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Abstract

The present study used the context preexposure facilitation effect (CPFE) to examine long-term
retention of incidental context learning in periweanling, adolescent and adult rats. The CPFE is a
variant of contextual fear conditioning in which encoding the context representation, associating
this representation with shock, and expressing the context—shock association each occur on
separate occasions. Experiment 1 manipulated the retention interval—1 d, 8 d, 15 d, or 22 d—
between context preexposure and training with immediate shock to determine how long the
encoded context could be remembered (testing always occurred 24 h following training). The
other factors were age—postnatal day (PND) 24 vs 31—and training group—Preexposed to the
training context (Pre) vs. an alternate context (Alt-Pre).At both ages, significantly more freezing
was evident in the Pre vs. Alt Pre Groups at the 24 h, 8 d and 15 d retention intervals but not at the
22 d interval, indicating that juvenile— adolescent rats remember the context for up to 15d. In
contrast, context memory persists for 22 days in adult rats (Experiment 2); and is not evident after
24 h, 8 d, or 15 d retention intervals in PND 17 rats (Experiment 3). The present study illustrates
the value of the CPFE paradigm for investigations of long-term context memory in developing
rats. Implications for the neurobiology of infantile amnesia are discussed.
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1. Introduction

Infantile amnesia, the inability of adults to recall events learned in early childhood, has been
studied for many years in both animal models [10] and humans [28-31]. The idea that
infantile amnesia has a biological basis is also longstanding [10]. However, understanding of
the neural mechanisms of the ontogeny of long-term memory remains poorly developed
[2,8,21].

Recent proposals attribute poor long-term memory in infancy to hippocampal neurogenesis
[2] altered neocortical storage [21] and/or retrieval [18]. Recent work on this problem has
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used hippocampus-dependent tasks, such as contextual fear conditioning [1,2] although
standard contextual fear conditioning (SCFC), in which context exposure is directly paired
with foot shock, only depends on the hippocampus under certain conditions [32,40]. In
contrast, a variant of SCFC known as the context preexposure facilitation effect (CPFE)
cannot be learned without a conjunctive representation of the context [20,34] and therefore
always requires a functional hippocampus [27,32,33,36]. The CPFE procedure consists of
the three phases that typically occur at 24-h intervals—context exposure, training, and
testing. Context learning occurs on the first day, a retrieved representation of the context is
associated with immediate-shock on the second day, and this results in enhanced freezing
(relative to non-preexposed controls) on the test day [13]. Thus, in the CPFE, acquisition of
the context representation and the association of the context with shock occur on different
occasions, making it easier to manipulate and analyze these two components of context fear
learning independently.

The CPFE has been used to probe the different components of context learning in rats during
adulthood [13,35] and over the course of development [20,36]. Recently, data featuring the
retention of context memory have shown that PND 17 mice retain SCFC for one day, with
partial forgetting at 7 or 14 days, and no memory evident at 28 days [2]. In contrast, adult
mice trained at PND 60 show full retention of SCFC at 28 days. A similar effect was
observed in this same study using the CPFE where infant mice showed increased levels of
forgetting relative to the adults at the 7, 14 and 28 day intervals. Currently, there is a lack of
data concerning the ontogeny of long-term context memory in rats.

The CPFE emerges between PND 17 and PND 24 in rats in parallel with standard contextual
fear conditioning, depends on hippocampal NMDA-receptor function [36] and requires
preexposure to the combined elements of the context and not just its elemental features [20].
The present study used the CPFE to examine the ontogeny of long-term retention of context
learning in Long Evans (LE) rats. The interval between preexposure and training was
manipulated whereas the interval between training and testing was always 24 h. Rats were
preexposed on either PND 24 or PND 31 with a 24 h, 8 day, 15 day, or 22 day retention
interval between preexposure and training (Experiment 1). These ages were chosen because
they show comparable levels of context fear with a 24-h retention interval [36] but long-
term retention of context learning is likely to increase over this period [9]. In order to
confirm the ability of adult rats to retain the context memory under the specific parameters
of our CPFE paradigm, and to replicate previous reports of adult context memory retention
[35], rats were also preexposed on PND 52 with only a 24-h retention interval or the longest
interval (22 days) at which PND 24 and PND 31 failed to show the CPFE (Experiment 2).
Finally, we preexposed pre-weanling rats on PND 17 and tested them with a 24-h, 8 day and
15 day retention interval (Experiment 3) to explore age differences in retention in pre-
weanlings that might be masked by their inability to express the CPFE after 24-h [14].
Taken together these studies sought to determine whether there are ontogenetic differences
in context memory retention that would result in differential expression of conditioned fear
at testing after extended retention intervals between preexposure and training.
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2. General methods
2.1. Subjects

Subjects were Long—Evans rats born in the animal colony at the University of Delaware and
moved to in-lab colony rooms on PND 2. On PND 3, litters were culled to 8 pups (typically
4 males and 4 females) and weaned on PND 21, except where noted. Dams and their litters
were housed in polypropylene cages measuring 8 in. high x 18 in. long x x9 in. wide in an
animal colony maintained on a 12:12 h light/dark schedule and in accordance with the NIH
guidelines. Following weaning, pups were housed with 2—4 same-sex littermates and
provided ad libitum food and water throughout the entire course of the experiment. No more
than 1 same-sex littermate was assigned to a given experimental condition.

2.2. Apparatus

The apparatus has been previously described [7,36]. Conditioning occurred in 1 of 4
identical Plexiglas conditioning chambers connected to a grid-floor shock generator [36]
situated under a fume hood, which provided the only source of overhead lighting and low-
level background noise. There was also a white opaque sheet covering any adjacent walls
between two chambers so that the animals could not see each other. The alternate context
consisted of wire mesh cages housed within BRS-LVE sound-attenuating shells used for
eyeblink conditioning [6,36]. Preexposure sessions occurred in one of these two sets of
chambers which were situated in two different rooms. Training and testing always occurred
in the Plexiglas chambers (see below).

2.3. Data analysis

Conditioned fear was assessed by measuring freezing during the contextual fear tests.
Freezing was defined as the cessation of all visible movement except for respiration. The
data were analyzed using FreezeFrame software (Actimetrics, Wilmette, IL) as previously
described [7]. Data were analyzed via ANOVA and post hoc tests (Newman—Keuls) using
Statistica software [36]. As in our previous reports, data points within each group that were
outliers (scores exceeding +/-2 standard deviations from other data points in their group)
were removed from the statistical analyses. In total, about 9% of animals (25 of 271) were
removed with the average z-score for all outliers being 3.26. Details concerning
experimental factors and designs appear separately for each experiment below.

2.4. Experiment 1

The multiple-exposure CPFE procedure has been previously described by our lab [12]. The
purpose of Experiment 1 was to determine how long juvenile rats could retain a context
memory and whether the duration of retention differed from adolescent rats that show
comparable levels of initial acquisition. Because the CPFE is fully developed by PND 24
and doesn't develop further at PND 31 [36], Experiment 1 also sought to examine possible
ontogenetic differences in retention of the context memory between PND 24 and PND 31.

2.4.1. Method—Subjects were from 25 litters with 79 pups (41 males, 38 females)
preexposed on PND 24 and 74 pups (35 males, 39 females) preexposed on PND 31. The
design was a 2 (Sex: male vs. female) x 2 (Age: PND 24 vs. 31) x 2 (Preexposure group:
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Pre vs. Alt-Pre) x 4 (Retention interval: 1, 8, 15, and 22 days) between-groups factorial
design, in which the retention interval refers to the period between preexposure and training
(see below). The pups were assigned to these groups as follows: PND24-Pre-1 day (7 males,
6 females), PND24-Alt-Pre-1 day (6 males, 6 females), PND24-Pre-8 days (3 males, 4
females), PND24-Alt-Pre- 8 days (4 males, 2 females), PND24-Pre-15 days (7 males, 5
females), PND24-Alt-Pre-15 days (5 males, 5 females), PND24-Pre-22 days (5 males, 6
females), PND24-Alt-Pre-22 days (4 males, 4 females), PND 31-Pre-1 day (4 males, 5
females), PND31-Alt-Pre-1 day (4 males, 4 females), PND31-Pre-8 days (4 males, 4
females), PND31-Alt-Pre-8 days (4 males, 5 females), PND31-Pre-15 days (5 males, 5
females), PND31-Alt-Pre-15 days (4 males, 5 females), PND31-Pre-22 days (5 males, 5
females), and PND31-Alt-Pre-22 days (5 males, 6 females).

The CPFE procedure took place in three phases: preexposure, training and testing with the
preexposure-to-training interval varying across groups but with the training and testing
sessions always occurring 24 h apart. On the preexposure day (PND 24 or PND 31), pups
were preexposed using a multiple preexposure procedure [12,27] to either the training
context (Pre Group) or the alternate context (Alt-Pre Group). The Pre Group pups were
taken from their home cages, weighed, placed into opaque transport boxes and wheeled to a
waiting area outside of the conditioning room while the chambers were cleaned using a 5%
ammonium hydroxide solution. The Alt-Pre Group pups experienced the same procedure but
were taken to the alternate context on the preexposure day for a total time approximately
equal to that of the Pre Group. Pups were taken from their opaque transport boxes and
placed inside the chambers for 5 min then removed and placed back in the chamber 5 times
for 1 min at approximately 1 minute intervals.

There were 4 retention intervals between preexposure and training: 1 day (replicating the
conventional CPFE), 8 days, 15 days and 22 days. After the designated retention interval, all
pups (Pre or Alt-Pre) were trained in the Plexiglas conditioning context in which the Pre
Group had previously been preexposed. Training consisted of immediate delivery of a 2 s,
1.5 mA scrambled foot shock [36]. In order to ensure immediate delivery of the shocks,
pups were placed in their conditioning chamber one at a time. The placement-to-shock
interval was less than 5 s. Following the immediate shock, pups were removed as quickly as
possible and returned to their transport box and, after all pups were trained (~5 min) they
were returned to their home cages.

Twenty-four hours after training all animals were returned to the conditioning context for a
testing session in the same chamber in which they were trained. Transport to and from the
test chamber was otherwise exactly as described on the training day, except that 4 rats were
placed in the chambers at the same time and their behavior was recorded simultaneously for
5 min.

2.4.2. Results—There was one instance in which two same sex littermates were
inadvertently assigned to the same group and so their data were averaged to yield a single
data point. In addition, data points within each group that were outliers (scores exceeding +/
—2 standard deviations from other data points in their group) were removed [36]. The
number of outliers removed from each group were as follows: PND 24-Pre 1 day (1), PND
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24-Alt-Pre 1 day (2), PND 24-Pre 8 days (1), PND 24-Alt-Pre 8 days (2), PND 24-Pre 15
days (1), PND 24-Alt-Pre 15 days (1), PND 24-Pre 22 days (0), PND 24-Alt-Pre 22 days
(1), PND 31-Pre 1 day (1), PND 31-Alt-Pre 1 day (1), PND 31-Pre 8 days (2), PND 31-Alt-
Pre 8 days (1), PND 31-Pre 15 days (0), PND 31-Alt-Pre 15 days (1), PND 31-Pre 22 days
(1), and PND 31-Alt-Pre 22 days (1). The number of animals per group, after outliers were
removed, was as follows: for PND24 1 day (13 Pre, 12 Alt-Pre), 8 days (7 Pre, 8 Alt-Pre),
15 days (12 Pre, 10 Alt-Pre) and for PND 31 1 day (9 Pre, 8 Alt-Pre), 8 days (8 pre, 9 Alt-
Pre), 15 days (10 Pre, 9 Alt-Pre) and 22 days (10 Pre, 11 Alt-Pre).

The results of Experiment 1 appear in Fig. 1. ANOVA indicated no main effect or
interaction involving Sex, so the data were collapsed across this variable and analyzed via a
2 (age) x 2 (Preexposure Condition) x 4 (Retention Interval) ANOVA (Fig. 1). At both ages,
the CPFE was evident at the 1-, 8-, and 15-day retention intervals but not the 22-day
retention interval. This is indicated by higher freezing scores in the Pre Group relative to the
Alt-Pre Group at all retention intervals except for the 22-day interval. A 2 x 2 x 4 ANOVA,
indicated no main effect or interaction involving age (F < 1). There was a highly significant
main effect of Preexposure Condition (F(1,139) = 40.80, p < .001) reflecting an increase in
freezing in the Pre Group versus the Alt-Pre Group as well as a significant Preexposure
Condition x Retention Interval interaction (F(3,139) = 3.172, p = .026). Post hoc Newman-—
Keuls test confirmed that Preexposure group differences were significant at the 1 day, 8 day,
and 15 day retention intervals (all ps < .01). However, this difference was not evident at the
22 day retention interval (p >.39). Thus, retention of the conditioning context appears to be
retained for up to two weeks but not three weeks regardless of when animals were
preexposed (PND 24 vs. PND 31).

The CPFE was replicated [20,36] in the one day retention group but this is the first study to
demonstrate retention of the preexposure memory for 8 and 15 days. At 22 days, this
memory was not retained sufficiently to support the CPFE.

2.5. Experiment 2

In Experiment 1, there were no differences in retention or the context memory when it was
acquired on PND 24 vs. PND 31. It is possible that retention of the context memaory for
longer periods emerges after PND 31 [35]. To test this hypothesis, Experiment 2 assessed
retention of context memory in adult rats at 24 h versus the 22-day interval that yielded
forgetting in juvenile rats. The CPFE procedure used in this experiment was similar to that
used in Experiment 1 and in other studies of adult rats from this laboratory [19].

2.5.1. Methods—Subjects were from 16 litters with 47 rats (23 males, 24 females)
preexposed on PND 52. The rats were assigned to a 2 (Sex: male vs. female) x 2
(Preexposure group: Pre vs. Alt-Pre) x 2 (Retention interval: 1 vs. 22 days) between-group
factorial design as follows: Pre-1 day (8 males, 5 females), Alt Pre-1 day (4 males, 8
females), Pre-22 days (4 males, 7 females) and Alt Pre-22 days (7 males, 4 females).

The apparatus and CPFE procedure in Experiment 2were identical to that of Experiment 1
except that rats were briefly handled for two days prior to the experiment [19]. The design
was the same except that only one age group was examined and there were only two
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retention intervals between preexposure and training: 1 day (replicating the traditional
CPFE) and the longest retention interval used—22 days. Animals in the Pre Group were
exposed to the training context during the Preexposure phase of the experiment and were
then subjected to either a 1 day or a 22 day retention interval before immediate shock
training in that context, while animals in the Alt Pre Group were preexposed to the alternate
context and then subjected to the same retention intervals before training in the same context
as the Pre Group. Twenty-four hours after training all animals underwent a testing session in
the same chamber in which they were trained.

2.5.2. Results—The number of outliers (scores exceeding+/-2 standard deviations from
other animals in their group) removed from each group was as follows: 1 day (0 Pre Group,
1 Alt Pre Group) and 22 days (1 Pre Group, 2 Alt Pre Group). The final group numbers were
as follows: 1 day (13 Pre, 12 Alt-Pre) and 22 days (11 Pre, 11 Alt-Pre).

The results of Experiment 2 appear in Fig. 2. ANOVA indicated no main effect or
interaction involving Sex (all ps > .1), so the data were pooled across this variable and
analyzed via a 2 (Preexposure Condition) x 2 (Retention Interval) ANOVA. The CPFE was
evident at both the 1- and 22-day retention interval. This is indicated by higher freezing
scores in the Pre Group relative to Alt-Pre Group at all retention intervals. There was a
highly significant main effect of Preexposure Condition (F(1,43)=11.21, p = .002) reflecting
an increase in freezing in the Pre Group versus the Alt Pre Group but no significant main or
interaction effects involving retention interval (Fs< 1).

The CPFE in the one day retention group replicates previous studies of adult rats [19,27] and
22-day retention confirms, with our training procedures and parameters, a previous finding
by Rudy and Wright-Hardesty [35]. This finding indicates that long-term retention of
context learning by weanling—juvenile rats in Experiment 1 has not reached durations that
are observed in adult rats.

2.6. Experiment 3

We have previously shown that pups are incapable of performing the CPFE at PND 17
[20,36]. Other labs [14] suggest that pups preexposed on PND 17 acquire the context
memory but are incapable of expressing that memory until at least 1 week later (training on
PND 24 and testing on PND 25). The purpose of Experiment 3 was to see if this same trend
in acquisition/expression can be replicated and, if so, how retention at longer intervals would
compare with juvenile—adolescent rats. In addition, because we employed the multiple
exposure CPFE protocol [12,27], this is the first study to determine if the additional
exposures to the training context could cause the CPFE to be present on PND 17.

2.6.1. Methods—Subjects were from 13 litters with 71 rats (37 males, 34 females)
preexposed on PND 17. The rats were assigned to a 2 (Sex: male vs. female) x 2
(Preexposure group: Pre vs. Alt-Pre) x 3 (Retention interval: 1, 8 or 15 days) between-
groups factorial design as follows: Pre-1 day (5 males, 5 females), Alt Pre-1 day (7males, 3
females), Pre-8 day (6males, 7 females), Alt Pre-8 day (6 males, 6 females), Pre-15 days (6
males, 7 females) and Alt Pre-15 days (7 males, 6 females).
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The apparatus, CPFE procedure, and data analysis in Experiment 3 were identical to that of
Experiment 1 and our previous studies of PND 17 rats [36]. The design was the same except
that only one age group was examined and there were only three retention intervals between
preexposure and training: 1, 8, and 15 days. Animals in the Pre Group were preexposed to
the training context during the Preexposure phase of the experiment and were then subjected
to either a 1, 8, or a 15 day retention interval before immediate shock training in that
context, while rats in the Alt Pre Group were preexposed to the alternate context and then
subjected to the same retention intervals before training in the same context as the Pre
Group. Twenty-four hours after training all animals were returned to the same chamber in
which they were trained for a 5-min testing session.

2.6.2. Results—The number of outliers (scores exceeding +/-2 standard deviations from
other animals in their group) removed from each group were as follows: 1 day (1 Pre Group,
1 Alt Pre Group), 8 days (1 Pre Group, 1 Alt Pre Group) and 15 days (1 Pre Group, 1 Alt Pre
Group). The final group numbers after outliers were removed were as follows: 1 day (11
Pre, 11 Alt- Pre), 8 days (13 Pre, 13 Alt-Pre), and 15 days (13 Pre, 13 Alt-Pre).

The results of Experiment 3 appear in Fig. 3. There was no main effect of sex (F(1,59) =.
229, p = 0.63) but there was a significant sex by Preexposure Condition interaction (F(1,59)
=4.494, p = 0.04) and sex by retention interaction (F(2,59) = 6.281, p = 0.003) both driven
by a higher level of freezing in the male group at the 15 day retention interval. Newman—
Keuls post-hoc analyses revealed that at 15 days, males (M=19.27, SE=4.01) froze
significantly more than both females (M= 6.75, SE=1.37) at this retention interval and males
at the 1 day retention interval (M = 5.02, SE=1.06). Although males at the 15 day retention
froze more overall than these other groups, independent sample t-test (t(11) =-.433, p=.
675) revealed no difference between the male Pre (M = 21.20, SE = 5.94) and male Alt-Pre
(M =17.61, SE =5.79) groups, illustrating a lack of the preexposure effect. Because these
sex effects did not alter the conclusions we are reporting, our subsequent ANOVA collapsed
across this variable in a 2 (Preexposure Condition) x 3 3 (Retention Interval) ANOVA. The
CPFE was not evident at any retention interval. Both Pre and Alt-Pre Groups showed low
and similar levels of freezing at all retention intervals. ANOVA revealed no main effect of
Retention condition (F(2,65) = 2.473, p = .092) or Preexposure group (F(1,65)=1.138, p=.
290) nor was there a Retention x Preexposure interaction (F(2,62) = .965, p = .386).

Contrary to a previous report [14], there was no evidence that the context memory was
encoded on PND 17 and then associated with shock after 8 or 15 days. The failure to
observe the CPFE at the 1-day retention interval extends findings from our previous reports
[20,36] to the multiple-preexposure procedure used in this study.

3. Discussion

The ontogeny of long-term retention of context memory was explored using the context
preexposure facilitation effect (CPFE). Experiment 1 found that juvenile rats preexposed on
PND 24 or PND 31 remember the preexposure context for up to 15 days but not for 22 days.
In Experiment 2, adult rats preexposed on PND 52 were able to retain memory for the
preexposure context after 22 days as evidenced by a strong CPFE at that retention interval.
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Comparable levels of initial CPFE expression at the 1-day retention interval suggests that
forgetting in the younger age groups does not reflect weaker acquisition of the context
memory. Other interpretations are possible because this report does not include a direct
measure of strength of context learning on the preexposure day. However, other studies
suggest that this learning is robust in juvenile rats [33]. Thus, there appear to be ontogenetic
differences in long-term memory of context learning between juvenile and adult rats.
Experiment 3 determined that pre-weanlings were incapable of displaying the CPFE after
any retention intervalwhenpreexposedonPND17.Thismay reflect the absence of conjunctive
encoding the context memory at this age [33] or an inability to retain the memory for 24 h
[20] or for 8 or 15 days (present findings), or to associate the context memory with shock at
any of these retention intervals. The combined results of Experiments 1, 2 and 3 showed that
the ability to acquire the CPFE (based on 24-h context memory) develops between PND 17
and PND 24 whereas the ability to retain the contextual memory beyond 15 days further
develops between PND 31 and PND 52.

Although literature exploring adult rodent retention of long-term contextual memory has
begun to emerge [5,16,17,35], and there is a large literature on infantile amnesia in rodent
models [2,4,8,10,21], studies of the ontogeny of long-term memory of context
representations is limited to mice [1,2]. In Experiment 2, adult rats showed robust freezing
to the context after a 22 day retention between preexposure and training. This is consistent
with reports of context retention for 28 days by Rudy and Wright-Hardesty [34], who used
the same multiple preexposure CPFE procedure used here to examine the retention of
preexposure memory in rats over multiple time intervals. The finding that PND 24 and PND
31 rats acquire and retain context memories, as shown by the traditional CPFE after
retention intervals of 1, 8 and 15 days but not for 22 days (Experiment 1), is consistent with
previous studies of infantile amnesia in the rat [9]. This previous study employed a passive
avoidance paradigm but the contextual component of this task makes the findings relevant to
the present study. Similarly to the juvenile groups in the current study, animals trained on
PND 23 showed retention 7 days after training but they did not show retention 21 days after
training. In contrast, a recent study of standard context fear conditioning (SCFC) in
developing mice showed that adolescents (PND 30) retain SCFC as well as PND 60 mice,
i.e., for up to 28 days following training, while PND 15 mice showed little or no retention
after only 7 days [1]. Thus, PND 30 mice appear to retain SCFC for a longer period than
PND 31 rats were able to retain the incidental learning of context in the present study of the
CPFE. In a recent mouse CPFE study that appeared after the present study was completed,
Akers et al. [2] showed that PND 17 mice retain context memories completely for 1 day,
partially for 7- or 14-days, but not at all at 28 days. Adjusting for differences between rat
and mouse in rate of neurobehavioral development (for comparative modeling, see [11]),
this outcome agrees fairly well with the findings of the present study.

In Experiment 3, pre-weanling rats showed no evidence of context conditioning at the 1 day
retention interval which is consistent with previous reports by our lab [20,36] and with a
study by Rudy and Morledge [33], who demonstrated that preweanling rats could detect
context cues during training but showed no retention of contextual fear 24 h later. Our
experiment utilized a multiple preexposure paradigm which has been shown to increase
freezing to the preexposure context in both juveniles and adults [12,27]. It therefore shows

Physiol Behav. Author manuscript; available in PMC 2016 September 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Robinson-Drummer and Stanton Page 9

that, even with extensive preexposure training, PND 17 rats show no evidence of the CPFE.
Experiment 3 also showed that retention of context memory in PND 17 rats was not
expressed at later retention intervals (8 or 15 days). This fails to replicate an earlier report
that rats preexposed on PND 17 can acquire context— shock associations when immediate-
shock training occurs 8 days later [14]. The basis for the discrepancy between those findings
and the present ones requires further study.

Context fear conditioning requires the encoding of a context representation and that
representation is then associated with the aversive stimulus during training (see [32] for
review). The adolescent groups (PND 24 and PND 31) in the present study are essentially
showing the immediate shock deficit [13] at the 22 day retention but not at the 15 day or
shorter retention intervals. This could occur because the context representation encoded on
the preexposure day has either decayed in strength or can no longer be retrieved (via pattern
completion) and thus can no longer support conditioning to an immediate shock. The
literature on reinstatement of memory in infantile amnesia [22-24,38,39] supports a retrieval
failure mechanism. Our attempts to use reminder treatments to reactivate the preexposure
memory in juvenile rats have thus far been unsuccessful because the reminder treatments
alone can support the CPFE (Robinson-Drummer & Stanton, unpublished observations).
However, the role of decay vs. retrieval is another fruitful direction for future research with
this CPFE paradigm.

The neurobiological basis of infantile amnesia is not known but this has recently become a
topic of renewed interest [2,8,21]. Long-term memory of contextual fear may depend on a
process whereby memory is transformed from being dependent on hippocampus to being
dependent on other cortical structures like the prefrontal cortex [15]. Callaghan et al. [8]
have noted that immaturity of prefrontal cortex may prevent this transfer and impair long-
term memory. The role of the prefrontal cortex in fear conditioning does indeed show
ontogenetic change between PND 18 and PND 25 [25] but the developmental timing of this
role seems to precede the period over which long-term context memories are developing in
the present study. There are also molecular mechanisms of long-term memory that change
over the course of postnatal development. Callaghan et al. [8] argue that the balance
between protein kinases and phosphatases can determine memory retention vs. forgetting.
Calcium2*/calmodulin-dependent protein kinase 11 (CaMKII),which is important for long-
term potentiation (LTP) and experience-dependent plasticity [26], maintains long-term
memory and emerges as the dominant driver of LTP after PND 27 [41]. Here, too, the
developmental profile of this mechanism seems to precede the period after adolescence over
which long-term context memory emerges in the present study.

Finally, there is the recent hypothesis that increased hippocampal neurogenesis could
underlie infantile amnesia [2,21]. Neurogenesis may facilitate subsequently established
memories but may impair previously acquired memories. As neurogenesis in the dentate
gyrus proceeds, input—output connections with new granule cells create competition with
mature granule cells that, in turn, cause structural changes (e.g., dislocation, elimination or
even silencing of synapses) that may preclude the retrieval of previously acquired memories
[18]. Thus memories acquired earlier in ontogeny, when neurogenesis is higher, may be less
persistent than the same memories acquired in adulthood, when neurogenesis has subsided
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to low levels typical of adult neurogenesis. Consistent with this model, Akers et al. [2] have
recently shown that eliminating developmental hippocampal neurogenesis in infant mice
(using GAN-treated TK+ or TMZ injections) made retention more persistent than control
mice after training on both sCFC and the CPFE (context-only memory). In addition,
increasing hippocampal neurogenesis in adult mice after training by exercise (running
wheels), or drugs (memantine or fluoxetine), impaired long-term retention of context fear. In
rats, hippocampal neurogenesis declines with age [3,37] with adult levels of neurogenesis
not observed until after adolescence—the age ranges explored in the current study. It is
therefore plausible that hippocampal neurogenesis could account for the poorer retention of
juvenile— adolescent versus adult rats in this study. If so, disrupting neurogenesis during the
juvenile—adolescent period might increase long-term memory of context exposure to adult
levels (22-28 days).

4. Conclusion

The current study demonstrates that the ability to recall a long-term context memory after a
24-h retention interval develops between PND 17 and PND 24 in rats, where as retention
increases to 15-days in PND 24 and PND 31 rats and is observed for 22 days in adult rats
(PND 52). Infantile amnesia is observed when preexposure is on PND 24 or PND 31 with a
22 day interval between preexposure and training but not at shorter intervals (24 h, 8 or 15
days). Animals preexposed on PND 17 show no retention at any of the tested intervals while
adult rats showed near perfect retention even at the longest, 22-day interval. Although there
are developmental changes that occur in key cortical structures [25] as well as in the
molecular mechanisms [41] that control long-term memory, many of these mechanisms
reach their mature stages too early in ontogeny to account for the memory differences
observed between adolescents and adults in the present study. It is plausible that
developmental increases in hippocampal neurogenesis [2] underlie the effects observed here
and studies exploring this possibility should be pursued in rats.
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HIGHLIGHTS
e Context memory persists in the context preexposure facilitation effect (CPFE).

o Context memory persists for 22 days in adult but for only 15 days in juvenile
rats.

e The CPFE may be useful for studying the neural basis of infantile amnesia.
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Fig. 1.

Panel a.) Schematic of CPFE timeline with preexposure occurring on PD 24 or 31. Panel b.)
Context freezing 24-h after immediate-shock training in animals preexposed to the training
(Pre) or alternate context (Alt-Pre) on PND 24 (top) or PND 31 (middle) either 1, 8, 15 or 22
days before training. Retention of context memory collapsed across preexposure age
(bottom). Asterisks represent results of Newman—Keuls post-hoc analyses of Retention x
Preexposure Condition ANOVA and p < .05.
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Panel a.) Schematic of CPFE timeline with preexposure occurring on PD 52. Panel b.)
Context freezing 24-h after immediate-shock training in animals preexposed to the training
(Pre) or alternate context (Alt-Pre) on PND 52 either 1 or 22 days before training in the
context.
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Panel a.) Schematic of CPFE timeline with preexposure occurring on PD 17. Panel b.)
Failure to obtain the CPFE in rats preexposed on PND 17 and trained 1, 8 or 15 days after
preexposure.
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