field 2 h before condition-
ing exhibited higher levels of freezing than the reminder only
group (P<0.05). Thus, although both trained groups exhibited a re-
instatement effect, relative to a nontrained group merely given the
“reminder” shock prior to test, those animals exposed to the open
field 1 h before conditioning exhibited a significantly greater rein-
statement effect than those exposed to the open field 2 h before
conditioning. These findings suggest that open field exposure 1 h

www.learnmem.org

before conditioning results in a more robust memory trace, leading
to greater levels of reinstatement relative to rats given the same ex-
ploration experience 2 h before conditioning. This suggests that
the lower levels of freezing observed in Experiment 3 at the 3 d
test in those animals exposed to the open field 1 h before condi-
tioning are due to difficulties retrieving the context-shock memory
rather than its loss from storage.

Experiments 5 and é: familiarizing infant rats to the open
field does not abolish the behavioral tagging effect

In Experiment 5, we examined whether familiarization of the open
field would affect the facilitating effect of subsequent open field ex-
posure on the long-term retention of context fear. Past research has
shown that familiarizing adults to the open field blocks its promot-
ing effect on LTM (Ballarini et al. 2009). Further, consistent with
behavioral tagging principles, this familiarization experience was
shown to block the typical increase in hippocampal phosphorylat-
ed CREB (pCREB) observed in rats 1 h after open field exploration
(Moncada and Viola 2006). Given these results, in this experiment
two groups of infant rats were exposed to an open field 1 h before
conditioning. One of these groups had been familiarized to the
open field (for 20-min) the day before while the other had re-
mained in their home cage on that day. A third group of infants,
as a control group, received no familiarization exposure to the
open field and were exposed to it 2 h before conditioning.

A one-way ANOVA yielded a significant group difference
(F2,36)=3.67, P=0.035; see Fig. 5), with pairwise comparisons
(SNK test) showing that familiarized and nonfamiliarized rats ex-
posed to the open field 1 h before conditioning froze significantly
more than rats exposed to the open field 2 h before conditioning
(P<0.05 and P=0.05, respectively). These results replicate those
in Experiments 1 to 4 showing that open field exposure 1 h, but
not 2 h, before conditioning facilitates retention of a context fear
memory when infants are tested 1 d later. Interestingly, contrary
to past work in adults (Moncada and Viola 2007; Ballarini et al.
2009; de Carvalho Myskiw et al. 2013), familiarization to the
open field did not appear to affect this behavioral tagging process
in the infant rat.

The final experiment in this study investigated whether short-
ening the interval between familiarization and subsequent open
field exposure would reduce the facilitating effect of such explora-
tion on LTM formation. Specifically, the results of the previous
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Figure 3. Mean (+SEM) levels of freezing at test for rats exposed to
a novel open field 1 h before conditioning and tested after 1 (OF1-1 d;
n=12) or 3 d (OF1-3 d; n=12), and rats exposed to the open field 2 h
before conditioning and tested after 1 (OF2-1 d; n=11) or 3 d (OF2-3
d; n=11). (*) indicates a significant difference (P<0.05).
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Figure 4. Mean (+SEM) levels of freezing at test for rats exposed to a
novel open field 1 (Reinst-OF1; n=12) or 2 h (Reinst-OF2; n=12) before
conditioning and given a reinstating foot shock the day before test and
rats given the reinstating foot shock only (Reinst; n=12). (*) indicates a sig-
nificant difference (P<0.05).

experiment were in contrast to what has been reported in adult an-
imals, given that familiarization to the open field did not appear to
have any effect in infants. However, perhaps this was because in-
fants do not retain the familiarization experience for 24 h (i.e.,
they have infantile amnesia for this experience). Therefore, in
this experiment, two groups of infant rats that were exposed to
an open field 1 h before conditioning were previously familiarized
to that environment, one 24-h earlier and the other 2-h before-
hand. Further, the duration of familiarization was increased to
30-min as that was the duration used in the adult studies demon-
strating that familiarizing animals to the open field reduced the
behavioral tagging effect (Moncada and Viola 2007; Ballarini
et al. 2009; de Carvalho Myskiw et al. 2013). Similar to Experiment
5, a third, control group of nonfamiliarized rats that were exposed
to the open field 2 h before conditioning were included. All rats
were tested the day following conditioning.

Freezing levels at test are shown in Figure 6. A one-way
ANOVA revealed significant between-group differences (F 32)=
3.75 P=0.034). Replicating the results of Experiment 5, post-hoc
comparisons (with SNK tests) showed that rats familiarized to the
open field 24 h before a subsequent open field exposure 1 h before
conditioning froze significantly more than control rats exposed to
the open field 2 h before conditioning (P<0.05). A trend toward a
significant group difference was observed between the infants fa-
miliarized to the open field 2 h before reexposure and the control
rats exposed to the open field 2 h before conditioning (P=0.061);
no differences were found between rats familiarized to the open
field 24 or 2 h before subsequent exposure (P=0.46). These find-
ings demonstrate that familiarization, regardless of whether it oc-
curs soon or long before subsequent exposure, does not block
behavioral tagging processes in infant rats. This suggests that there
may be developmental differences in the mechanisms involved in
the storage and/or retention of long-term representations for famil-
iarization experiences.

Discussion

A number of recent studies in adult rats have provided evidence for
a process known as behavioral tagging. These studies typically uti-
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lize “weak”’ training parameters that are sufficient only to support
STM, and demonstrate that these memories can be transformed
into LTM by exposure to novelty (e.g., Ballarini et al. 2009). In
the present study, we utilized animals that naturally exhibit good
STM but poor LTM, that is, infant rats. We demonstrated that
open field exposure 1 h, but not 2 h, before conditioning facilitated
long but not short term memory formation in infant rats (Experi-
ment 2). Although this context fear memory was apparently for-
gotten when tested 3 d after conditioning (Experiment 3), this
was due to retrieval difficulties as a brief reminder shock was suffi-
cient to reinstate the memory (Experiment 4). Together, these find-
ings suggest that behavioral tagging processes may also underlie
the formation of long-term context fear memories in infant rats.
Interestingly, familiarization did not abolish the behavioral tag-
ging effect (Experiments 5 and 6) suggesting that the processes in-
volved in storing or retaining long-term representations for
familiarization experiences may differ in the infant compared to
the adult.

It is well-established that infant rats are impaired in contextu-
al conditioning relative to older animals (Rudy 1993; Rudy and
Morledge 1994). Nonetheless, the levels of freezing in the control
group (Experiment 1) was surprisingly low (mean=15%), given
that six shocks were delivered the day prior. These levels of freezing
were lower than that observed in infant rats in some of our past
studies where context conditioning was assessed in infant animals
(e.g., Woodcock and Richardson 2000; Callaghan and Richardson
2011). It is possible that procedural differences could, at least par-
tially, account for these differences in freezing. For example, past
studies used smaller chambers and unscrambled footshock where-
as the chambers used in the experiments reported here were much
larger and use scrambled footshock. Further, it should be noted
that the level of performance in the control group in Experiment
1 was comparable to that observed in a pilot study with the same
training procedures (n=9, mean freezing of 22%). In addition,
the levels of freezing at the 1-d test in the control group (Experi-
ment 1) was similar to the mean level of freezing in rats exposed
to the open field 2-h before conditioning (OF2) across the other
four experiments (mean = 17%); this group acted as a positive con-
trol as no benefits from the open field exposure prior to training
was expected. While it is possible that open field exposure may
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Figure 5. Mean (+SEM) levels of freezing at test for groups exposed to a
novel open field 1 (OF1; n=13) or 2 h (OF2; n=13) before conditioning,
and rats exposed to a familiar open field 1 h before conditioning
(FAM-OF1; n=13). (*) indicates a significant difference (P<0.05).
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Figure 6. Mean (+SEM) levels of freezing at test for groups familiarized
to the open field 24 (FAM24-OF1; n=12) or 2 h (FAM2-OF1; n=12)
before brief open field exposure, and unfamiliarized rats exposed to the
open field 2 h before conditioning (OF2; n=11). (*) indicates a signifi-
cant difference (P<0.05). (#) denotes a trend toward a significant differ-
ence (P=0.061).

have continued to have some lasting benefit on training following
a 2-h interval, this appears unlikely given the comparable levels of
freezing in these groups and the control group that was not ex-
posed to the open field in Experiment 1 as well as in the pilot study.
Post-hoc statistical analyses confirmed this description of the data.
Specifically, a post-hoc independent samples t-test revealed no dif-
ferences in levels of context fear between the control groups of Ex-
periment 1 and the pilot study (fy214=0.69, P=0.51, 95% CI
[-34.11, 18.11]). One-way ANOVAs also revealed no differences
between the OF1 groups or the OF2 groups across experiments (Ex-
periments 1, 2, 3, and data from the pilot study for OF1; Experi-
ments 1, 2, and 3 for OFZ) (F(3,45)=0.65, P=0.59 and F(2,32)=
3.18, P=0.06, respectively). As no differences in levels of context
fear were detected between experiments for the control, OF1,
and OF2 groups, the data for each of the three conditions were col-
lapsed for subsequent analyses. This yielded a significant effect of
group on level of context fear at test (F 103=12.18, P<0.001).
Follow-up independent samples t-tests showed that there was a
significant difference between rats exposed to the open field 1 h
before conditioning and rats exposed to the open field 2-h
before (t30.80=4.75, P<0.001, 95% CI [12.24, 29.85], d=1.06), or
control rats that were trained only (tgo=3.29, P=0.002, 95% CI
[8.29, 33.82], d=0.79; means+SE were as follows: OF1=39.23 +
3.62, n=50; OF2=18.19+2.54, n=35; CTRL=18.17+4.79, n=
21). No differences in context fear were found between rats ex-
posed to the open field 2-h before conditioning and control rats
(t54=0.003, P=0.10, 95% CI [-9.90, 9.93], d<0.001. Together,
these results show the consistency of the performance of rats in
each of the three conditions across experiments, and also that
rats exposed to the open field 1 h before conditioning exhibit in-
creased levels of context fear at test compared to either rats exposed
to the open field 2-h before conditioning or to rats trained only,
without any exposure to the open field (i.e., “CTRL”). This analysis
also supports our claim that exposure to the open field 2-h before
conditioning does not affect LTM formation as no differences
were observed between rats exposed to the open field 2-h before
and rats that were conditioned only (CTRL).

Early life experiences play an integral role in shaping later life
development and functioning, highlighting the importance of un-
derstanding how memories are formed during this critical develop-
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mental period. While significant advances have been made in
elucidating the neuro-molecular mechanisms underlying memory
formation (see Johansen et al. 2011), much of this understanding
has been derived from studies using adults. Infants, however, ex-
hibit different behavioral outcomes following learning, suggesting
that these findings in adults may not be readily translatable to the
infant. For example, unlike adults, young animals exhibit sponta-
neous and rapid rates of forgetting, a phenomenon known as in-
fantile amnesia (Campbell and Campbell 1962). Whether these
differences in fear memory are, in part, due to the immature devel-
opment of the neural structures and systems that support memory
in the infant, or due to the use of a fundamentally different mem-
ory system remains controversial. The results of this study, howev-
er, appear to support the former position. Specifically, our results
support the notion of a behavioral tagging process in infancy, sug-
gesting that the impairments observed in context learning during
infancy may be due to the limited availability or insufficient pro-
duction of proteins. Whether the proteins that are captured during
the behavioral tagging process are the same in infants and adults is
unclear, as the fundamental proteins required for LTM memory
formation in infants are unknown. Thus, basic experiments are
needed in order to examine whether the proteins known to be crit-
ical for LTM in adults are also required in infants. These studies will
assist in identifying candidate proteins that may be up-regulated
and subsequently captured during the behavioral tagging process
in the developing animal. Studies directly comparing behavioral
tagging between infants and adults will also be useful in determin-
ing whether infants use similar, but perhaps less efficient mecha-
nisms to encode a fear memory.

Overall, consistent with behavioral tagging principles and
past work in adults, our results demonstrate that LTM formation
in infant rats can be facilitated through brief exploration of an
open field soon before learning. While these experiments were
conceptualized and interpreted from the perspective of the behav-
ioral tagging hypothesis (Moncada and Viola 2007), it must be ac-
knowledged that arousal and/or stress could also be involved in the
enhancement of the context fear memory observed in these exper-
iments. That is, exposure to a large open field is likely to lead to
some increase in arousal or stress. The effect of increased arousal/
stress on memory is complex (i.e., sometimes enhancing it, some-
times impairing it; for reviews, see de Quervain et al. 2017;
Schwabe 2017). Although there is not a sizable literature on this
issue, in a recent review Nomoto and Inokuchi (2018) suggested
that “active spatial exploration, rather than stress, is a key element
required to achieve hippocampus-dependent behavioral tagging in
rodents” (p. 3). Nonetheless, future studies differentiating between
these two potential underlying mechanisms will be important in
order to elucidate the effect of open field exposure on LTM forma-
tion. Such studies may examine whether open field exposure also
enhances memory for nonhippocampal tasks (e.g., cued condi-
tioning). Given that behavioral tagging requires the colocalization
of PRPs and tagged sites, open field exposure should not facilitate
LTM for nonhippocampal tasks. If, however, the modulatory effect
of open field exposure on LTM is due to arousal or stress, the mo-
dality of subsequent learning should not matter. Of note, while
these modulatory factors (i.e., behavioral tagging versus arousal/
stress) may not be working through identical mechanisms, similar
or interacting hormones and neurotransmitters are likely to be in-
volved. For example, according to behavioral tagging principles,
de novo protein synthesis induced by exposure to a novel open
field is dependent on the activation of both dopamine D,/Ds
and B-adrenergic receptors in the hippocampus (Moncada et al.
2011). These receptors also appear to have some role in modulating
memory during periods of arousal and stress. For instance, there is
considerable evidence showing that the primary stress hormone,
glucocorticoid, enhances the consolidation of memories through
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interactions with adrenergic systems (Roozendaal et al. 1999,
2002). In addition, studies show that both glucose and epineph-
rine have wide-ranging effects on multiple neurotransmitters and
receptors, including p-adrenergic receptors (see Homer et al.
1990; Gold 1995). Thus, while the specific mechanisms may differ,
the primary molecules implicated in memory modulation across
these different procedures appear to similarly promote memory,
leading to the question of how these molecular dynamics may
work in concert to promote a shift from short- to LTM.
Understanding how memory modulators function and whether
similar or interacting mechanisms are at play across paradigms
may provide great theoretical insights into the processes involved
in LTM in infancy.

Interestingly, contrary to behavioral tagging principles, famil-
iarization did not abolish the facilitating effect of open field expo-
sure on LTM formation in infant rats (Experiments 5 and 6). This
stands in contrast to past studies in adult rats that reported famil-
iarization of the open field abolished the behavioral tagging effect
(Ballarini et al. 2009; Moncada et al. 2011). One possible explana-
tion for this discrepancy is that infant rats may acquire, store, and/
or retrieve long-term representations for familiarization experienc-
es differently compared to adult rats. Few studies have examined
the neural mechanisms involved in the formation and retrieval
of memories following familiarization and as such, future studies
will be needed in order to explore this hypothesis at the mechanis-
tic level. One study, however, has demonstrated that levels of
PCREB were increased following exploration of a novel, but not fa-
miliar, environment in adult rats (Winograd and Viola 2004).
Whether infant rats also exhibit this pattern of pCREB expression is
unknown. Given our results showing that familiarization does not
abolish the behavioral tagging effect in infant rats one could hy-
pothesize that pCREB may remain increased following open field
exposure in familiarized infant rats. Alternatively, pCREB may be
qualitatively and/or quantitatively different in infancy compared
to adulthood. An alternate explanation for this discrepancy is
that the familiarization experience may act as an experience-
dependent switch in hippocampal maturation. Recently, Alberini
and Travaglia (2017) proposed that the hippocampus undergoes
a developmental critical period paralleling those implicated in
the development of the visual or auditory system (Huang et al.
1999; Berardi et al. 2000). This hypothesis was based on their study
demonstrating that a single footshock at P24 led to good LTM,
whereas at P17, it resulted in a latent memory trace that could be
reactivated long after it had been forgotten (Travaglia et al.
2016). Similar to the mechanisms underlying the closure of devel-
opmental critical periods for sensory systems (Huang et al. 1999;
Matta et al. 2011), the single shock training experience in infancy
was associated with an mGluRS5-mediated GluN2A/2B subunit
switch in the hippocampus that peaked 24-h after learning. As
such, it is possible that familiarizing infant rats to the open field re-
sulted in an experience-dependent switch in GluN2A/2B subunit
expression that accelerated the closure of the hippocampal critical
period, promoting long-term contextual memories. This hypothe-
sis will be investigated in future studies.

Over the past decade, emerging studies have demonstrated
that behavioral tagging processes may underlie the formation of
LTMs in adult rats. However, despite a large body of evidence
demonstrating the importance of infantile experiences on later
life development and brain function, no studies have examined
such mechanisms in the developing animal. Understanding the
processes involved in LTM in infancy may provide insight into
how to prevent the negative effects of early adverse experiences
on later life functioning. Our results suggest that a behavioral
tagging mechanism paralleling that seen in adult rats may also
underlie the formation of long-term contextual memories in in-
fants. They further suggest that the mechanisms involved in
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LTM formation following familiarization may be developmen-
tally different.

Materials and Methods

Subjects

This study involved 245 experimentally naive Sprague-Dawley
male rats (see Supplemental Methods). All animals were treated
in accordance with the Australian Code of Practice for the Care
and Use of Animals for Scientific Purposes (8th Edition, 2013),
and all procedures were approved by the Animal Care and Ethics
Committee at UNSW.

An open field arena and a set of MED Associates chambers
were used (see the Supplemental Methods). In addition, a different
conditioning chamber was used in Experiment 4 for administering
the reinstatement shock (0.4 mA, 1-sec duration). During open
field exposure, rats were placed in an open field for 5-min.
During conditioning, following a 2-min adaptation period, six
scrambled foot shocks (0.6 mA, 1-sec duration), separated by
30-sec intervals, were delivered. Animals were tested back in the
conditioned context for 3-min.

The behavior of the rats was scored as freezing or not freezing
every 3 sec. Freezing was scored for any observation where there
was the absence of all movement other than that required for
respiration (Fanselow 1980). A random sample of ~30% of the
test data was cross-scored by an observer unaware of the experi-
mental conditions. Inter-rater reliability was high for all experi-
ments (r=0.92-0.99). Freezing was analyzed by ANOVA and
t-tests (Supplemental Methods).
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