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Recovery of memory from infantile amnesia
is developmentally constrained
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Episodic memories formed during infancy are rapidly forgotten, a phenomenon associated with infantile amnesia, the in-

ability of adults to recall early-life memories. In both rats and mice, infantile memories, although not expressed, are actually

stored long term in a latent form. These latent memories can be reinstated later in life by certain behavioral reminders or by

artificial reactivations of neuronal ensembles activated at training. Whether the recovery of infantile memories is limited by

developmental age, maternal presence, or contingency of stimuli presentation remains to be determined. Here, we show

that the return of inhibitory avoidance memory in rats following a behavioral reactivation consisting of an exposure to

the context (conditioned stimuli [CS]) and footshock (unconditioned stimuli [US]) given in a temporally unpaired

fashion, is evident immediately after US and is limited by the developmental age at which the reactivations are presented;

however, it is not influenced by maternal presence or the time interval between training and reactivation. We conclude that

one limiting factor for infantile memory reinstatement is developmental age, suggesting that a brain maturation process is

necessary to allow the recovery of a “lost” infantile memory.

Hippocampus-dependent episodic memories formed early in life
are rapidly forgotten. This process of forgetting is evolutionarily
conserved and is associated with infantile amnesia, the inability
of adults to recall early-life memories (Campbell and Spear 1972;
Rovee-Collier 1999; Hayne 2004; Josselyn and Frankland 2012;
Callaghan et al. 2014; Madsen and Kim 2016; Alberini and
Travaglia 2017).

Although they are rapidly forgotten, early-life experiences in-
fluence brain functions throughout life (Jacobs and Nadel 1985;
Meaney et al. 1988; Sroufe et al. 1990; Brunson et al. 2005; Pryce
et al. 2005; Mineka and Zinbarg 2006; Bale et al. 2010; Poulos
et al. 2014; Perry and Sullivan 2014) and produce long-lasting bio-
logical changes in the brain. For example, aversive early-life expe-
riences regulate the expression of hippocampal glucocorticoid
receptor and hypothalamic–pituitary–adrenal (HPA) functions in
a persistent fashion (Champagne and Curley 2009). Moreover,
threatening experiences in early life can predispose individuals
to psychopathologies such as post-traumatic stress disorder
(PTSD) and mood and anxiety disorders (Heim and Nemeroff
2001). Consistent with this long-lasting influence on behavior,
studies in rodent models have shown that, in contrast to what
was previously believed, memories formed in infancy (at postnatal
days 16–18 [PN16–PN18]) although not expressed, are not lost.
Rather, they are stored over the longer term in a latent form and
can reemerge at later times, up to adulthood, following behavioral
reactivations or artificial stimulation of the neuronal ensembles ac-
tivated at learning (Travaglia et al. 2016; Guskjolen et al. 2018;
Bessières et al. 2020).

In our previous studies based on rat inhibitory avoidance (IA),
a paradigm inwhich the animal learns to avoid a context previous-
ly paired with a footshock, we confirmed that an infantile episodic
learning event given at PN17 resulted in the typical rapid forget-
ting. We then found that, however, this memory was stored long

term in a latent form, as demonstrated by the observation that it
could reemerge following a behavioral reactivation consisting of
exposure to the training context (conditioned stimulus [CS]) and
a later time footshock of the same intensity that was used during
training (unconditioned stimulus [US]) but now given in a distinct
context. Reexperiencing either the context or the footshock alone
failed to reinstate the infantile memory (Travaglia et al. 2016), sug-
gesting that the return of infantile memory is limited by certain
boundaries.

Several questions about the conditions for the recovery of la-
tent, infantile episodic memories remain to be addressed. First, is
infantilememory reinstatement following the unpairedUS presen-
tation temporally regulated? Second, is there an age limit for mem-
ory reinstatement? Third, given that other types of learning, such
as non-hippocampus-dependent cued conditioning, are regulated
by the maternal presence during infancy (Moriceau and Sullivan
2006), is infantile episodic memory reinstatement limited or regu-
lated by the presence of themother? In this study, we set out to ad-
dress these questions using IA in infant rats.

Results

Latent infantile memory returns immediately after

unpaired CS and US presentation
In previous studies, we showed that forgotten infantile IA memory
in rats was significantly reinstated following the presentation of
the CS (exposure to the training context during a retention test, in-
dicated as T) and the US (a reminder footshock, indicated as RS) of
the same intensity as that experienced during training but given in
a different context hours or even days later. T +RS, but not T or RS
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alone, was able to reinstate a strong, long-lasting, and context-
specific IA memory (Travaglia et al. 2016).

Here, we sought to determine how rapidly after the CS+US
presentation the infantile memory encoded at PN17 is recovered.
In agreement with our previous studies (Travaglia et al. 2016;
Bessières et al. 2020), rats trained at PN17 had no memory when
tested 7 d after training (T1) (Fig. 1). However, immediately after
the presentation of an RS given 2 d after T1, the rats exhibited sig-
nificant memory retention (T2) (two-way repeated-measures
[RM] ANOVA followed by Bonferroni’s multiple comparisons
test; condition F(2,104) = 54.45; P<0.0001; testing F(3,104) = 18.61;
P < 0.0001; interaction F(6,104) = 13.75; P<0.0001) (Fig. 1). PN17 lit-
termates, whichwere either left in their home cage (naive group) or
received a shock of the same intensity immediately after being
placed on a grid without being exposed to the context (shock-only
group), exhibited nomemory after T1 +RS, confirming that the re-
instatement protocol alone did not evoke any IA response in these
control groups (T2) (Fig. 1). The memory reinstated in the trained
group was long-lasting, and persisted when retested 7 d later (T3, P
<0.001). Moreover, this memory did not generalize to a new con-
text (Ctx B, trained vs. naive and shock-only, P>0.05) (Fig. 1), in-
dicating that the returned memory was selective for the context
learned during the infantile experience. Collectively, these data re-
vealed that the memory encoded in infancy emerges immediately
after reexperiencing a US presentation subsequent to a CS given in
a temporally unpaired fashion.

Reinstatement of infantile memory is developmentally

regulated
We previously showed that the forgotten infantile IA memory can
be recovered for a long period of time; in fact, T +RS effectively re-
instates amemory evenwhen presented up to 4wk after training at
PN17 (Travaglia et al. 2016). Similar results were obtained follow-
ing artificial stimulations of the neuronal ensemble tagged by in-
duction of immediate early genes (i.e., c-Fos or Arc) at contextual
fear conditioning training in mice, leading to memory reinstate-
ment up to 90 d after training (Guskjolen et al. 2018; Bessières
et al. 2020). Hence, the recovery of the latent infantile memory
can be evoked for a long time after the memory is formed.
However, it remains to be determined whether there is an early
age limit for the ability to reinstate infantile memory. To address

this question, we presented the reinstatement protocol (T +RS) 1,
3, or 5 d after IA training of rats at PN17 (Fig. 2). Control littermates
either remained in the home cage or received an immediate shock
at PN17.

As expected, none of the trained rats exhibitedmemory reten-
tion at the first test (T1), given 1 d (Fig. 2A), 3 d (Fig. 2C), or 5 d (Fig.
2E) after training, at which they performed similarly to the naive
and shock-only control groups (Fig. 2A,C,E). T +RS given 3 d (Fig.
2C) or 5 d (Fig. 2E) after training led to significant memory rein-
statement (3 d: two-wayRMANOVA followed by Bonferroni’smul-
tiple comparisons test: condition F(2,80) = 36.10, P<0.0001; testing
F(3,80) = 10.88, P<0.0001; interaction F(6,80) = 10.14, P<0.0001; 5 d:
condition F(2,76) = 17.22, P<0.0001; testing F(3,76) = 5.136,
P = 0.0027; interaction F(6,76) = 4.655, P=0.0004), whereas T+RS
presented 1 d after training completely failed to reinstate memory
(two-way RM ANOVA followed by Bonferroni’s multiple compari-
sons test: F(4,66) = 1.01, P=0.4080) (Fig. 2A). Thememories reinstat-
ed by T+RS were long-lasting and context-specific (Fig. 2C,E).

Consistent with our previous studies (Travaglia et al. 2016),
RS alone was unable to reinstate the latent infantile memory (Fig.
2B,D,F) as, indeed, rats trained at PN17 and exposed to RS 3 d
(Fig. 2B), 5 d (Fig. 2D), or 7 d (Fig. 2F) later, did not exhibit any
significant memory reinstatement (two-way RM ANOVA followed
by Bonferroni’s multiple comparisons test: for Fig. 2B, F(2,36) =
0.359, P=0.7011; for Fig. 2D, F(2,36) = 0.4188, P=0.661; for Fig.
2F, F(2,36) = 0.9411, P=0.3996). These results confirmed that expo-
sure to the original training context followed by RS is necessary to
reinstate the memory.

Collectively, these data indicate that a developmental or tem-
poral boundary limits the ability to reinstate the infantilememory.

The age of the animal, but not the interval between

training and reactivation, limits the ability to reinstate

a latent infantile memory
Next, we asked whether the developmental boundary that limits
the reinstatement of thememory encoded at PN17 is due to the in-
terval between the training and reactivation (T +RS) or to the age of
the animal at which the reactivation is presented. As shown above,
for the T+RS reinstatement protocol to be effective, it needs to be
given at least 3 d after training at PN17. Because training evokes bi-
ological and functional maturation (Travaglia et al. 2016; Bessières
et al. 2020), we hypothesized that the time interval of 3 d between
training and reactivation is necessary in order to allow the matura-
tion process after learning to take place. An alternative explanation
is that infantile memories can be reinstated only when the animal
reaches a certain age. To distinguish between these possibilities, we
designed two experiments. The first experiment tested whether
training the rats a day earlier (at PN16) and allowing 3 d before pre-
senting T+RS could reinstate the memory. As shown in Figure 3A,
nomemory reinstatementwas detected 1 d (T2) or 7 d (T3) after the
reactivation (T +RS, two-way RMANOVA followed by Bonferroni’s
multiple comparisons test: F(4,63) = 0.4895, P=0.7434), indicating
that the time interval between training and reactivation is not
the factor that limits the reinstatement.

In the second experiment, we asked whether the develop-
mental boundary that limits the reinstatement of the infantile
memory is the age of the animal. Rats were trained at a later age
(PN19), and the reinstatement protocol was started 1 d later. As
shown in Figure 3B, when IA training was given at PN19, followed
by T+RS 1 d later, the animals were able to reinstate a robust, long-
lasting, and context-specific memory (two-way RM ANOVA fol-
lowed by Bonferroni’s multiple comparisons test: condition
F(2,80) = 59.80, P<0.0001; testing F(3,80) = 21.38, P<0.001; interac-
tion F(6,80) = 17.95, P<0.0001). Thus, the age of the animal at the
time of experiencing reactivation, and not the time interval
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Figure 1. Memory acquired at PN17 is rapidly forgotten but reemerges
immediately after reactivation. PN17 rats were left in their home cage
(naive), exposed toa shock-onlyprotocol, or subjected toa single IA training
trial (Tr). Ratswere tested7dafter IA training (T1), or atmatched timepoints
for the other two groups. Two days later, all animals were given a reminder
footshock (RS, black arrow) in a different context and then retested imme-
diately after (T2) and 7 d later (T3) in the original IA training context. Four
days after T3, the rats were tested in a new IA context (context B [CtxB]).
Memory retention is expressed as mean latency ± SEM (in seconds [s]).
Two-way repeated measures (RM) ANOVA followed by Bonferroni’s multi-
ple comparisons test: (***) P < 0.001. n = 7–8 rats per group.
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between training and reactivation, is the limiting factor that re-
stricts the ability to recover the infantile memory.

Maternal presence does not affect the ability to reinstate

the latent infantile memory
Given that the expression and behavioral modality of some early
memories, such as cued learning, are regulated by maternal pres-

ence during infancy (Moriceau and Sullivan 2006), we considered
that one factor that might affect the expression of episodic infan-
tile memories is the presence of the dam. Hence, we investigated
whether reinstatement of the latent infantile memory is influ-
enced by the maternal presence.

Rats were trained at PN17 and weaned either at PN20 or PN23
—that is, before or after the reinstatement procedure (T +RS),
which was given 4 d after training. As shown in Figure 4, A and
B, exposure to T+RS 4 d after training at PN17 effectively reinstated
the memory in both conditions, regardless of the presence of the
dam in the home cage (two-way RMANOVA followed by Bonferro-
ni’s multiple comparisons test: for Fig. 4A, F(6,60) = 18.73, P<
0.0001; for Fig. 4B, F(6,62) = 9.352, P<0.0001). In fact, all the
PN17-trained animals exhibited significant reinstatement of the la-
tent IA memory when tested 1 d (T2) or 7 d (T3) after the RS
(trained vs. naive and shock-only, P<0.001). We concluded that
the presence of the dam does not influence the ability to reinstate
infantile memory.

Discussion

Understanding the behavioral responses and underlying mecha-
nisms of infantile memories is key to unraveling howmemory sys-
tems develop and function in adulthood. Until recently, it was
believed that the infant hippocampus and related memory sys-
tem, because immature, are not functionally involved in episodic
learning, and that they remain “offline” until relatively late in de-
velopment when memories are formed and expressed long term
(Kagan 1984; Rudy et al. 1987; Kraemer and Randall 1995; Pugh
and Rudy 1996; Stanton 2000; Bauer 2006; Newcombe et al.
2007; Akers and Hamilton 2007). Our studies in rats demonstrated
that this view was not correct: instead, the infant hippocampus,
for example, at PN17, is necessary for forming long-lasting mem-
ories of contexts, objects, and places, even though these memo-
ries appear to be rapidly forgotten. In fact, these apparently
forgotten memories can be recovered later in life by certain behav-
ioral reminders or reactivations (Travaglia et al. 2016, Alberini and
Travaglia 2017). Subsequent studies confirmed and extended
these findings in multiple species, using different types of remind-
ers as well as artificial reactivation of neuronal ensembles activat-
ed at training (Travaglia et al. 2018, Guskjolen et al. 2018;
Bessières et al. 2020).

Numerous questions remain to be addressed about the pro-
cesses underlying the storage of infantile memories in latent
form and their recovery following reactivations. In this study, us-
ing rat IA, we showed that reexposure to CS (test, T) and US (re-
minder shock, RS) given in a temporally unpaired manner (i.e.,
two or more days apart) resulted in the recovery of memory, which
was expressed immediately after the US. We also showed that the
ability to recover infantile memory has a developmental age limit:
The memory can be reinstated if the reactivation is given starting
with the CS at PN20, but not at PN18, suggesting that some devel-
opmental maturation must occur in order to enable the system to
reinstate the memory. Finally, we showed that memory recovery is
not influenced by maternal presence.

The brain regions and systems necessary for memory rein-
statement remain to be identified. Consistent with thewell-known
role of the hippocampus in associative learning (Maren et al. 2013;
Weiss andDisterhoft 2015), the dorsal hippocampus is required for
formation of infantilememory, but it is dispensable formemory re-
instatement evoked by T followed by RS given in a different con-
text 2 d later (Travaglia et al. 2016). Furthermore, memory
reinstatement does not occur if the US is presented before CS,
that is, if the RS is presented before testing (Fig. 2; Travaglia et al.
2016), implying that the return of memory requires the sequence
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Figure 2. Reinstatement of infantile memory is developmentally limited.
(A) PN17 rats were either left in their home cage (naive), exposed to a
shock-only protocol, or subjected to a single IA training trial (Tr). Rats
were tested 1 d (T1) after IA training or at matched time points for the
other two groups. Two days later (at PN20), all animals were given a re-
minder footshock (RS, black arrow) in a different context and then retested
1 d (T2) and 7 d later (T3). (B) PN17 naive, shock-only, and trained rats
received a RS (black arrow) at PN20 and then were tested 1 d (T1) and
again 6 d later (T2). (C) PN17 rats were left in their home cage (naive),
exposed to a shock-only protocol, or subjected to a single IA training
trial. Rats were tested 3 d (T1) after IA training (Tr), or at matched time
points for the other two groups. Two days later (at PN22), all animals
were given a reminder footshock (RS, black arrow) in a different context,
and then retested 1 d (T2) and 7 d later (T3). Four days after T3, the
rats were tested in a new IA context (context B [CtxB]). (D) PN17 naive,
shock-only, and trained rats received a RS (black arrow) at PN22 and
were then tested 1 d (T1) and again 6 d later (T2). (E) PN17 rats were
left in their home cage (naive), exposed to a shock-only protocol, or sub-
jected to a single IA training trial. Rats were tested 5 d (T1) after IA training
(Tr) or at matched time points for the other two groups. Two days later (at
PN24), all animals were given a reminder footshock (RS, black arrow) in a
different context and then retested 1 d (T2) and 7 d later (T3). Four days
after T3, the rats were tested in a new IA context (context B [CtxB]). (F )
PN17 naive, shock-only, and trained rats received a RS (black arrow) at
PN24 and were then tested 1 d (T1) and again 6 d later (T2). Memory re-
tention is expressed as mean latency ± SEM (in seconds [s]). Two-way RM
ANOVA followed by Bonferroni’s multiple comparisons test: (*) P<0.05,
(**) P<0.01, (***) P<0.001. n=6–9 rats per group.
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of the conditioning experience to be reexperienced in some way,
albeit in a temporally unpaired fashion.

Previous investigations in both humans and rodents have
shown that the persistence of memory in infants is prolonged by
the experience of reminders. Studies in rats showed that infantile
amnesia could be alleviated by “reminders” given periodically
throughout the retention interval, leading to the hypothesis that
infantile forgetting is due to retrieval failure (Campbell and
Jaynes 1966; Spear and Parsons 1976; Spear and Smith 1978).
Similar conclusions were proposed more recently (Richardson
et al. 1986; Kim and Richardson 2007), based on evidence in ro-
dents that memory reacquisition (retraining) following infantile
experience is accompanied bymolecular changes typical of amem-
ory previously experienced. These data led Li et al. (2014) to con-
clude that infantile memories are not lost but are actually stored
as a persistentmemory “trace” and to sug-
gest that infantile forgetting must be due
to a retrieval failure rather than an inabil-
ity to store memories over the long term
(i.e., true memory loss).

In humans, elegant and compelling
studies conducted by Rovee-Collier and
collaborators reported that prelinguistic
infants retain information about events
in which they participated for periods of
weeks and even months (Rovee-Collier
et al. 1980; Davis and Rovee-Collier
1983; Rovee-Collier and Hayne 1987; Per-
ris et al. 1990), and thatmemory retention
persists because of reactivations. They
showed that repeated retrievals within a
given time window prolong memory re-
tention,whereas failure to retrieve amem-
ory within a time window may result in a
permanent retention deficit (Rovee-
Collier 1990). In addition, Rovee-Collier
and collaborators challenged the dogma
that in infancy hippocampus-dependent
memories cannot be formed and pro-
posed that it is not necessary to invoke a
different memory system to explain epi-

sodic memories in infants, an hypothesis
that was extensively debated (Schacter
and Moscovitch 1984; Rovee-Collier and
Cuevas 2009).

Our data based onmolecular manip-
ulations of thedorsal hippocampus in rats
(Travaglia et al. 2016, Bessières et al. 2020)
is in agreement with Rovee-Collier’s hy-
pothesis, as they demonstrated that the
hippocampus is necessary for the forma-
tion of infantile episodic memories
(Travaglia et al. 2016; Bessières et al.
2020).

The apparent loss of memories
formed early in life cannot be explained
entirely by retrieval failure. Retrieval fail-
ure is not consistent with the lack of re-
trieval at ages when the animal has fully
developed this function. Furthermore, re-
cent data from our laboratory and others
(Akers et al. 2014; Travaglia et al. 2016;
Tsai et al. 2018; Farooq and Dragoi
2019; Bessières et al. 2020) lead us to sug-
gest that the apparent forgetting of infan-
tile memories is not due to simple

inability to retrieve memories but rather to the fact that the infant
hippocampus, although critically involved, operates in a distinc-
tive manner relative to that of the adult system. In fact, it engages
differential molecular and cellular mechanisms and circuitry that
promote functional development and competence. Future studies
should continue to identify which other brain regions are critical
for infantilememory formation and storage aswell as for the return
of the memory following reactivations. For example, the potential
functional contribution of cortical areas such as the prefrontal cor-
tex, which plays a critical role in memory consolidation in the
adult animal, remain to be determined. Some studies have reported
that prelimbic cortex, entorhinal cortex, and piriformcortex are ac-
tivated with infantile learning or retrieval (Kim et al. 2012;
Guskjolen et al. 2018; Stanton et al. 2021); however, which area(s)
functionally contribute to infantile memory storage remains to be
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Figure 3. The age of the animal, but not the time elapsed between training and reinstatement, limits
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tested in a new IA context (context B [CtxB]). Memory retention is expressed as mean latency± SEM
(in seconds [s]). Two-way RM ANOVA followed by Bonferroni’s multiple comparisons test: (***) P<
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understood. Notably, the fact that infantile memory can be stored
for a long time (Travaglia et al. 2016; Guskjolen et al. 2018) sug-
gests that similarly to adult memories infantile memories may un-
dergo a systems-level reorganization. However, given the
immaturity of the infant hippocampal memory system, it cannot
be excluded that this reorganization operates in a distinct manner
compared to that taking place in the adult system.

How and what types of reactivations are able to produce the
return of memories? Artificial stimulation is a very useful tool to
dissect circuitry possibly involved in the return of memory, but
knowing which types of natural behavioral reactivations are capa-
ble of recalling infantile representations is key to understand
behavioral responses. We previously reported that an unpaired
CS+US presentation with an interval between CS and US that
can be quite extended, up to 1 wk, successfully reinstate infantile
memories (Travaglia et al. 2016). Although behavioral or artificial
reinstatement can be effective for a long time after training (i.e.,
1–3 mo) (Travaglia et al. 2016; Guskjolen et al. 2018; Bessières
et al. 2020); here, using behavioral protocols, we showed that rein-
statement is limited by developmental age. The latent infantile
memory cannot be reinstated if T is provided 1 d after training
and RS 2 d later; however, it becomes fully effective when the
same T+RS is presented starting 3 d after training. We also pro-
vided evidence that the age of the animal at the time of the rein-
statement, and not the time interval between training and
reinstatement, limits the return of memory. Thus, these data led
us to conclude that the expression/reinstatement of infantile epi-
sodic memories is limited by developmentally regulated mecha-
nisms. Notably, the developmental age that limits memory
reinstatement corresponds to the age at which hippocampus-
dependent types of memories, including spatial and contextual
memories, begins to be expressed long term (Rudy et al. 1987;
Kraemer and Randall 1995; Pugh and Rudy 1996; Stanton 2000;
Akers and Hamilton 2007; Langston et al. 2010; Tan et al. 2017).
Implying that the recovery of memory requires the hippocampal
system to have acquired the ability to express memories long
term. Thus, we speculate that the ability to recover memory is lim-
ited by mechanisms of biological and circuitry maturation neces-
sary for long-term memory expression. This idea is also
supported by our previous work showing that infantile learning
evokes slow and distinctive biological changes in the dorsal hippo-
campus, including (1) a mGluR5- and BDNF-dependent switch in
the expression ofN-methyl-D-aspartate (NMDA) receptor subunits
GluN2A/GluN2B; (2) a slow and persistent increase in the immedi-
ate early genes (IEGs) c-Fos, Zif268, and activity-regulated
cytoskeleton-associated protein (Arc/Arg3.1); (3) elevated ex-
pression of excitatory synapse markers synaptophysin and
postsynaptic density 95 (PSD-95); and (4) the maturation of
α-amino-3-hydroxy-5-methyl-4-isox-azoleproprionic acid (AMPA)
receptor synaptic responses (Travaglia et al. 2016; Bessières et al.
2020). One additional intriguing finding is that memory reinstate-
ment, which required both context re-exposure and a subsequent
RS, emerges immediately after RS. The reasons for this rapid mem-
ory expression after RS are unclear, and future studies shall deter-
mine whether immediate reinstatement is a general prerogative
of infantile memory recovery after reactivations or if it is due to
the two factors reminder T +RS. It is possible, for example, that
T reactivates a representation, which then rapidly associate with
the RS presented at later times.

Finally, our results clearly indicated that the presence of the
mother does not affect the ability of animal to reinstate a latent in-
fantile memory. Previous work showed that the presence of the
mother can regulate the maturation of the emotional learning sys-
tem in pups (Liu et al. 1997; Champagne and Curley 2009;
Callaghan andRichardson 2013). In fact, cued learning is regulated
by the maternal presence during infancy (Moriceau and Sullivan

2006), and maternal separation from P2–P14 can promote the
development of adult-like fear learning and memory (Callaghan
and Richardson 2011, 2012). In contrast, the reinstatement of
hippocampus-dependent memories is not influenced by circuitry
or mechanisms regulated by the maternal presence.

To conclude, our results on the developmental age limit for
memory reinstatement leads us to propose that the recovery of in-
fantile memory requires that the brain has matured the ability to
express memory long term.

Materials and Methods

Animals
Seventeen-day-old and 24-d-old male and female offspring were
obtained from pregnant Long Evans female rats (Charles River
Laboratories). Rats were housed in 30.80 cm×40.60 cm×22.23
cm plastic cages containing ALPHA-dri bedding under a 12 h
light–dark cycle (lights on at 07.00 a.m.) with food and water ad li-
bitum. All experiments were carried out during the light cycle. The
birth datewas considered PN0, and the litters were culled to 10–12.
Only one male and one female per litter were used in any experi-
mental condition. For all experiments, statistical analyses revealed
no significant difference in males versus females (unpaired two-
tailed Student’s t-test, P>0.05). Rats were weaned at PN21. All pro-
cedures complied with the U.S. National Institutes of HealthGuide
for the Care and Use of Laboratory Animals and were approved by
the New York University Animals Care Committees.

Inhibitory avoidance
Inhibitory avoidance (IA) was carried out as previously described
(Travaglia et al. 2016). The IA chamber (Med Associates Inc.) con-
sisted of a rectangular Perspex box divided into a safe compartment
and a shock compartment (each 20.3 cm×15.9 cm×21.3 cm). The
safe compartment was white and illuminated, and the shock com-
partment was black and dark. The apparatus was located in a
sound-attenuated room with dim red light illumination. During
training sessions, each rat was placed in the safe compartment
with its head facing away from the door. After 10 sec, the door sep-
arating the compartments was automatically opened, allowing the
rat access to the shock compartment. The door closed automatical-
ly when the rat crossed with all four limbs the invisible infrared
light photosensors located in the shock compartment. Two sec-
onds later, a footshock (2 sec, 1 mA) was automatically delivered
to the grid floor of the shock chamber via a constant current scram-
bler circuit. The animal remained in the dark compartment for ad-
ditional 10 sec, returned to its home cage, and then tested for
memory retention at designated time points. As controls, we
used naive animals (handled and left in their home cage) and
rats exposed to a footshock without the IA context experience
(shock-only). Shock-only treatment consisted of placing the rat
onto grid of the shock compartment and immediately delivering
a footshock of the same duration and intensity used in IA training.
The animal returned to its home cage immediately after the foot-
shock delivery. This protocol does not induce any association be-
tween the context and the footshock. Retention tests were
performed by placing the rat back in the safe compartment and
measuring its latency to enter the dark compartment. Footshocks
were not administered during the retention tests (unless otherwise
specified), and testing was terminated at 900 sec. During retraining
sessions, rats were tested for memory retention and received a foot-
shock upon entering the dark compartment. Locomotor activity
was measured during training and testing by automatically count-
ing the number of times each rat crossed the invisible infrared light
photosensors located in both the safe and the shock compartment.
Reminder footshock (RS) was administered with duration and in-
tensity identical to that of training, in a novel neutral chamber
with transparent walls, located in a different white light-
illuminated experimental room. Context generalization was tested
in a modified IA box that had a smooth plastic floor and walls
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decorated with distinct geometric patterns and colors and was lo-
cated in a separate white-illuminated experimental room.

Statistical analyses
Data analysis from Figures 1–4 was performed in Prism 6
(GraphPad Software). The datawere analyzed by two-way RM anal-
ysis of variance (ANOVA) followed by Bonferroni’s multiple com-
parisons tests. Differences were considered significant at P<0.05.
The intent of this study was not to investigate sex differences;
therefore, we included both female and male rats after preliminary
statistical analyses of separate sex groups (n=3–4 each sex) yielded
no significant difference (unpaired two-tailed Student’s t-test, P>
0.05) and the range of individual values was similarly distributed.
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