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Mechanisms of critical period in the hippocampus
underlie object location learning and memory

in infant rats
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Episodic memories in early childhood are rapidly forgotten, a phenomenon that is associated with “infantile amnesia,” the
inability of adults to remember early-life experiences. We recently showed that early aversive contextual memory in infant
rats, which is in fact rapidly forgotten, is actually not lost, as reminders presented later in life reinstate a long-lasting and
context-specific memory. We also showed that the formation of this infantile memory recruits in the hippocampus mech-
anisms typical of developmental critical periods. Here, we tested whether similar mechanisms apply to a nonaversive, hip-
pocampal type of learning. We report that novel object location (nOL) learned at postnatal day 17 (PNI7) undergoes the
typical rapid forgetting of infantile learning. However, a later reminder reinstates memory expression. Furthermore, as
for aversive experiences, nOL learning at PNI7 engages critical period mechanisms in the dorsal hippocampus: it induces
a switch in the GIuUN2A/2B-NMDA receptor ratio, and brain-derived neurotrophic factor injected bilaterally into the
dorsal hippocampus immediately after training results in long-lasting memory expression. We conclude that in infancy
the hippocampus plays a necessary role in processing episodic and contextual memories, including nonaversive ones,

and matures through a developmental critical period.

Episodic memories formed during the first postnatal period are rap-
idly forgotten, a phenomenon associated with infantile amnesia,
the inability of adults to recall early-life memories (Campbell and
Spear 1972; Rovee-Collier 1999; Hayne 2004). This rapid forgetting
is found in humans as well as in nonhuman animals, suggesting
that infantile amnesia occurs throughout evolution (Campbell
and Spear 1972; Rovee-Collier 1999; Hayne 2004). Despite being
rapidly forgotten, childhood experiences appear to influence brain
functions throughout life (Heim and Nemeroff 2001). The reasons
for this paradox have been debated: some authors suggested that
infantile amnesia is the result of the immaturity of the infant brain,
hence its inability to be functionally competent (Campbell and
Spear 1972; Nelson 2000; Dumas and Rudy 2010; Akers et al.
2014); others indicated that the infantile memories, although ap-
parently forgotten, are not gone, and suggested that the amnesia
reflects retrieval impairment (Spear and Parsons 1976; Kim et al.
2006; Li et al. 2014). We recently identified novel mechanisms as-
sociated to early-life episodic experiences and offered a new expla-
nation for infantile amnesia. In line with several previous studies
(Campbell and Campbell 1962; Rudy and Morledge 1994; Li et al.
2014), we showed the rapid forgetting typical of infantile amnesia
in PN17 rats using the aversive contextual learning paradigm in-
hibitory avoidance (IA). We then found that the forgotten memory
is reinstated following reminders given later in life; the reinstated
memory is long-lasting and context-specific, indicating that train-
ing at PN17 produces a long-term, latent memory trace (Travaglia
et al. 2016a). In contrast to what was previously believed, we found
that the role of the dorsal hippocampus is necessary for the forma-
tion of this latent memory. More specifically this memory requires
the function of the metabotropic glutamate receptor 5 (mGIluRS)-
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and brain-derived neurotrophic factor (BDNF)-dependent switch
in the ratio GluN2A/GluN2B (Travaglia et al. 2016a) in the dorsal
hippocampus. These molecular mechanisms are typical of devel-
opmental critical periods, which are temporally limited phases
during which brain systems are especially sensitive to stimuli,
and experience organizes their functional development and per-
manently alters their performance (Hensch 2005). We also found
that, as during the visual system critical period (Hanover et al.
1999; Huang et al. 1999), an increase in BDNF is sufficient to pro-
mote functional and behavioral maturation: in fact, a bilateral hip-
pocampal injection of BDNF immediately after training at PN17
produces the expression of long-term memory (Travaglia et al.
2016a). These results led us to propose that the hippocampus,
like sensory cortices, undergoes a critical period during which it
matures in response to learning experience (Travaglia et al.
2016a). This new view reconciles the debates of how infantile
memories, while not being functionally mature, can exert a critical
influence on learning and memories throughout life (Alberini and
Travaglia 2017).

Previous studies have shown that nonaversive episodic mem-
ories in animal models, such as novel object location (nOL), novel
object recognition, and spatial memories undergo rapid forgetting
and infantile amnesia (Anderson et al. 2004; Reger et al. 2009;
Kriiger et al. 2012; Jablonski et al. 2013; Westbrook et al. 2014).
However, very little is known about their underlying mechanisms
and, specifically, it remains to be determined whether these mem-
ories, like aversive ones, engage mechanisms of developmental
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Critical period mechanisms for nonaversive memory

critical period. To address these questions, here we used the nOL
paradigm (Ennaceur et al. 1997; Gerstein et al. 2013), which, based
on rodents’ natural tendency to explore novel stimuli and places,
measures the memory of a previously encountered object’s spatial
location (Ennaceur et al. 1997; Gerstein et al. 2013). This learning
is nonaversive and requires the function of the hippocampus in
adult rodents (Mumby et al. 2002; Gaskin et al. 2009; Warburton
and Brown 2015). We compared memory formation and retention
in infant rats at postnatal day 17 (PN17) and at PN24, and tested
whether mechanisms typical of critical period underlie memories
formed at PN17.

Results

nOL memory learned at PNI7 is rapidly forgotten

To test the persistence of nOL memory during early development,
we measured learning and memory retention of rats trained at ei-
ther PN17 or PN24 (Fig. 1). These two ages were chosen because
they correspond to different phases of hippocampal maturation.
According to contextual aversive learning paradigms, these ages
in fact correspond to the infantile amnesia period and a more
mature age at which long-term memory is expressed and persists,
respectively (Campbell and Spear 1972; Rudy and Morledge
1994; Schiffino et al. 2011; Travaglia et al. 2016a; Guskjolen et al.
2017).

We found that during training, both PN17 and PN24 rats ex-
plored the objects at chance level [one samples f-test comparing:
PN17 versus chance (50%), t9)=0.58 P=0.58, PN24 versus chance
(50%), tg)=0.46 P=0.66] (Fig. 2A). When tested 1 min after train-
ing both age groups had significant memory (Fig. 2B), as revealed
by the preferential exploration of the moved object (PN17:
67.3% £ 3.1%, one samples t-test comparing PN17 versus chance
(50%), t9)=5.58 P=0.0003, and PN24: 68.8% * 4.7%, one samples
t-test comparing PN24 versus chance (50%), f)=4.04 P=0.0038].
Statistical analyses comparing the retention of PN17- and
PN24-trained rats at 1 min after training showed no statistical dif-
ference between the two groups (unpaired two-tailed Student’s
t-test comparing % preference of at 1 min Test, P=0.79).
Furthermore, the total time spent exploring the two objects did
not differ across the two age groups during either training (Fig.
2C) or testing (Fig. 2D) [unpaired two-tailed Student’s t-test com-
paring PN17 versus PN24 at: training (P=0.72) and at 1 min test
(P=0.45)].

Thus, these results, in agreement with previous data on novel
object recognition of PN18 rats (Anderson et al. 2004), extend to
nonaversive memories the conclusion that rats trained in
hippocampus-dependent tasks at PN17, during the infantile amne-
sia period, can acquire and express memories when tested shortly
after training.

nOL
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Figure 1. Schedule and schematic representation of nOL. Rats were ha-
bituated (Hab) to the arenafor 5 min per day for two consecutive days (d).
One day later, the rats were trained and either 1T min or 2 h after training
they were tested in the same arena, where the placement of one object
was changed.
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Figure 2. Rats trained at PN17 or PN24 have significant memory reten-
tion for nOL 1 min after training. (A,B) Percent exploration time of the
moved object for PN17 (white bar) and PN24 rats (black bar) at: (A) training
and (B) 1 min after training (1 min Test). (C,D) Total exploration time (in
seconds, sec) of PN17 (white bar) and PN24 rats (black bar) for both familiar
and moved object at: (C) training and (D) 1 min test. Data are expressed as
means = SEM (n=9-10 per group). (###) P<0.001 significance for one
sample t-tests comparing each group to chance performance (50%).

To determine whether the nOL memory is rapidly forgotten,
different groups of PN17 and PN24 rats were trained and tested 2 h
after training (Fig. 3). We chose this testing time point because
Anderson et al. (2004) reported that PN17 rats have no memory
for novel object recognition when tested 2 h after training, in
line with the infantile amnesia, whereas at this time point adult
rats express significant memory retention.

During nOL training, both PN17 and PN24 rats explored the
objects at chance level [one samples t-test comparing: PN17 versus
chance (50%), t7y=0.19 P=0.86 and PN24 versus chance (50%),
t8=0.71 P=0.50] (Fig. 3A). At the 2 h post-training test, PN24
rats had significant memory, as shown by their preferential explo-
ration of the moved object (65.8% + 3.8%) over chance [one sam-
ples t-test comparing PN24 versus chance (50%), fg)=4.18 P=
0.0031]. In contrast, the rats trained at PN17 had no memory
(53.2% +4.1%) as revealed by their near chance exploration of
both object locations [one samples t-test comparing PN17 versus
chance (50%), t7,=0.79 P=0.46] (Fig. 3B). Statistical analyses re-
vealed that there was a significant difference in the 2 h retention
test of PN17- and PN24-trained rats [unpaired two-tailed
Student’s t-test comparing % preference of PN17 versus PN24 at
2 h Test, P=0.039] (Fig. 3B). This difference was not due to change
in total exploration time because the total time spent exploring the
objects did not differ across the two age groups during either train-
ing (Fig. 3C) or testing (Fig. 3D) [unpaired two-tailed Student’s
t-test comparing PN17 versus PN24 at: training (P=0.64) and at 2
h test (P=0.49)].

Thus, these results extend the rapid forgetting of infantile
learning to nOL, a nonaversive, hippocampal-dependent task,
in rats.
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Figure 3. Rats trained at PN17, but not at PN24, show rapid decay in
nOL memory retention. (A,B) Percent exploration time of the moved
object for PN17 (white bar) and PN24 (black bar) rats at: (A) training
and (B) 2 h after training (2 h Test). (C,D) Total exploration time (in
seconds, sec) of PN17 (white bar) and PN24 (black bar) rats for both famil-
iar and moved object at: (C) training and (D) 2 h test. Data are expressed
as means + SEM (n=8-9 per group). (*) P< 0.05 significance for unpaired
two-tailed Student’s t-test comparing PN17 versus PN24. (###) P<0.001
significance for one sample t-tests comparing each group to chance per-
formance (50%).

Reminders reinstate the apparently forgotten nOL
memory

Several studies in human and animal models have shown that re-
minders of early and apparently forgotten experiences can rein-
state the memory (Campbell and Jaynes 1966; Spear and Parsons
1976; Davis and Rovee-Collier 1983; Travaglia et al. 2016a;
Guskjolen et al. 2017). Studies done in nonhuman animal models,
including ours, have, however, mostly investigated aversive types
of learning. Here we tested whether, like for human memories
(Davis and Rovee-Collier 1983), nonaversive infantile memories
that are apparently forgotten are accessible to reminders and can
be reinstated later in life.

One group of rats was trained in nOL at PN17, whereas the
other group was used as a control and handled in parallel, but re-
mained in their homecage during the training session. Rats trained
at PN17 explored both the objects at chance level [one samples
t-test comparing: PN17 versus chance (50%), t7=0.12 P=0.91]
(Fig. 4A). Three days later, all rats were exposed to a reminder
session, which consisted of a 90 sec reexposure, in the training con-
text, to the same objects in the same position that was experienced
during training. During this reminder session, both trained and
control rats explored both objects at chance level [one samples
t-test comparing: PN17 trained versus chance (50%), t7,=0.25 P
=0.81; PN17 control versus chance (50%), fg)=0.14 P=0.89]
(Fig. 4B). However, when the animals were tested 1 min after the
reminder, rats trained at PN17 showed significant memory, as in
fact they preferentially explored the moved object (67.0% +
4.8%) over chance [one samples t-test comparing PN17 trained ver-
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sus chance (50%), tg)=3.53 P=0.0096] (Fig. 4C). Control rats, as
expected, had no memory (49.4% + 5.4%) and in fact explored
both the objects at near chance level [one samples t-test comparing
PN17 control versus chance (50%), fs)=0.12 P=0.91] (Fig. 4C).
Comparing the test performance after the reminder of trained ver-
sus control rats revealed a significant difference [unpaired two-
tailed Student’s t-test comparing % preference of trained versus
controls at 1 min Test after reminder (P =0.028)] (Fig. 4C). This dif-
ference was not due to change in total exploration time because the
total time spent exploring the objects did not differ between the
two groups during either the reminder or testing [unpaired two-
tailed Student’s t-test comparing PN17 trained versus PN17 control
at: reinstatement (P=0.79) and at test (P=0.56)] (Fig. 4D-F). We
concluded that the infantile, nonaversive nOL memory, although
apparently forgotten, is stored in a latent form, and that reminders
can reinstate the memory at later times.

Learning at PNI7 is accompanied by a significant switch

in hippocampal GIuN2B and GIuN2A levels

We have previously found that IA training at PN17 is accompanied
by a significant switch in the ratio of the NMDA receptor GluN2B
and GIluN2A subunit level in the dorsal hippocampus (Travaglia
et al. 2016a). A similar switch of the dominant subunit from
GluN2B to GluN2A had been described as a mechanism of excit-
atory synapses maturation occurring in response to experience or
stimulation during the developmental critical period of the visual
cortex or in young hippocampal slices (Carmignoto and Vicini
1992; Quinlan et al. 1999; Bellone and Nicoll 2007; Matta et al.
2011).

Using Western blot analyses, here we examined whether nOL
learning at PN17 changes GluN2B and GluN2A expression levels in
the dorsal hippocampus. Rats were euthanized 24 h after training,
a time point when the IA training-induced NMDA receptor sub-
units switch peaks (Travaglia et al. 2016a). Controls consisted of
rats exposed to the arena without objects and euthanized at
matched time point. Compared to controls, rats trained at PN17
had a significant increase in both GluN2A (Control 100.0+
10.21, Trained=161.7+14.95; t=3.4 df=16; P=0.0036) and
GluN2B (Control 100.0 +£8.06, Trained 123.3 +4.65; t=2.34 df=
16; P=0.033) (Fig. 5). However, the increase in GluN2A was larger,
hence leading to a significant rise in the GluN2A/2B ratio (Control
100.0£7.3, Trained 132.4+11.73; t=2.34 df =16; P=0.032) (Fig.
5). These data indicated that, as with IA memory, nOL memory for-
mation at PN17 is accompanied by a significant switch in the ratio
of GluN2A/Glu2B expression in the hippocampus.

Injection of BDNF in the dorsal hippocampus immediately
after training at PNI7 leads to lasting nOL memory

In the visual cortex BDNF overexpression is sufficient to close the
critical period by promoting structural maturation of cortical cir-
cuitry and precocious increase of visual acuity (Hanover et al.
1999; Huang et al. 1999). Similar, recombinant BDNF injected bi-
laterally into the dorsal hippocampus of PN17 rats at the time of
IA training is sufficient to promote functional competence and
closure of the critical period of rapid forgetting; in fact BDNF-
injected rats have long-term and persistent memory expression
(Travaglia et al. 2016a).

Here we examined whether, like with IA, a bilateral injection
of BDNFinto the dorsal hippocampus immediately after nOL train-
ing at PN17 is sufficient to promote the expression of a persistent
memory.

As in our previous experiment (Fig. 3B), at 2 h after training,
vehicle-injected PN17 rats had no significant memory for the
moved object (51.6% * 3.8%), and explored both the objects at
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Figure 4. A reminder reinstates the apparently forgotten nOL memory. Experimental schedule is
shown above the panels. Rats were handled, habituated to the arena and trained in nOL at PN17
(trained, white bar), or handled, habituated but left in their homecage during the training session
(control, gray bar). (A-C) Percent exploration time of the moved object during: (A) training at PN17,
(B) reminder at PN20, and (C) test 1 min thereafter. (D-F) Total exploration time (in seconds, sec) for
both familiar and moved object at: (D) training, (E) reminder at PN20, and (F) test 1 min thereafter.
Data are expressed as means + SEM (n = 7-8 per group). (*) P < 0.05 significance for unpaired two-tailed
Student'’s t-test comparing PN17 trained with PN17 control. (###) P< 0.001 significance for one sample

t-tests comparing each group to chance performance (50%).

near chance level [one samples t-test comparing PN17-veh versus
chance (50%), t10)=0.42 P=0.69] (Fig. 6A,B). In contrast,
BDNF-injected rats had significant memory retention, as revealed
by the preferential exploration of the moved object (72.7% +
3.9%) over chance level [one samples t-test comparing PN17-
BDNF versus chance (50%), ti2)=5.83 P<0.0001] (Fig. 6B).
Hence, BDNF administration produced a long-lasting memory in
rats trained at PN17 (unpaired two-tailed Student’s t-test compar-
ing % preference of PN17-veh versus PN17-BDNF at 2 h Test [P =
0.0009]) (Fig. 6B). The increased retention was not due to alteration
of total exploration time, since BDNF did not affect the total time
spent exploring the objects (unpaired two-tailed Student’s t-test ex-
ploration time of PN17-veh versus PN17-BDNF at 2 h Test [P=
0.40]) (Fig. 6C,D).

Together, these data led us to conclude that BDNF administra-
tion in the dorsal hippocampus of infant rats immediately after
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Identifying the biological changes occur-
ring in the brain after learning in early
childhood is key for understanding how
the learning and memory systems build,
and is likely to provide fundamental in-
formation for understanding the etiology
of learning disabilities and developmen-
tal psychopathologies.

Here, we showed that, similar to
novel object recognition (Anderson et al.
2004; Reger et al. 2009), water maze
(Guskjolen et al. 2017), and aversive/
threat-based tasks (Campbell and Spear
1972; Callaghan etal.2014; Travagliaetal.
2016a), nOL memories in infant rats are
very rapidly forgotten. All together, these
data indicate that different types of
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hippocampal-dependent memories oc-
curring in infancy undergo the phenome-
non of rapid forgetting associated with
infantile amnesia.

Our results extend to nOL the con-
clusions of other studies on novel object
recognition indicating that infant ro-
dents can learn and perform nonaversive
incidental learning: Jablonski et al. (2013)
and Reger et al. (2009) showed that peri-
weanlings rats are able to recognize a fa-
miliar object 15 min and 1 h after train-
ing. Anderson et al. (2004) reported that
PN18 rats have memory for the novel ob-
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T ject recognition task when tested imme-
& & diately after training but not 2 h later,
& and Kriiger et al. (2012) reported that
PN16 rats are able to acquire and express
memory for anOL when tested 10 min af-
ter training. Our conclusions, however,
disagree with those of Westbrook et al.
(2014), who indicated that PN17 rats
have no memory for nOL when tested 5
min after training, and suggested that
PN17 rats are unable to acquire and retain
memory for nOL. A possible explanation
for the negative findings of Westbrook
et al. (2014) may be found in differences of training protocols
used, such as handling procedures, and/or the lack of immediate
test following training.

As shown by our data, rats trained in nOL at PN17 can express
the memory only shortly after training, but then rapidly decrease
to chance their retention, suggesting that the expression of the
learned information does not persist like it does in adult rats.
However, similarly to what we previously found with the IA mem-
ory (Travaglia et al. 2016a), here we showed that the apparently for-
gotten nOL memory is not lost, and, in fact is reinstated by
reminders. Hence, like IA, the nOL experience encountered during
infancy is stored in a latent form. The expression of memory after
the reminder is likely the result of reactivation of the original infan-
tile memory trace, and not of new learning, since no memory was
found in controls that were exposed to the reminder but had not
undergone previous training.
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Figure 5. nOL training at PN17 leads to a significant increase in the GIUN2A/GIUN2B ratio in the dorsal ~ Pal learning system and the brain. We be-

hippocampus. Examples and densitometric Western blot analyses of dHC total extracts obtained from
rats trained in nOL at PN17 (gray bar) and euthanized 24 h after training. Controls animals were habit-
uated and exposed to the arena, without objects, and euthanized at the matched time point. Data are
expressed as mean percentage + SEM of control rats. N=9/group. Unpaired two-tailed Student’s t-test

(*) P<0.05, (**) P<0.01.

Again similarly to IA, nOL training at PN17 induced the regu-
lation of mechanisms that had been previously identified as signa-
ture mechanisms of sensory system critical periods and in
developing hippocampal slices (Carmignoto and Vicini 1992;
Quinlan et al. 1999; Bellone and Nicoll 2007; Matta et al. 2011).
First, we found that nOL learning leads to a significant switch in
the ratio of GIuN2A/GIuN2B level in the dorsal hippocampus.
Second, we found that the functional maturation of nOL memory
expression is promoted by elevating BDNF in the dorsal hippocam-
pus. In fact, in nOL, like in IA (Travaglia et al. 2016a), BDNF bilat-
erally injected into the dHC accelerated the closure of the critical
period resulting in long-term memory expression. A role of BDNF
in accelerating functional maturation and an earlier closure of crit-
ical periods was first described in the visual cortex (Hanover et al.
1999; Huang et al. 1999) where BDNF was shown to affect the bal-
ance of excitatory and inhibitory neurotransmission (Hanover
et al. 1999; Huang et al. 1999). Thus, as during the development
of sensory system, BDNF may play a major role in promoting
experience-dependent functional maturation of the hippocampal
system. In line with this idea, previous data from our laboratory
showed that BDNF levels increase over development; in fact, the
hippocampus of PN24 and PN80 rats have significantly higher lev-
els of BDNF compared with PN17 rats (Travaglia et al. 2016b). It re-
mains to be determined whether the injection of recombinant
BDNF into the hippocampi of PN17 rats brings their BDNF level
close to those of PN24 and PN8O rats.

Given that similar mechanisms typically associated with
developmental critical periods underlie nonaversive as well as aver-
sive hippocampus-dependent learning and memory during early
infancy, we conclude that the hippocampal memory system, like
sensory systems, song learning in birds, and language in humans
undergoes a developmental critical period (Alberini and Travaglia
2017). We suggest that during this period hippocampal memories
are formed, but not expressed long term, because the biological sub-
strates of the hippocampal memory system are still immature.
However, as our data on learning-induced switch of levels of
NMDAR 2A/2B subunits indicate, the hippocampus matures in re-
sponse to experience. A critical regulator of this maturation appears
to be BDNF, which is sufficient to promote a long-lasting memory
when injected immediately after training. Given our data, we sug-
gest that hippocampal functional maturation does not occur by
developmental default, but results from experience. In agreement
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lieve that this complexity in fact emerges
sequentially over time through experi-
ence, building step-by-step on previously
established functional competence.

Itisimportant here to underline that
the hippocampus may not be the only re-
gion undergoing a critical period matura-
tion in response to hippocampal types of learning, and future
studies shall determine whether similar mechanisms of maturation
occurs throughout the network of regions functionally connected
to the hippocampus.
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Figure 6. Bilateral injection of BDNF into the dorsal hippocampus im-

mediately after training at PN17 results in persistent nOL memory. (A,B)
Percent exploration time of the moved object for PN17 rats injected
with vehicle (white) or BDNF (gray bar) at: (A) training and (B) 2 h after
training (2 h Test). (C,D) Total exploration time (in seconds, sec) of
PN17 rats injected with vehicle (white) or BDNF (gray bar) at: (C) training
and (D) 2 h test. Data are expressed as means+SEM (n=11-13 per
group). (***) P<0.001 significance for unpaired two-tailed Student’s
t-test comparing PN17 versus PN24. (###) P<0.001 significance for one
sample t-tests comparing each group to chance performance (50%).
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In sum, the results of this paper strengthen our conclusion of
the existence of a developmental critical period for hippocampus-
dependent learning and memory. This conclusion has a great deal
of important implications in mental health and in diseases. It sug-
gests that, in order to have a balanced and fit development of learn-
ing abilities it is critical to be exposed to enriched experiences
during infancy and childhood, and that, conversely, impoverish-
ment or deprivation of experience during this early period cause
permanent functional limitations.

Materials and Methods

Animals

Seventeen- and 24-d-old male and female rats were obtained from
pregnant Long Evans female rats (Charles River Laboratories). Rats
were housed in 30.80 cm x 40.60 cm x 22.23 cm plastic cage, con-
taining ALPHA-dri bedding, under a 12 h light-dark cycle (light on
at 07.00 a.m.) with food and water ad libitum. All experiments were
carried out during the light cycle. The birth date was considered
PNO and the litters were culled to 10-12. Only one male and female
per litter was used in any experimental condition. For all the exper-
iments, statistical analyses showed no significant difference when
comparing males versus female (unpaired two-tailed Student’s
t-test, P>0.05) Rats were weaned at PN21. All procedures complied
with the US National Institute of Health Guide for the Care and Use
of Laboratory Animals and were approved by the New York
University Animals Care Committees.

Hippocampal cannula implants and injections

PN15 rat pups were anesthetized with isoflurane mixed with oxy-
gen. Stainless steel cannulas (26-gauge) were implanted bilaterally
in the dorsal hippocampus (for PN15, 3.0 mm anterior, 2.2 mm lat-
eral and 2.3 mm ventral from bregma) through holes drilled in the
overlying skull. The cannulas were fixed to the skull with dental ce-
ment. After recovery from the surgery, pups were returned to the
dam and littermates. Hippocampal injections used a 33-gauge nee-
dle that extended 1 mm beyond the tip of the guide cannula and
connected via polyethylene tubing to a Hamilton syringe.
Injections were delivered at a rate of 0.1 uL. min~' using an infusion
pump on a total volume of 0.3 uL per side over 3 min. The injection
needle was left in place for 2 min after the injection to allow com-
plete diffusion of the solution. Recombinant BDNF (PeproTech,
cat# 450-02) was dissolved in 1x PBS and injected at 0.25 ug per
side. This dose was shown to rescue the infantile amnesia for IA
memory in PN17 rats (Travaglia et al. 2016a).

nOL task

The nOL task measures the memory of an encountered object’s
spatial location on the basis of rodents’ natural tendency to explore
novel stimuli and places (Ennaceur et al. 1997), is nonaversive and
dorsal hippocampal-dependent in adult rodents (Mumby et al.
2002; Gaskin et al. 2009; Warburton and Brown 2015). The nOL
task was adapted from previously described procedures (Reger et al.
2009; Jablonski et al. 2013), where the object and arena sizes were
scaled to the size of the animal within a given age group. Rats
were habituated, trained and tested in a square, open field,
age-appropriate arena (PN17: 29 x 29 x 18 cm; PN24: 44 x 44 x 30
cm) with clear Plexiglas walls and floor located in a dim room.
Visual cues were provided within the box and on the walls of the
room. The walls of the box were covered with white and black pa-
per. One black and one white wall also contained symbols (circle
and lines) to create four unique walls. Behavior was recorded
with a video camera positioned approximately 1.5 m above the are-
na. Rats were first habituated (Hab) to the arena for 5 min each day
for 2 consecutive days before training, approximately the same
time each day midafternoon (Fig. 1). Twenty-four hours after the
last habituation session, each animal was returned to the arena
for its training session. Training consisted of exposing the rats to
two identical objects constructed from Mega Bloks secured to the
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floor of the arena. Object sizes were age-appropriate, that is, no
taller than twice the size of the rat. Rats were initially placed facing
a wall, away from the objects, and were allowed to explore the are-
na and objects for 5 min. At either 1 min or 2 h after training each
animal was tested in the arena. During testing, one object re-
mained in the same location as that of training, while the second
object was moved to a novel location. Rats were placed in the arena
facing the same direction as during training and were allowed to
explore for 5 min. Memory reinstatement was carried out by expos-
ing the rats to the training context, with the same objects in the
same position, for 90 sec. In all experiments, the placement of
the novel objects was counterbalanced within each age group
and time delay. The arena and objects were cleaned with 70% eth-
anol between sessions. Video files were coded and scrambled. An
experimenter blind to treatment scored the total time that the
rats spent actively exploring each object on each session. For
both training and testing phases, exploration was defined as an ac-
tive event in which the rat was pawing at, sniffing or whisking with
its snout directed at the object from a distance of under ~1 cm.
Sitting on or next to an object was not counted as active explora-
tion. Memory was measured as the percentage of time spent ex-
ploring the object in the novel location compared to the
stationary object.

Western blot analysis

Western blot analysis was carried out as previously reported (Chen
etal. 2012). Rats were euthanized, and dorsal hippocampi were rap-
idly dissected in cold dissection buffer (2.6 mM KCl, 1.23 mM
sodium phosphate monobasic, 26 mM sodium bicarbonate, 5
mM kynurenic acid, 212 mM sucrose, 10 mM dextrose, 0.5 mM
CaCl,, 1 mM MgCl,). Samples were homogenized in ice cold
RIPA buffer (50 mM Tris base, 150 mM NaCl, 0.1% SDS, 0.5%
sodium-deoxycholate, 1% NP-40) with protease and phosphatase
inhibitors (0.5 mM PMSF, 2 mM DTT, 1 mM EGTA, 2 mM NaF, 1
uM microcystine, 1 mM benzamidine, 1 mM sodium orthovana-
date and commercial protease and phosphatase inhibitor cocktails
[Sigma-Aldrich]). Protein concentrations were determined using
the Bio-Rad protein assay (Bio-Rad Laboratories). Equal amounts
of total protein (20 pg per lane) were resolved on denaturing
SDS-PAGE gels and transferred to Immobilon-FL transfer mem-
brane (Millipore) by electroblotting. Membranes were dried, reacti-
vated in methanol and washed with water before they were
blocked in 5% (wt) milk and TBS for 1 h at room temperature
(20°C -25°C). Membranes were then incubated with primary anti-
body overnight at 4°C according to manufacturer’s suggestion.
Primary antibodies used: GIuN2A (1:1,000, Millipore, cat#
07-632), GluN2B (1:1,000, cat# 5580, Cell Signaling Technology).
The membranes were then washed TBS with 0.2% Tween20 (TBST)
and incubated with a species-appropriate fluorescently conjugated
secondary antibody (goat anti-mouse IRCye 680LT [1:10,000] or
goat anti-rabbit IRDye 800CW [1:10,000] from LI-COR Bioscience
[Lincoln, NE]) for 1 h at room temperature. Membranes were again
washed in TBST and scanned using the Odyssey Infrared Imaging
system (LI-COR). Data were quantified using pixel intensities
with the Odyssey software according to the protocols of the man-
ufacturer (LI-COR). Actin (1:20,000, cat# sc-47778, Santa Cruz Bio-
technology) was used to costain all membranes and used as loading
control for all markers.

Statistical analyses

Data were analyzed with the Prism 5 (GraphPad Software Inc.).
Statistical power calculations have been performed, using the stat-
istical software G*Power. A minimum final group size of about
eight rats is required to have a probability of detecting significant
effects for behavior experiments. One-sample t-tests were used to
determine changes in nOL preference compared to chance
(50%). Obiject location data (percent preference and total times
spent exploring each object location) were analyzed with paired
Student’s t-tests (two-tailed). The significance of the results was ac-
cepted at P<0.05.
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