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Abstract

Been able to navigate through the environment is essential for every mobile species. Up to date,
it is quite understood how spatial representations are formed, how these representations serve
our everyday memories and what are the brain mechanisms that underlie these processes. Most of
this knowledge has been acquired upon studies in adults while the development of the spatial
memory capability across ontogeny remains less understood. Recent findings have shown that
the brain structures that support spatial cognition, such as the hippocampus, have a protracted
development including a critical period. Yet, the studies conducted to investigate the
developmental trajectory of hippocampal-dependent spatial capabilities are scarce. The present
thesis addresses three open questions regarding the ontogeny of the spatial memory
capability in rats. Study 1 aimed at evaluating the developmental trajectory of spatial memory
by using the object-place recognition task. Study 2 was designed to further understand how
early infant rats use spatial information to drive spatial behavior. Study 3 was designed to unveil
the effect of early spatial experiences in the adult spatial memory capability. Results of Study 1
showed that spatial memory was first expressed during the infantile period as familiarity
preference, while the adult-like expression of the memory (i.e., novelty preference) was
exhibited during the adolescence period without further changes. The object-place recognition
task was unable to validly assess spatial memory capabilities in early infant pups. By using a
simple spatial habituation task, study 2 showed that rats were able to form persistent spatial
representations already during early infancy. Lastly, the results of Study 3 showed that rats
subjected to spatial experiences during infancy had an enhanced spatial memory performance in
adulthood. This enhanced effect was experience-specific, context dependent, restricted to
the infantile period, and it required the occurrence of sleep after the infantile experiences.
Furthermore, infantile spatial experiences increased neuronal activity in the prelimbic (PL) region
of the medial prefrontal cortex, a key area involved in the processing of schema
information. Three major conclusions can be drawn from the present thesis. First, rats are able to
form spatial representations and use it to drive behavior from early infancy. Second, the expression

of spatial memory is dynamic and change across ontogeny and third, the adult spatial capability

is built upon early spatial experiences.



Synopsis

1 Introduction

1.1 Spatial memory in adulthood

Remember important locations, such as where to find shelter and food, is among the most
fundamental of our cognitive capacities. Over a century of behavioral and brain research on spatial
navigation in humans and animals has greatly increased the understanding of this cognitive
capacity in adulthood. At the brain level, it has been well established that spatial representations
are supported by the hippocampus and related limbic areas (O’keefe et al., 1998; Maguire et al.,
1999; Moser et al., 2015). At the behavioral level, a great number of tasks have been developed to
uncover the relevant spatial features that govern the capacity to navigate through space (Paul et

al., 2009; Vorhees and Williams, 2014).

1.1.1 Allocentric and egocentric spatial representations

From a cognitive point of view, there are at least two distinct types of navigation;
egocentric and allocentric. Egocentric navigation is characterized by the ability to navigate using
proximal cues related to the self like turns (e.g., left-right) or signposts. The allocentric navigation
employs elements in the environment regardless of the own position. It is the ability to recall and
recognize landmarks (e.g., distal cues) to finally be able to create mental maps of the surrounding
environment (Burguess et al., 2002; 2006). Allocentric spatial representations are strongly
supported by the hippocampus while egocentric representations are not (Morris et al., 1982;
Eichenbaum et al., 1990; Packard and McGaugh, 1996). This was nicely observed in an experiment
using the Morris water maze task in rats. In the study, rats were trained to navigate in a pool to
find a platform that allowed them to escape from the water. Rats that relied on distal cues (i.e.,
allocentric navigation) could not find the platform after receiving a lesion in the hippocampus,
while rats that relied on proximal cues were not affected (Morris et al., 1982; Eichenbaum et al.,
1990). Similar results were found by using other spatial tasks such as the spatial recognition tasks

and the T-maze (Barker and Warburton, 2011; Pckard and McGaugh, 1996).
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1.1.2 Spatial memory as an episodic memory component

The representation of the space is a fundamental pillar of episodic memory. Episodic
memory is the memory for personally experienced events, it contains information about what
happened, where and when (Tulving, 1993; Eichenbaum and Cohen, 2001). Although it was first
thought of as a type of memory proper to humans, later studies revealed that this memory is also
present in non-human animals and it depends on the intact hippocampal function (Clayton and
Dickinson, 1998; DeVito and Eichenbaum, 2010; Allen and Fortin, 2013). In the rat model, the
item (“what”), the spatial (“where”) and the temporal (“when”) component of the episodic-like
memory can be individually evaluated by using variations of the object recognition paradigm
(Eacott and Norman, 2004; Kart-Teke et al., 2005; Dere et al., 2006). Object recognition tasks
exploit the natural tendency of adult rodents to explore novelty (Berlyne, 1950; Dix and Aggleton,
1999). As a great advantage, recognition tasks prescind from elements associated with other
memory systems such as reward training or exposition to appetitive/aversive stimulus like a pool

full of water or electric shocks.

The object-place recognition (OPR) task has been used to study the spatial component of the
episodic-like memory (Inostroza et al., 2013). It consists of an encoding phase during which the
animal can explore two objects in an arena. After a retention interval, the animal return to the same
arena where one of the objects has been displaced to a new location. Spatial memory is inferred
from the increased exploration toward the object in the novel location (Ennaceur and Meliani,
1992). It has been shown that the expression of the immediate-early gene c-fos (used as a marker
for neuronal activity) in the dorsal hippocampus of the rat increases and positively correlates with
the OPR memory performance (Mendez et al., 2015). Moreover, it has been shown that the OPR
memory requires an intact hippocampus and post-encoding sleep for its consolidation (Barker and
Warburton, 2011; Inostroza et al., 2013; Sawangjit et al., 2018). Other variations of the object
recognition task that integrate contextual or temporal information also rely on the intact
hippocampus, while the item related information does not (Langston and Wood, 2010; Barker and

Warburton, 2011; 2020; but see Sawangjit et al., 2018).
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1.1.3 The hippocampal role in episodic memory consolidation and spatial representations

The memory consolidation process explains how memories are transferred from short-term
to long-term storage. This process occurs at a synaptic level within the first minutes to hours after
learning, and at a system level which takes much longer and involves the reorganization of the
brain circuits that support memory (Dudai, 2004). There are several memory systems in the brain
that can be distinguished according to the different kinds of information they process and its
associated brain structures (White and McDonals, 2002; Squire, 2004; Dudai 2004; 2012). The
hippocampal system supports the consolidation of declarative memories (Eichenbaum, 2000).
Declarative memories can be separated into two types; semantic (memories for general knowledge

or schemas) and the already mentioned episodic memory (Eichenbaum and Cohen, 2001).

The standard theory of memory system consolidation states that episodic memories first depend
on the hippocampal function but with time, these memories are transformed into a schema-like
representation that prescinds from contextual details. The schema or gist representation is
transferred to neocortical structures such as the medial prefrontal cortex (mPFC) which is thought
to work as long-term storage (Winocur and Moscovitch, 2011; Sekeres et al., 2018). The memory
transformation process depends on repeated explicit retrievals of the experience (e.g., being
exposed to several recall phases or to similar experiences) or implicit retrievals (e.g., memory
replay during sleep) from which the schema derivates (Born and Wilhelm, 2012; Dudai et al.,
2015). Ample evidence has shown that post-encoding sleep does not simply strengthen
representations but qualitatively transform memories in a way that enhances specific gist aspects

(Diekelman and Born, 2010; Inostroza and Born, 2013; Klinzing et al., 2019).

The hippocampus and the neocortex interact to serve the system consolidation via multiple
pathways that support the bidirectional exchange of information. The prelimbic (PL) region of the
mPFC, hippocampal areas (e.g., CAl, CA3 and DG), perirhinal cortex (PRC), the lateral entorhinal
cortex (LEC), and the reunions nucleus of the thalamus (RE) form part of those pathways
(Eichenbaum, 2017). Several lines of evidence indicate that the hippocampus and the medial
prefrontal cortex have a complementary role in the processing of episodic information. The
hippocampus is crucial for organizing memories within a spatial and temporal context, while the
mPFC plays a fundamental role in the retrieval of context-appropriate memories (Schieller et al.,

2015; Ekstrom and Ranganath, 2017; Eichenbaum, 2017).
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But how the hippocampus is able to organize the memories within a spatial context? More than 50
years of research have supported the view that the hippocampus and neighboring areas hold the
brain representation of space via various spatially-modulated cells. O’keefe and Nadel (1978)
showed cells in the hippocampus that fired preferentially when the animals are in a specific spatial
location, the place cells. Thereafter, Moser and colleagues discovered cells in the entorhinal cortex
that fire in a continually repeating hexagonal grid of fields across the surface of an animal’s
environment, the grid cells (Hafting et al., 2005). In addition to the place and grid cells, many other
cell types have been discovered, such as head-direction and border cells, that form part of the
neural system supporting spatial representations in the adult brain (Grieves and Jeffery, 2016;

Moser et al., 2017).

In conclusion, nowadays it is quite understood which are the spatial features that the animal use to
drive spatial navigation, how the spatial representations are transformed to serve episodic
memories, and what are the brain mechanisms supporting these processes. However, all this
knowledge has been acquired based on adult cognition. Less is known about how the spatial
cognitive capacity change across ontogeny. In the following sections, relevant findings in the field
of spatial memory development in humans and rodents will be presented, preceded by a brief

description of the similarities between human and rat developmental milestones.

1.2 Comparison between rats and human development

Although the developmental time scale of the human differs from the rat, they share
behavioral and neurodevelopmental milestones that allow comparing maturational stages (Semple
et al., 2013; Sengupta, 2013). In the rat, the brain growth spurt peaks at post-natal day (PD) 8 and
continues until the second post-natal week, corresponding to the early infancy of the human (from
birth to 2-3 years) (Watson et al., 2006). By the end of the third post-natal week and the beginning
of the fourth, there is a peak in synaptic density, myelination rate, and several changes in
neurotransmitters and neuroreceptors, that in the human occurs by the end of infancy period (2-3
years). Around PD25-35 there is a peak in gray matter and cortical thickness that can be observed
in the early childhood of the human (4-11 years), accompanied by an increase in sociability and

the development of the inhibitory control (Tsujimoto, 2008). Between PD35 and PD48 the rat’s
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brain exhibits a reduction in synaptic density and the adolescence-type behaviors (e.g., high-risk
behaviors) emerge together with the sexual maturity. In the human, this period corresponds to 12-
18 years old. By ~PD84 rats already exhibit adult-like characteristics in terms of brain size and
behavior similar to ~20 years in humans (Semple et al., 2013). Based on above and according to
the developmental trajectory of the hippocampus and its function in memory processes (see
below), the different developmental stages of the rat will be referred to as; early infancy (PD15-
PD16), infancy (PD17-PD24), early-childhood (PD25-PD31), peri-adolescence (PD31-PD37),
adolescence (PD38 and PD48) and young adulthood (~PD84).

1.3 Spatial memory in early life
1.3.1 The emergence of allocentric and egocentric spatial representations

Behaviorally, newborns have a rudimentary capacity to keep track and compensate for their
own movements in space from very early in life, which improves dramatically with the
development of locomotion (Loewen et al., 2005; Loureco and Frick, 2014). Different forms of
spatial navigation are already present in the rat pup about PD13-15, which is temporally close to
the eyes opening. Locomotion and explorative behavior increase progressively through PD21, age
when pups do not rely on the mother for survival, also known as the weaning day (Tan et al., 2017).
The capacity to navigate the environment based on spatial representations change across
development (Lourenco and Frick, 2013). Studies in rodents and humans have suggested that
egocentric based navigation emerge earlier than allocentric navigation (Rudy et al, 1987; Brown

et al., 2000; Akers et al., 2007; Ribordy et al., 2013; Ribordy Lambert et al., 2015).

In humans, the ability to navigate using allocentric information is present by 3 years of life which
continues to develop in an experience-dependent manner (Ribordy et al., 2013; Fernandez-Baizan
etal., 2019; Newcombe, 2019). Similarly, the capability to form allocentric spatial representations
in rodents emerges around PD20-21 when the spatially-modulated cells become functional and
continue developing until reaching the adult-like function in the adolescent period (Tan et al.,
2017). The spatially-modulated cells mature along different temporal trajectories. Head-direction
cells emerge first around PD12, even before the eyes opening (Langston et al., 2010; Tan et al.,

2015). Although the internal dynamics of the cell firing are adult-like at PD12 (Basset et al., 2018),
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the stability and reliability of the directional signal of the head-direction cells improve dramatically
after the eyes are open, reaching the adult level during early infancy (Tan et al., 2015). Place cells
emerge later around PD15 with a spatial accuracy restricted to the borders, which is extended to
the entire environment after weaning (Muessig et al., 2015). Place cells continue developing until
reaching the adult-like spatial precision during adolescence (Scott et al., 2011). Grid cells emerge
last around the age of weaning and rapidly reach the adult level (Wills et al., 2010). Importantly,
place and grid cells are thought to hold the allocentric spatial representations in the adult brain (Jin
et al., 2020), and coincidentally are the last ones to reach the adult-like functioning in the rat’s
ontogeny at around PD38. Thus, the delayed adult-like appearance of the place and grid cells have
served as a possible explanation for the delayed emergence of allocentric representations (Tan et

al., 2017).

1.3.2 The infantile episodic memory

It is well established in adults that the hippocampus plays a role in recognition memory
when such memory has a spatial or a temporal component (Barker & Warburton, 2011; Mendez
et al., 2015). Whereas the item component, usually evaluated with the novel-object recognition
task, is processed mainly by the perirhinal cortex (Barker and Warburton, 2011). In the rat’s
ontogeny, the item and place components of the episodic-like memory emerge at different time
points. The ability to encode the item information emerges first around PD17 (Jablonski et al.,
2013; Westbrook et al., 2014), followed by the ability to associate an item identity with the context
where it was presented (Ramsaran et al., 2016). The place component emerges later around PD21
when rats can recognize whether an object has been displaced or not (Westbrook et al., 2014). At
PD30, rats can associate an item’s identity with its location by remembering precisely which object
has been in which location (Ainge and Langston, 2012). Importantly, the capacity to consolidate
spatial and contextual information emerges much later than the capacity to merely encode it
(Carman et al.,2001; Akers et al., 2012; Westbrook, et al 2014; Ramsaran et al., 2016). It is thought
that the distinct trajectory of the capacity to process item and place information underlies the
extended maturation of different hippocampal circuits (Lavenex et al., 2007; Donato et al., 2017).
The complete maturation of the hippocampus and its circuits has been associated with the
emergence of episodic memory which occurs after the infantile period (Newcombe et al., 2007;

Lavenex and Banta Lavenex, 2013; Gomez and Edgin, 2015).
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The shared impression of being unable to recall episodic memories from early life has intrigued
psychologists for decades (Freud, 1953; Bauer, 2006; 2007). The concepts of infantile and
childhood amnesia respectively denote the observation that experiences from the first 3 years of
life are largely forgotten, and memories from the years 3—8 are sparse (Howe, 2019). Theories
from psychology associated these phenomena with the development of complex cognitive
processes such as the self-concept, language, and the theory of mind (Nelson and Fivush, 2004).
However, recent studies revealed that the apparent inability to form long-term memories based on
early life events does also occur in rodents (Akers et al., 2012; Josselyn and Frankland, 2012;
Alberini and Travaglia, 2017). Impressively, these studies in rodents have shown that episodic
memories from early life are actually not totally forgotten, as they can be recovered with the
presence of a reminder or by reactivating the hippocampal engrams involved in its encoding during
infancy (Travaglia et al., 2016; Guskjolen et al., 2016; 2018). Thus, instead of being forgotten,
infantile episodic memories are store as a latent memory trace until circumstances are suitable for

its manifestation (Alberini and Travaglia, 2017).

1.3.3 The development of the hippocampus and the effect of early life experiences

The inability to recollect episodic memories from early life stands in stark contrast with
the influence that these events have in adulthood. It has been shown in human and animal studies
that early experiences have a tremendous impact on brain development and adult behavior (Tang,
2001; Hensch, 2005; Hofer et al., 2006; Lupien et al., 2009; Zeanah et al., 2009; Perry and Sullivan,
2014). There are specific time windows during early-life when the brain’s plasticity is maximal
and if sensory experience is abnormal or absent, it can impair sensory representations or be nearly
impossible to learn certain skills later in life (Cisnero-Franco et al., 2020). Those developmental

time windows are known as critical periods.

During infancy, the hippocampus undergoes a developmental critical period similar to those
implicated in the development of vision, language learning, and familial imprinting (Lorenz, 1935;
Wiesel and Hubel, 1963; Kuhl, 2004; Alberini and Travaglia, 2017). Hippocampal circuits mature
late compared with other cortical areas, with distinct regions maturing at different rates (Lavenex
et al., 2007; Donato et al., 2017; Gomez and Edgin, 2016). The infantile hippocampus is
characterized by distinct conditions of synaptic plasticity, increased neurogenesis and experience-

dependent functional maturation (Mullally and Maguire, 2014; Travaglia et al., 2016; Alberini and
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Travaglia, 2017; Bessieres et al., 2020). These distinct conditions are thought to underlie the
paradoxical observation that early experiences that seem to be forgotten have long lasting
influences on adult behavior (Mullally and Maguire, 2014; Travaglia et al., 2016; Alberini and
Travaglia, 2017; Bessieres et al., 2020).

1.4 Research questions

Over a century of behavioral and brain research on spatial navigation in humans and
animals has greatly increased the understanding of this cognitive capacity. Summarizing what was
mentioned above, there are at least two types of navigations, egocentric (based on proximal cues)
and allocentric (based on distal cues). Spatial memory, specially allocentric representations are
considered a fundamental component of episodic memory. In rats, the spatial component of the
episodic-like memory can be evaluated by using the OPR task, which has been shown to be
hippocampal-dependent. The hippocampal role in the system consolidation of episodic memories
(i.e., long-term storage) is to organize the episodic information within a spatial and temporal
context. All this knowledge about spatial cognition has derived from studies conducted in adults.
Much less is known about the spatial capability across ontogeny, specifically from infancy to

adulthood.

Developmental studies have shown that the spatial capability change across ontogeny. The
accepted view is that an immature form of spatial cognition is present during early infancy and
progressively evolve until reaching an adult-like functioning. The evaluation of the spatial
component of the episodic-like memory across ontogeny is scarce. The studies done using the
object-place recognition task were restricted to early developmental stages (e.g., infancy or early-
childhood) (Westbrook et al., 2014; Travaglia et al., 2018) or they used short retention intervals
(Kriiger et al., 2012). Therefore, how do rats form a persistent one-trial spatial memory across
ontogeny and when do they exhibit an adult-like performance remain elusive. On the other hand,
the inability of infantile rats to form long-term spatial and episodic memories has been attributed
to the distinct condition of the hippocampus during infancy. Despite the evidence showing that the
hippocampus undergoes a developmental critical period during infancy, no studies have been
conducted to unveil the impact that infantile hippocampal-dependent spatial experiences exert on

the adult spatial memory capability.
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In light of the protracted development of the hippocampus and the hippocampal functions, the
present thesis aims to study the ontogeny of the spatial memory capability across ontogeny, from

infancy to adulthood, and the impact that infantile spatial experiences exert on adult behavior.

2 Summary study 1

Study 1 was designed to elucidate the ontogeny of the spatial memory capability in rats by
using the object-place recognition (OPR) task at different post-natal ages, i.e., early infancy
(PD15), infancy (PD18), early-childhood (PD25), peri-adolescence (PD31), adolescence (PD38
and P48), and young adulthood (PD84). The encoding phase of the OPR task comprised 5-min
during which rats could explore two objects. After a retention interval of 3 hours, rats were returned
to the arena for a 5-min recall test. This time, one of the objects was placed in a novel location. 3
h of retention interval were used to evaluate a persistent spatial memory. Memory was quantified
through an object-location discrimination index. A positive discrimination index denotes an
exploration preference for novelty whereas a negative discrimination index denotes a preference
for familiarity. Other behavioral measurements were used as complementary data, e.g., time spent

in different arena zones, distance travelled, object latency, and total object exploration.

Results showed that rats at PD18 and PD25 exhibited a significant preference for the object at the
familiar location. The PD31 group showed a null preference while the remaining groups (PD38,
PD48 and PD84) showed a significant preference for the object at the novel location (Fig. 2,
appended paper 1). Because young rats, particularly in the early infancy age (PD15), did not show
full-blown object exploration (Fig. 3A, appended paper 1), we investigated whether a
discrimination index based on the time spent in the zone of the arena containing either the familiar
or novel object-location might be more sensitive to reflect object-location memory than the actual
object exploration. This analysis was restricted to the younger groups PD15, PD18, PD25 and
PD31. Rats at PD15 showed no preference for either zone. Consistently with the familiarity
preference observed in the exploration towards the objects, PD18 and PD25 groups spent more
time in the zone corresponding to the familiar object-location. Interestingly, the PD31 group also
exhibited a preference for the zone that contained the familiar object-location (Fig. 4, appended

paper 1). Further analyses were performed to examine whether pups at PD15 displaced any form
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of memory-based navigation in the arena (Fig. 5, appended paper 1). Results showed no sign of

memory-based navigation.

In conclusion, the data of Study 1 indicate that rats from infancy (PD18) and onwards are capable
of forming a persistent spatial memory. Interestingly, this memory was initially expressed as
preferential exploration for the object at the familiar location. This expression gradually changed
in the course of development to a null preference in PD31 and later to a novel location preference
that started at PD38 and continued until young adulthood. We did not find any behavioral sign of
spatial memory capability before PD18 when using the OPR task. Since PD15 rats did not explore
the objects, remains unclear whether early infant rats are unable to navigate based on persistent

spatial memory or simply the OPR task is not suitable to test this capability in early infant rat pups.

3  Summary study 2

In study 1 it was shown that rats did not explore the objects long enough to test spatial
memory with the OPR task before PD18. This makes such object-based tasks unreliable for testing
spatial capabilities before this age. Study 2 was designed to evaluate whether early infant pups can

use spatial memory to navigate by using a simple spatial habituation task.

Habituation is a basic form of learning which describes the progressive decrease of the behavior
due to the repeated exposure to a stimulus (Domjan, 2002). The spatial habituation task relies on
the pup’s capability to navigate the environment through locomotion. The task was conducted on
PD16 and consisted of two habituation sessions in which pups were placed in an arena with the
same spatial configuration each time. After ~140 minutes, rats were returned to the arena but with
different spatial conditions depending on the group. The No-change group was returned to exactly
the same spatial environment (i.e., with the same proximal and distal cues), while a Prox-Dist
group was returned to a different spatial environment (i.e., with different proximal and distal cues
configurations). Two further groups were used to disentangle the contribution of proximal and

distal cues in the memory-based navigation (Fig. 1A, appended paper 2).

The results showed that the locomotor activity (i.e., distance travelled in the arena) significantly

decrease from the first to the second habituation session, meaning that all rats were able to
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habituate to the spatial environment equally. At the test trial, No-change group showed a further
decrease in locomotion, while Prox-Dist group increased the locomotion. The group that returned
to an environment that only differed in the proximal cues (i.e., Prox group) also showed an increase
in locomotion compared to the group that returned to the no-changed environment. On the other
hand, the group that was returned to an environment with novel distal cues (i.e., Dist group)

behaved similarly to the group that returned to the no-changed environment (Fig. 1C-D, appended
paper 2).

In conclusion, Study 2 showed that early infant rats are indeed capable of forming a persistent

spatial memory that mainly relied on proximal cues to drive spatial navigation.

4 Summary study 3

Study 3 was designed to investigate how early spatial experiences during the hippocampal
critical period (i.e., infancy) affect the adult spatial capability. This study explored whether the
effect of infantile spatial experiences was context specific, restricted to a particular developmental
period, and sleep dependent. Additionally, the brain areas relevant for the consolidation of episodic

and spatial memories were evaluated by measuring the c-fos activity in the adult brain.

To induce spatial experiences during infancy, the rats of the group Spatial-experience were
exposed to the OPR task for 4 days during infancy (at PD18, PD20, PD22 and PD24). A control
group of rats was exposed to a non-spatial (hippocampal-independent) task during infancy by only
changing the kind of one of the two objects instead of changing its spatial configuration. An
additional No-experience group did not undergo any manipulation during infancy. To evaluate the
adult capability to form spatial representations, all groups were tested in the OPR task at ~PD84.
3 hours delay between encoding and retrieval was used to assess a persistent spatial memory
capability. The object-location discrimination index was used to quantify spatial memory. 90 min
after the adult OPR retrieval test the rat’s brains were removed and processed for c-fos

quantification and analysis.

Results showed that, in the adult OPR retrieval test, only the Spatial-experience group showed an

enhanced spatial memory that was significantly better than the two control groups (i.e., Non-spatial
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experience and No-experience groups) (Fig. 1B, appended paper 3). This enhanced performance
was consistent across the 5-min of the adult retrieval test (Fig. S2, appended paper 3), which
contrasted with the transitory memory expression of the No-experience group that was restricted
to the 2" and 3" minute of the retrieval test. The Non-spatial experience group showed no memory.
At the brain level, the Spatial-experience group showed increased c-fos activity in the PL region
of the mPFC and a decreased activity in posterior areas such as the parietal and perirhinal cortex,
and the reunions nucleus of the thalamus. No differences were found in hippocampal areas (Fig.

2B, appended paper 3).

We further asked whether the enhanced spatial memory capability observed in the Spatial-
experience group resulted from the episodic representation of the discrete spatial events that
persisted into adulthood. To answer this question, we tested a Long-term OPR group that
underwent a single OPR encoding phase at PD24 and the retrieval test in adulthood. Results
showed that at this remote retrieval test rats performed at chance level and significantly different
from the Spatial-experience group during the first minute of the test phase. Curiously, analysis of
the entire 5 minutes retrieval test revealed that starting from 2" minute, rats displayed a significant

preference for the object in the familiar location (Fig 1C and Fig. S3, appended paper 3).

Next, we hypothesized that the beneficial effect might have been driven by a schema-like
representation constructed upon the early spatial experiences. Because a schema-like
representation is in theory context independent, we performed a group of rats that followed the
same infantile conditions as the Spatial-experience group but in the adulthood, the OPR test was
performed in a completely different context. The results showed that this context-change group
was incapable of forming a stable spatial representation. The context-change group’s performance
was significantly worse than the Spatial-experience group which did not undergo contextual

change (Fig 1C, appended paper 3).

In light of the hippocampal critical period, we wondered whether infancy was a period of special
sensitivity to spatial experiences. To answer this question, the effect of early spatial experiences
was tested at two further ages i.e., Early-childhood (PD25 to PD31) and Adolescence (PD48 to
PD54) followed by the same OPR test in adulthood. No differences were found between the Early-
childhood and Adolescence group in the adult OPR test. Actually, their performance was
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indistinguishable from the No-experience control group, showing a transitory memory expression
at the 3™ minute of the retrieval test. Furthermore, their performance was significantly worse than
the Spatial-experience group which was subjected to spatial experiences during the infantile period

(Fig. 4A, appended paper 3).

Finally, we asked whether the beneficial effect of early spatial experiences depends on the
occurrence of sleep after the infantile experiences. To answer this question, a group of rats was
exposed to spatial experiences during infancy followed by 90 minutes of sleep deprivation. As for
the other groups, the sleep-deprivation group was tested on adulthood in the OPR task. Sleep
deprived rats did not profit from the infantile spatial experiences. Additionally, we evaluated the
c-fos activity after the adult retrieval test. The results revealed a decreased activity in the PL region
compared with the Spatial-experience group, while hippocampal activity remained unchanged

(Fig. 4B, appended paper 3).

In conclusion, this series of experiments revealed that the exposure to discrete changes in spatial
configurations during infancy strongly affects the adult capability to form a persistent spatial
memory, while a single spatial episode itself is not retrievable. This effect is context-dependent,
restricted to the infantile period and also depended on the occurrence of sleep after the infantile
spatial experience. Furthermore, results from the c-fos activity suggest that the effects of infantile

spatial experiences might reside in the PL rather than in hippocampal areas.

5 Discussion

5.1 Changes in memory expression across ontogeny

In study 1 we evaluated the developmental trajectory of spatial memory capabilities by
using the object-place recognition (OPR) task at different post-natal days. Results showed that
PD18 was the earliest age when pups showed a memory driven spatial navigation which was
expressed as a preferential exploration towards the object in the familiar location. Also, we found
that the expression of the spatial memory progressively changed until it reaches the regular novelty
preference at PD38 without further changes in development. Interestingly, the age of PD38

coincides with the time when both, the hippocampus and the brain machinery involved in the
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formation of allocentric spatial representations such as place and grid cells are adult-like (Ainge

and Langston, 2012; Wills et al., 2013; Tan et al., 2017).

Few studies have also investigated when the OPR memory emerges in rodents. The earliest
memory expression found using a comparable retention interval was at PD24 in rats (Westbrook
et al., 2014; Travaglia et al., 2018), 6 days later than the age found in study 1. When using shorter
retention intervals (1 to 10 min), the emergence of spatial recognition memory in rats also variates
between studies, the earliest being found at PD16 (Kriiger et al., 2012; Jablonski 2013; Westbrook
et al 2014). The high variability in terms of experimental design, rodent species, strain,
arena/object types, behavioral analyses, habituation sessions and retention intervals, could explain
the differences in the post-natal day when this capability first emerge (Cruz-Sanchez et al 2020).
Although the present study and studies from other labs share some procedural differences, none of

the previous studies have found familiarity preference as it was found here on PD18 and PD25.

What could drive a familiarity preference? An intuitive answer would be that our younger rats had
greater levels of anxiety, as some studies showed that younger rats require longer habituation
sessions than adult rats (Feigley et al 1972; File, 1978). This hypothesis was ruled out by analyzing
behavioral indicators of anxiety (i.e., the proportion of time the animals spent in the center of the
arena vs near to the border during the retrieval phase). Results revealed comparable values for the
younger (PD18 and PD25) and the oldest groups (PD84 which expressed novelty preference).
Moreover, study 1 stands out for the increased handling and habituation sessions (known to reduce
stress) compared to other studies that have found novelty preference in the OPR task at similar
ages (Cruz-Sanchez et al., 2020). That is why it seems rather improbable that the familiarity

preference observed in study 1 was driven by anxiety.

Unlike rodent studies, the developmental shift in the exploratory preference from familiarity to
novelty is a well-known phenomenon in human literature (Rose et al., 1982; Houston-Price and
Nakai, 2004; Perone and Spence, 2013). Human infants are more likely to prefer a familiar
stimulus earlier in life when they have had insufficient familiarization (Richmond et al, 2014),
when the stimulus is complex rather than simple (Hunter and Ames, 1988), when the task involves
cross-modal transfer of information (Wagner and Sakovits, 1986) or when the stimulus belongs to

a conceptually relevant category (Border et al., 2002). Based on that, it has been proposed that
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familiarity preference in early life is due to a weaker or incomplete representation of the familiar
stimulus that promotes further exploration until it is sufficiently strong to move on to the novel
stimulus (Shinskey and Munakata 2005, 2010). It is tempting to speculate that similar phenomena
might have driven the familiarity preference observed in the PD18 and PD25 groups. If that is the
case, then why PD18 and PD25 rat pups formed an incomplete spatial representation? A possible
answer for this question might reside in the slower development of the allocentric system in the

rat.

It has been proposed that spatial navigation based on egocentric representations emerges earlier
than allocentric (Siegel and White, 1975). Studies in the Morris water maze have helped to further
understand the determinants of egocentric and allocentric navigation in infant rats. It was shown
that infant rats were first able to find the platform using proximal cues, but only a couple of days
later, pups were able to find the platform based on distal cues (Akers et al., 2007; Rudy et al, 1987;
Brown et al., 2000). However, Carman and Mactutus (2001) found that allocentric spatial
navigation can also be found earlier (at PD17) when the size of the pool was adjusted to the pup’s
size (Carman and Mactutus, 2001). This evidence tells us that rat pups can navigate based on
allocentric information as young as they do using egocentric information and that the capacity to

express early allocentric learning is sensitive to the test conditions such as the size of the pool.

On the other hand, it has been shown that the full capacity to navigate using allocentric reference
continues developing after its emergence. This was demonstrated in rats by using two variants of
the allocentric version of the Morris water maze. Rats pups were trained to find the hidden platform
in a precise location in the pool (regardless of the room position) or in a precise location in the
room (regardless of the pool position). The last variant supposes an extra allocentric difficulty
since rats cannot rely on the spatial relationship between the platform and the inner-pool distances
to drive navigation. Results showed that pups at PD20 were able to find the platform in the precise
pool location, but do not in the room location, which only emerged later at PD27 (Akers et al.,
2009). In agreement with the progressive development of the allocentric spatial representation
observed in rats, studies in human infants have shown that a rudimentary form of allocentric
representation emerges within the first year of life although it is not as strong as it becomes later

(Newcombe 2019).

24



The above paragraphs tell us that both representational systems, egocentric and allocentric, might
develop in parallel (Burges, 2006), and that the allocentric system continues developing
presumably until PD38 (Ainge and Langston, 2012; Wills et al., 2013; Tan et al., 2017). Unlike
previous developmental studies in the OPR task, study 1 thought to promote allocentric navigation
by introducing the rat to the arena from different places and by prescinding from proximal cues
inside the arena (Whishaw et al., 1986; Langston and Wood, 2010). Thus, it is reasonable to think
that rats pups at PD18 or PD25 formed an incomplete allocentric spatial representation because
the allocentric system on which pups relied to perform the OPR task was still under maturation
(Shinskey and Munakata 2005, 2010; Ainge and Langstone, 2010; Wills et al., 2013; Tang et al.,
2017). It would be interesting to test whether by allowing longer periods of encoding or by
providing proximal cues inside the arena, pups would be able to form a complete spatial

representation and therefore show novelty preference.

Another plausible explanation for the familiarity preference might be related to the observation
that infant rats cannot form long-term memories based on a single trial (Akers et al., 2014;
Guskjolen et al., 2017; Alberini and Travaglia 2018; Bessieres et al., 2020). In this context, rather
than an incomplete representation, rats could have formed a full allocentric representation, but
after 3 hours, some information was lost encouraging the animals to further explore the familiar
object-location. We ruled out this hypothesis by performing an extra group of rats at PD18 which
was subjected to exactly the same OPR task but with a shorter retention interval of only 5 minutes.
The data confirmed previous results. Rats showed preferential exploration toward the object in the
familiar location. This evidence discarded post-encoding forgetting as an explanation of the

familiarity preference.

An intriguing finding is the null preference expressed by the group tested on PD31. Interleaving
periods of memory expression have also been found in human developmental studies (Koski et al.,
2004; Richmond and Power, 2014;). In the case of study 1, rather than a random preference, the
PD31 group stands out by an increased variability, including animals with a high preference for
novelty while others for familiarity. Supporting this idea, further analysis of the time spent in
different zones of the arena revealed that that rats at PD31 preferred to stay longer periods in the

zone containing the object in the familiar location. Thus, the high variability observed in the PD31
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group’s performance could speak for conflicting preferences among the group where the null

preference reflects an artifact of grouping data rather than a lack of memory (Roder et al, 2000).

Another important finding was that early infant pups did not fulfill the minimum object exploration
required to evaluate memory with the OPR task. As an alternative, we explored the time the rats
spend in different zones of the arena instead of just looking at the object exploration. These
analyses did not evidence any sign of memory-based spatial navigation in early infant pups.
However, being unable to find a behavioral expression of spatial memory in PD15 rats does not
exclude the possibility that these younger rats are indeed capable of forming spatial

representations.

5.2 A behavioral test for a memory-based spatial navigation in early
infant rats.

By using a simple spatial habituation task, study 2 revealed that early infant rats are indeed
capable of forming a spatial representation that lasted for at least ~140 min. This conclusion is
inferred from the fact that rats exposed to the same spatial environment showed a decrease in
locomotion (i.e., decrease in the distance travelled in the arena), while rats that returned to a novel
environment showed an increase in locomotion. In combination, these results indicate that early
infant rats formed a spatial representation that was used to differentially regulate exploratory

behavior in a familiar versus a novel spatial environment.

To my knowledge, this is the first experiment showing that rats at PD16 are able to navigate based
on a persistent (~140 min) spatial memory, contradicting previous findings claiming that young
rats are able to encode, but unable to retain for a long time the contextual or spatial information
(Akers et al., 2012; Westbrook et al 2014; Travaglia et al 2018; Sanders et al., 2020). This speaks
in favor of the idea that being able to observe and evaluate spatial capabilities across development
critically depends on the task conditions and the pup’s behavioral repertoire (Carman et al., 2001;
2003). This idea is also extended to developmental studies in humans (Jones et al., 2011; Edgin et

al., 2019).

Furthermore, study 2 shows that the increased locomotion in a novel spatial configuration relies

mainly on proximal and does not necessarily on distal cues. These results suggest that, when
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available, proximal cues will primarily drive spatial navigation during early infancy (Siegel and
White, 1975; Rudy et al, 1987; Brown et al., 2000; Akers et al., 2007) which agrees with the classic
idea that egocentric navigation emerges earlier than the allocentric (Piaget and Inhelder, 1956).
However, our results do not exclude the possibility that infant pups are able to process distal
information. Actually, work from Ramsaran and colleagues (2016) showed that early infant pups
were able to encode objects-context association including information about distal cues (Ramsaran
et al., 2016) supporting the idea that pups are able to process allocentric spatial information from

early on.

5.3 The effect of early spatial experiences on adulthood.

About 70 years ago Piaget postulated that the representation of space, as many other
cognitive processes, is build up upon the active interaction between the subject and its environment
(Piaget and Inhelder, 1956). Results of study 3 support Piaget’s premise by showing that discrete
spatial experiences (such as being exposed to an object that was changed from its location) during

infancy builds the adult spatial capability.

Precisely, we showed that being exposed to spatial experiences during infancy, which is known to
be hippocampal dependent, strongly enhanced the adult spatial capability while infantile non-
spatial experiences (or non-hippocampal dependent) did not produce such enhancement. In
agreement, recent findings have shown that hippocampal dependent learning experiences during
infancy biologically mature the hippocampus by producing unique molecular, cellular, and
synaptic maturational changes, while non-hippocampal dependent learning did not produce such
biological changes (Bessieres et al., 2020). Results of study 1 suggest that the beneficial effect of

infantile hippocampal-dependent experiences does also persist until adulthood.

It has been shown that rats cannot form long-term memory based on discrete episodes when
encoded during infancy (Travaglia et al 2018; Guskjolen et al 2018). Accordingly, the Long-term
OPR control group of study 3 that underwent a single spatial encoding phase during infancy and
was tested on adulthood did not express spatial memory during the first minute of the adult
retrieval. Impressively, these rats showed a preference for the object in the familiar location from
the second minute, suggesting that a rudimentary form of infantile spatial representation was

preserved until adulthood. The familiarity preference observed in study 3 nicely match with the
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results from study 1 previously discussed. Results of study 1 revealed that rats at PD18 and PD25
expressed object-place recognition memory as familiarity preference. The familiarity preference
was interpreted as the effect of an incomplete allocentric spatial representation of the object’s
location caused by the immature stage of the allocentric system in the rat. The fact that rats of the
Long-term OPR group encoded the spatial information at PD24 and expressed familiarity
preferences at the retrieval test suggests that the presumable “incomplete spatial representation”

was kept until adulthood.

To the question, was the effect of infantile spatial experiences on adulthood based on the memory
of discrete episodes? The answer is probably no. Results from the Long-term OPR group showed
that the single spatial episode was expressed as familiarity preference, while the group exposed to
several spatial experiences during infancy showed an enhanced novelty preference in the adult
OPR test. This suggests that being exposed to several spatial experiences upgrades the cognitive
capability to form spatial representations rather than forming a memory of the events themselves.
Supporting this idea, results of further experiments (Contreras et al., unpublished data) revealed
that prior spatial experiences in the OPR task can accelerate the adult-like form of memory
expression (i.e., novelty preference) at PD24 and PD31 (an age when naive rats express familiarity
or null preference). Importantly, the “acceleration” of memory expression was not achieved when
the prior experience in the OPR task lacked its spatial component (i.e., when the objects remained
stationary). Thus, in study 3 the infantile spatial experiences might have accelerated and
strengthened the adult capability to form spatial representations, which explains the enhanced
novelty preference across the 5 minutes of the adult OPR retrieval test exhibited by the spatial

experience group.

The maturation of the hippocampus goes along with the development of the capability to form
contextually detailed memories (e.g., episodic memories). Thus, in a stage when the hippocampus
is still under development memories are more likely to be generalized (Ramsaran et al., 2019). The
data from the context-change group revealed that the enhancing effect of the infantile spatial
experiences did not generalized to a different context in adulthood. In line with the idea that
infantile spatial experiences accelerated the adult form of spatial capability, and also considering
that hippocampal-dependent learning during infancy biologically matures the hippocampus

(Bessieres et al., 2020), it can be speculated that infantile spatial experiences boosted the
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hippocampal-dependent capability to integrate contextual information into the infantile memory.
That rats benefited from the infantile experiences on adulthood without being able to form a long-
term memory for a single episode suggests that the spatial experiences were transformed into a
schema-like memory. The standard system consolidation theory predicts that after a period of time,
memories of single episodes are transformed into a schema-like memory that prescinds from
contextual details. Results of the context-change group contradict the system consolidation
prediction by showing that rats indeed required contextual information to retrieve the (presumable)

schema memory built upon infantile experiences.

The mPFC is a brain structure known to be relevant for the ability to access and use schema
information (Alonso et al., 2020; Brod et al., 2013). In agreement, the group exposed to infantile
spatial experiences expressed an increased c-fos activity in the PL region of the mPFC after the
adult OPR test compared to the Non-spatial experiences and No-experience groups. Similar results
were found in another study using different immediate-early genes (e.g., Zif268 and Arc) to map
brain activity (Tse et al., 2011). In the experiment, adult rats were trained in a place-flavor
association task which was previously proved to build a schema memory that facilitates the
integration of new task-related information (Tse et al., 2007). Results showed increased levels of
Zif268 and Arc in the PL cortex in the rats that were required to integrate new place-flavor
associations into the schema. Furthermore, the inhibition of the PL prevented the long-term storage
of the schema and the integration of new information into it (Tse et al., 2011). In light of these
results, it is tempting to speculate that a similar role might play the increased activity observed in
the PL region of the group with infantile spatial experiences, as the PL cortex do also play a role
in schema representations formed across ontogeny (Brod et al., 2013). Interestingly, hippocampal
c-fos activation turned to be similar among the main groups of study 3, which coincide with the
view of the standard system consolidation theory which states that the hippocampus is crucially
involved at the beginning of the system consolidation process, but not later (Winocur and

Moscovitch, 2011; Sekeres et al., 2018; but see Barry and Maguire, 2020 for a new perspective).

The results of study 3 also showed that the beneficial effect of the early spatial experiences in the
adult spatial capability was restricted to the infantile period. The groups that underwent the spatial
experiences at later time points, i.e., during early-childhood or during adolescence did not profit

from the early spatial experiences as the infantile group. The distinct characteristic of the infantile
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hippocampus might account for this effect. At PD17 the hippocampus shows increased levels of
synaptic plasticity markers (e.g., immediate early genes, kinases, transcription factors and AMPA
receptor subunits) that progressively decay at PD24 reaching levels close to those of adulthood
(Travaglia et al., 2016; Tzakis et al., 2020). Concurrently, the hippocampus exhibits an increase in
proteins supporting structural and functional maturation, in particular those involved in the growth
of dendrites, axons and synapses (Travaglia et al., 2016). The infant hippocampus is also
characterized by increased levels of neurogenesis that steadily declines thereafter (Josselyn and
Frankland, 2014; Kozareva et al., 2019). All this evidence, together with the fact that most of the
adult hippocampal neurons (precisely in the DG) are born during early life (Jabes et al., 2010; Ciric
et al, 2019), support the observation of the present study showing that infancy is a period of
particular sensitivity to hippocampal-dependent spatial experiences and for taking them to

influence adult behavior.

Sleep supports the formation of long-term memories (Diekelman and Born, 2010, Inostroza and
Born, 2013; Rasch and Born 2013). The active system consolidation theory claims that during
sleep hippocampal representations are reactivated and transferred to cortical areas. In addition, the
repeated reactivation of newly encoded events promotes the gradual transformation of memories
into persistent schema-like representations (Klinzing et al., 2019). Sleep in human infants has also
been found to promote the formation of abstracted memory for objects (Friedrich et al., 2015).
Accordingly, results from our sleep-deprivation group showed that sleep after each infantile spatial

experience is fundamental for its beneficial effect in adulthood.

Studies in adult brains have shown that the sleep role in memory consolidation relies on a dialogue
between the hippocampus and neocortex that occurs during slow-wave sleep through a temporal
interaction between neocortical slow oscillations, thalamic spindles and hippocampal ripples
(Klinzing et al., 2019; Oyanedel et al., 2020;). In newborn rats, premature communication from
the hippocampus to mPFC through oscillatory entrainment has been found already around PD6-
PD8 (Haugland et al., 2019) which is converted to bidirectional signaling at PD13-PD15
(Brockman et al., 2011; Kaila, 2011). A hippocampal lesion at birth disrupts this communication,
also affecting the performance in the object-place recognition task (Kriiger et al., 2012), suggesting
an early involvement of the hippocampal-cortical communication in the processing of spatial

information. In this context, preventing from sleep during infancy can disrupt the hippocampal-
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cortical communication. In support of this idea, it has been shown that sleep plays a crucial role in
the early development of the hippocampal system (Del Rio-Bermudez et al., 2020), providing a
unique context in which the brain uses an inner mechanism for boosting cortical-hippocampal
communication (Del Rio-Bermudez and Blumberg, 2018; Blumberg et al., 2020). Also, there is
evidence showing reactivation of spatial information during sleep already during infancy that
continues developing until it reaches adult-like patterns by the end of the hippocampal critical

period (Farooq and Dragoui, 2019).

All this evidence suggests that the early participation of sleep in the consolidation of hippocampal
memories is ruled by similar mechanisms to those found in adulthood (Diekelman and Born, 2010;
Huber and Born, 2014; Klinzing et al., 2019). This mechanism might have been critically
interrupted in our sleep-deprived pups disrupting the hippocampal-cortical communication which
eventually might have led to the schema formation and its transference to cortical long-term
storages. c-fos data from this sleep-deprivation group support this view by showing a decrease in

the neural activation of the PL cortex compared to the group with undisturbed infantile sleep.

5.4 Conclusions

Three major conclusions can be drawn from the series of experiments conducted during
this doctoral thesis: First, rat pups are able to form spatial representations and use it to drive
behavior from very early in life. Importantly, the evaluation of the spatial capability during early
infancy critically depends on the task demands and the behavioral repertoire of the rats. Second,
the expression of the object-place recognition memory changes across development. Memory
expression was first observed during infancy as familiarity preference which shifted to the adult-
like form of memory expression (i.e., novelty preference) during the adolescence period. This shift
in memory expression coincides with the developmental timeline of the brain circuits that support
allocentric representations, suggesting that familiarity preference is a rudimentary form of spatial
memory that is still under development. Third, the adult capability to form spatial representations
is built upon early experiences. Spatial experiences during infancy, and not during later periods,
strongly enhance the adult capability to form spatial representations. This effect depends on a
series of factors such as contextual similarity and the opportunity of sleep after the infantile

experience.
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ARTICLE INFO ABSTRACT

The allocentric representation of space is a fundamental pillar of episodic experience. In infant rats, the neural
circuitry underlying the formation of allocentric spatial representations is functioning from early on when eyes
are opening, i.e., before postnatal day (PD) 15. However, it remains unclear when and how during early de-
velopment rats use these representations to regulate spatial behavior. Here, we studied indicators of memory-
based spatial navigation using a classical object-place recognition (OPR) task set-up in infant (PD15), pre-
weanling (PD18), juvenile (PD25), peri-adolescent (PD31), adolescent (PD38, PD48), and young adult rats
(PD84). On the task, rats explored an arena with two identical objects, and memory was tested in a recall phase
3 h later in the same arena with, one object displaced from its original location. Only at adolescence (PD38), rats
showed the typical adult-like expression of allocentric spatial memory with a preferential exploration of the
object at the novel location. However, the first expression of allocentric spatial memory was revealed already in
PD18 rats, which contrasting with PD84 rats, showed a preference to explore the object at the familiar location.
At PD31, rats showed a null preference between the object-locations. Nevertheless, spatial memory at this age
expressed in a preference for the zone including the familiar object-location. In PD15 rats, we found no evidence
for a memory-based organization of spatial behavior. In conclusion, although rats might be able to form allo-
centric neuronal representations of space already earlier, only from PD18 on, such representations are used to
organize spatial behavior, with a motivational shift from familiarity to novelty-driven navigation occurring
during adolescence.

Keywords:

Allocentric spatial memory
Object-place recognition
Familiar preference
Novelty preference
Development

Ontogeny

1. Introduction

The ability to form representations of spatial relationships among
elements of the environment is critical for navigation and, generally, for
the regulation of adaptive behavior through episodic experience.
Spatial representations can be egocentric, i.e., defining spatial elements
in relation to the own body, or allocentric. Allocentric representations
map the spatial relationships among environmental elements in-
dependently of the own body position, and thus allow for more flexible
navigation based on distal cues [1]. During early life, allocentric re-
presentations may develop as an advanced form of egocentric spatial
representations [2]. However, more recent accounts propose a parallel
development of both representational systems, although the develop-
ment of allocentric mapping is thought to be slower and possibly more

experience-driven [3,4].

The formation of allocentric spatial representations relies on a
network essentially comprising hippocampal place cells, entorhinal grid
cells and more distributed head direction cells, the firing of which is
modulated by the animal’s position and orientation in space [5]. Re-
cordings of neural activity provided consistent evidence that the dif-
ferent neural components of this spatial network are functioning al-
ready early during development even before extensive experience, i.e.,
in infantile and pre-weanling rats before PD15 [3,6-8]. Paradoxically, it
is unclear whether animals can actually use this system for a memory-
based navigation in space at this early stage. Previous studies using the
hidden platform version of the Morris water maze (MWM) task in-
dicated that allocentric spatial navigation begins to emerge only after
PD20 in rats [9-12]. Compared to rats, mice exhibit an earlier spatial

Abbreviations: OPR, object-place recognition; PD, postnatal day; MWM, Morris water maze; ODI, object discrimination index; OZDI, object zone discrimination
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memory development. Using the MWM task, mice were able to find the
hidden platform at the age of PD15 [13]. In the object-place recognition
(OPR) task, short-lived spatial representations (kept over <10 min)
appeared to be functional in rats at PD16. The OPR tasks differ con-
siderably from the MWM, particularly in that it does not involve ne-
gative reinforcement and is, hence, less stressful, and in that it, unlike
the MWM task, relies on only a single acquisition trial. However, both
tasks are hippocampal-dependent and seem to emerge closely in onto-
geny. In the OPR task more persistent representations, maintained over
more than 2 h, were revealed only after PD24 [14-16]. Importantly, in
all these studies, visual cues were provided within the arena and on the
walls of the room, making it difficult to disentangle whether the ani-
mals used an egocentric or allocentric strategy to perform the task
[17,18]. To address this issue, here, we adopted the allocentric version
of an OPR task-set up to examine the ontogeny of spatial memory in rats
between PD15 and adulthood.

The OPR task requires hippocampal function and, in adult rodents,
is used to assess spatial memory based on the animal s natural tendency
to preferentially explore novel stimuli and places over familiar ones
[19-22]. During a single encoding phase, the animal explores an arena
containing two identical objects. At the later recall test session in the
same arena, one of the objects is moved to a novel location, and the
preferential exploration of the object at the novel location, compared to
the object at the familiar location, is taken to measure spatial memory.
Whereas, in adults, this behavioral pattern is well documented [23], the
use of the OPR task in infant rats has to take into account that the
motivational preference for novelty versus familiarity might change
during development [24,25]. In the wild, infant rats within the first
weeks of life begin to leave the home nest to forage for food. This
signals an important shift from being attracted to the familiar/known
nest to the preferential exploration of novel places that might likewise
affect the animal’s behavioral preference (for either the familiar or
novel object-location) in the OPR task. Using the OPR task for the as-
sessment of spatial abilities in infant rats, it should be considered that
the task requires the animal to readily discriminate the objects from the
surrounding arena, because the ability to distinguish objects from their
background might have a different developmental trajectory
[15,26,27].

Against this backdrop, in the present study we used the original
version of the OPR task set-up but introduced additional behavioral
measures, in order to achieve an unbiased assessment of the presence of
persisting (> 3 h) allocentric spatial representations in our youngest rat
groups. Moreover, different from previous approaches, we took into
account a possible exploration preference for the familiar (rather than
novel) object location. We found navigation based on allocentric re-
presentations to occur not until PD18, with a motivational shift from
preferential orientation towards familiar zones and objects to pre-
ferential orientation towards novel objects at early adolescence.

2. Material and methods
2.1. Animals

Ninety-nine male Long-Evans rats were used for the experiments.
Rats were grouped according to the postnatal day (PD) the OPR task
was performed (Fig. 1A), i.e. the groups of infantile (PD15), pre-
weanling (PD18), juvenile (PD25), peri-adolescent (PD31), adolescent
(PD38, PD48), and of young adult (PD84) rats. Each group included 12
rats except the PD18 group (n = 21) and PD25 group (n = 18). An
additional group of PD15 pups (n = 13) was tested in the OPR task
without prior habituation to the spatial arena (PD15-NoHab group, see
below). All rats of the PD15 groups had opened their eyes and had
already started to explore their home cage surroundings on the day of
the experiment (as indicated by qualitative observations made during
handling). Each group derived from two litters of 6 pups (except the
PD18 which derived from 4 litters, one of those with only 3 pups and
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PD25 derived from 3 litters). In total 19 litters were used for the whole
experiment. Four litters were born in our own animal facilities (each
litter was culled to 6 pups one or two days after parturition). The re-
maining pups arrived (from Janvier, Le Genest-Saint-Isle, France) in our
facilities at least 3 days before any manipulation in order to allow ac-
climatization. The pups were maintained with their mother until the
weaning (PD21). The animal colony was kept at a room temperature of
22 += 1°C,ona12h/12hlight/dark cycle (lights on at 6:00 h). All rats
had free access to food and water throughout the experiments. All ex-
perimental procedures were performed in accordance with the Eur-
opean animal protection laws (Directive 2010/63/EU) and were ap-
proved by the Baden-Wiirttemberg state authority.

2.2. Experimental procedures and task

All procedures were performed between 7:00-14:00 h (i.e., the light
phase). Animals were first handled for 5 min on 5 consecutive days. For
the PD15, PD18 and PD25 groups, the handling procedures included
the mothers in order to diminish potential stress caused by the ma-
nipulations of the nest. On each of the following 3 days, a 10-min ha-
bituation session was performed in all groups, except in the PD15-
NoHab group, which did not undergo habituation to keep spatial ex-
perience before testing at a minimum. In the habituation sessions, the
rats were allowed to freely explore the empty open field. In each ses-
sion, they were introduced into the arena from a different side. After the
session, the rats were, in pairs, habituated to the rest-box for 6 h, except
the pre-weanling PD15 and PD18 pups which returned to their mothers
in the home cage.

On the day after the last habituation session, the rats were tested on
the OPR task (Fig. 1B). Two copies of the same object were placed 9 cm
and 15 cm distant from the walls of the respective smaller and larger
open field (see section 2.3). The encoding phase comprised a 5-min
interval during which the rat could explore the two objects. Thereafter
during the 3 -hs retention interval, pairs of rats were left undisturbed in
the rest-box. Rats of the PD15 and PD18 groups, instead, were returned
to the home cage. During the subsequent recall phase, one of the objects
of the encoding phase was placed at a novel location while the other
object remained at the same (familiar) location as in the encoding
phase. The recall phase comprised another 5-min interval during which
the animal could explore the objects. Importantly, each rat was in-
troduced into the arena from a different side in the encoding phase and
in the recall phase, with the rat always faced the respective wall of the
arena in order to prevent that the entrance position was used as a
proximal cue [17,28]. Object locations during the recall phase were
counterbalanced across rats.

2.3. Apparatus and objects

The OPR task was performed in a quadratic dark grey open field.
Two different sizes of the arena were used depending on the rats’ age.
The PD15, PD18, PD25, and PD31 groups performed the task in a
smaller arena (43 cmx43cm with 35cm high walls) and the PD38,
PD48 and PD84 groups in a larger arena (77 cmx 77 cm with 37 cm
high walls). Objects were glass bottles of different shapes, filled with
water or sand of different colors. They had sufficient weight to ensure
the rats could not displace them. Two different sets of objects were used
depending on the age. For the PD15, PD18, PD25 and PD31 groups the
height of the objects was 10-18 cm, and for the PD38, PD48 and PD84
groups was 22-29 cm.

To facilitate allocentric navigation, a number of distal cues were
available. The North side of the arena was headed towards a white wall
whereas the East and West sides were surrounded by a grey curtain. The
South side of the arena faced a removable black curtain (which was
used as entrance for the experimenter). Additional discrete distal cues
were provided on the ceiling: a brown wood square (40 cm x 40 cm)
located 120 cm above the open field and 36 cm below the ceiling. In the
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Fig. 1. A Experimental design. Seven groups of rats were tested on
an Object-Place Recognition (OPR) task at different postnatal days
(PD) representing different developmental stages (infantile: PD15,
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center of the square was a metal square (5cmx7 cm) which simulta-
neously served as holder for the video camera. At two sides, a pink ball
(10cm diameter) and a light-brown cartoon box (25cmx25cm x
10 cm), respectively, were attached to the curtains. Two fluorescent
strip lights placed on the floor of the room provided indirect light.
White noise was presented at a constant intensity during all procedures,
to mask any disturbing sounds. Objects and the open field were cleaned
thoroughly between trials with 70% ethanol solution. The rest box used
in the retention interval measured 35cmx35cm, with 45cm high
walls.

2.4. Data collection and analysis

The rat’s behavior was video-recorded during the encoding and
recall phase and visually scored offline by an experienced experimenter
using the ANY-Maze tracking software (Stoelting Europe, Dublin,
Ireland). Exploration was defined by the rat directing its nose to the
object and sniffing. Climbing on an object or sitting next to it without
any signs of active exploration was not included.

Allocentric spatial memory was analysed using object related and
non-object related spatial measures. As an object related measure we
calculated the object discrimination index (ODI) which represents the
standard way to assess OPR memory in adult rats, and is defined by the
formula: ODI = [(exploration time for novel object-location - ex-
ploration time for familiar object-location) / (exploration time for novel
object-location + exploration time for familiar object-location)]. Note,
the ODI yields meaningful data only if the animal exhibits minimum
amounts of exploration of the two objects. Therefore, only rats that had
explored each of the two objects for at least 1s during the encoding
phase were included in the analyses. Based on this criterion (and the
removal of statistical outliers, see section 2.5), the final group size for
the analyses of the ODI was for PD15 n = 0, PD18 n = 15, PD25
n = 15,PD31n = 10,PD38n = 10,PD48n = 11, and PD84 n = 12. As
a complementary object related measure of spatial memory, we calcu-
lated an “object-zone discrimination index” (OZDI). For this purpose,
the open field was divided into 4 identical quadrants. Then, the fol-
lowing formula was applied: OZDI = [(time in novel object-location
zone) — (time in familiar object-location zone) / (time in novel object-
location zone) + (time in familiar object-location zone)], with the
zones defined by the quadrant of the arena in which the respective
object was located (Fig. 4A).

In addition, the total exploration time across both objects, the
proportion of total exploration time spent with the novel object-loca-
tion, and the proportion of total exploration time spent with the fa-
miliar object-location were calculated for each animal. Analogue
measures were calculated using the total time the animal spent in both
novel-location and familiar-location object zones. The total distance
travelled, the object latency and the total time of object exploration
(cumulative and non-cumulative) during the encoding and recall phase,
respectively, were used as indicators of nonspecific activation and

pre-weanling: PD18; juvenile: PD25, peri-adolescent: PD31; ado-
lescence: PD38, PD48, and young adult: PD84). B OPR task set up.
The rat explored an arena with two identical objects for 5min,
once during the Encoding phase and again during the Recall phase,
with the two phases separated by a 3 -h retention interval. In the
recall phase, one of the objects was displaced to a novel location
while the other remained in the same familiar location as during
the encoding phase. Each rat was placed into the arena close to
and facing one of the walls, with different entry-walls used for an
individual rat during encoding and recall phases. In the retention
interval, the rat was placed to a separate rest-box for 3 h, except
PD15 and PD18 rats which were returned to the mother in the
home cage.

exploration motivation. As a behavioural indicator of anxiety, we cal-
culated the percent time of the 5-min recall interval spent in the central
zone.

As non-object related measure of spatial memory, we analysed the
time an individual animal spent in its “familiar zone”. This zone was
defined by the quadrant of the arena in which the animal spent most of
the time during the encoding phase. A preference for the familiar zone
during the recall phase was then analysed by comparing the time spent
in the familiar zone with the average time spent in the three other zones
during the recall (Fig. 5A).

2.5. Statistical analyses

All statistical analyses were performed using SPSS software (IBM,
Armonk, NY, USA). Generally, statistical outliers were excluded from
the analyses when the respective value exceeded + 2 standard devia-
tions from the group’s mean. Analyses of ODI, OZDI and related be-
havioral measures concentrated on cumulative scores for the first 1 min
and the first 3min of the recall phase. The first 3-min interval of ex-
ploration was consistently found to most sensitively reflect behavioral
memory effects on the task in adult rats (e.g., Chambon et al., 2011;
Ozawa et al., 2011 [29,30]). This was confirmed in a supplementary
analysis of the present data showing that total object exploration time
in all age groups decreased over the 5-min recall phase and that all
groups showed, on average, maximum total exploration time within the
first 3min (Figure S2 D). To analyse age effects, we used analyses of
variance (ANOVA) with Age as group factor and Time interval during
the recall phase (1-min and 3-min) as repeated measures factor. To
separately assess in sub-ANOVA the exploration times for the novel-
location and familiar-location objects, an additional repeated measures
factor Object location was introduced. Analyses of the time spent in the
“familiar zone” comprised an additional factor Zone to account for
differences in time spent in this versus the other 3 zones. Time spent in
the familiar zone was also analysed using chi? test. Significant ANOVA
main or interaction effects were followed by post-hoc pairwise t-tests.
One sample t-test was used to test whether ODI and OZDI values dif-
fered from chance level (zero) whereby in the text the interval (1-min
vs. 3-min) is reported showing the most robust significance. Estimates
of effect size, i.e., Cohen’s d was also provided for the significant terms.
Regression analyses were applied to characterize developmental tra-
jectories across the age groups. All results are reported as means =
SEM. Ap < 0.05 was considered significant.

3. Results
3.1. Object discrimination index
Our first approach to assess allocentric spatial memory on the OPR

task during the recall phase was based on the classical object place
discrimination index (ODI), i.e., the proportion of time the animal spent
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Fig. 2. Mean ( = SEM) object discrimination index (ODI) during recall phase
for each of 6 age groups (Data distribution overlaid). Positive ODI indicates
preferential exploration of object at novel location; negative ODI indicates
preferential exploration of object at familiar location. ODIs are shown for the
first 1-min (white bars) and 3-min intervals (grey bars) of the recall phase. #
p < 0.05 for one-sample t-test against chance level, i.e. zero. Note, groups
PD18 and PD25 showed significant preference for the object at the familiar
location whereas groups PD38, PD48, and PD84 showed preference for the
object at the novel location. Group PD31 showed null preference. Brackets on
top indicate differences between age groups: * p < 0.05, ** p < 0.01, ***
p < 0.001, for LSD post-hoc tests. Logarithmic regression line across age
groups is overlaid (y = 0.3832In(x) — 0.3538, p < 0.001). For regression
analysis the time interval (1 vs. 3 min) with the greater p-value (against zero)
was used. Note, PD15 rats were excluded from this analysis because they did
not show sufficient object exploration.

exploring the object at the novel location relative to the exploration
time spent with the object at the familiar location. Accordingly, a po-
sitive ODI indicates an exploration preference for novelty whereas a
negative ODI indicates preference for familiarity. Because the ODI
yields valid data only if the animal exhibits minimum amounts of ex-
ploration, only rats that explored each object for at least 1 s during the
encoding phase were included in the analyses (see Material and
methods). Notably, none of the pups tested at PD15 reached this cri-
terion, indicating that at this very early age, object exploration cannot
be used to validly assess spatial memory. In fact, discrimination scores
calculated for this group without this criterion impressed by their huge
variability (0.33 = 0.66 and -0.11 *+ 0.40 discrimination ratios at
PD15 for 1-min and 3-min, respectively).

Consequently, the following analyses were restricted to the re-
maining age groups tested at PD18, PD25, PD31, PD38, PD48 and at the
young adult age of PD84. The ODI during the recall phase system-
atically differed across Age groups (F(5, 58) = 3.812, p = 0.005, for
main effect of Age, Fig. 2), regardless of the Time interval (F(1,
67) = 0.439, p = 0.510, for main effect of Time interval, F(5, 67) =
1.172, p = 0.332, for Age x Time interval). Interestingly, pre-weanling
PD18 and juvenile PD25 groups displayed a significant negative ODI,
i.e., rats showed a preferential exploration of the object at the familiar
location after the 3 -h retention interval (PD18 1-min: t(14) = -2.244,
p = 0.042,d = -0.578, and PD25 1-min: t(14) = -2.223,p = 0.043, d
= -0.574, 3-min: t(14) = -2.946, p = 0.011, d = -0.761 respectively
for post-hoc t-test against zero, Fig. 2). The peri-adolescent PD31 group
showed a null preference, i.e., although both objects were explored
during the encoding phase, no preference was expressed during the
recall phase (p > 0.05 for t-tests against zero level). While the ado-
lescent (PD38 and PD48) as well as the young adult rats (PD84) showed
a significant positive discrimination index, indicating a preference for
the object at the novel location (PD38 1-min: t(9) = 2.312,p = 0.046,
d = 0.731; PD48 3-min: t(10) = 1.938,p = 0.017,d = 0.584 ; PD84 3-
min: t(11) = 2.215, p = 0.049, d = 0.639). There were no differences
between the PD38, PD48 and PD84 groups (p > 0.05), suggesting that
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the novelty preference is fully established during adolescence. The
gradual shift from preference for the familiar object-location to the
novel object-location from early life to adulthood could be described by
a logarithmic regression function which explained 20% of the variance
in the ODI across Age groups and levelled out at about PD38 (F(1, 71)
= 17.218,p < 0.001, Fig. 2).

ODI values in Fig. 2 suggested that the youngest rats (PD18) ex-
pressed their preference for the familiar object-location in particular
during the first minute of the recall phase whereas the preference for
the novel object-location in adult rats (PD84) was expressed most ro-
bustly over the 3-min interval. However, in an additional analysis
comparing the youngest (PD18) and oldest (PD84) rat groups, the Time
interval factor did not interact with the proportion of time spent with
either the familiar or novel object-location in the two age groups (F(1,
22) = 0.003, p = 0.953; for Object location x Time interval x Age)
excluding a robust temporal change across age in the expression of
respective location preferences. The analysis confirmed the shift from
preference for the familiar object-location at PD18 to the novel object-
location at PD84 (F(1, 22) = 5.714, p = 0.026, for Object location x
Age).

Overall, these data support the conclusion that already pre-
weanling rats at PD18 are capable of navigating based on allocentric
spatial mapping of objects encountered 3 h before. It is merely the be-
havioral expression of the memory that systematically changes during
development: Whereas pre-weanling and juvenile rats use the object-
place memory to preferentially explore the familiar object-location,
peri-adolescent rats express a null preference, and from adolescence on,
rats show the adult-like preference for the novel object-location.

In a control study (n = 8) we confirmed that pre-weanling rats (at
PD18) likewise expressed a preference for the familiar object-location
when the retention interval between encoding and recall testing was
shortened to only 5 min. Unexpectedly, in this study robust significance
was only reached at the firsts 4-min and 5-min time intervals of the
recall phase (allp < 0.05 for t-tests against zero, Figure S1) and not at
the firsts 1-min or 3-min intervals, as the group of the main experiment
subjected to a 3-hour retention interval.

3.2. Total exploration time, object latency, and distance travelled

In order to examine non-specific developmental trends in locomo-
tion and object exploration we analysed the total time the rats spent to
explore each object, the time spent to approach any of the two objects
for the first time (latency of first approach), and the total distance
travelled during the encoding and recall phase. At encoding, all 3
parameters differed among the groups (F(6, 92) = 7.576, 23.668, and
31.591, respectively, p < 0.001). Post hoc t-tests revealed parallel age
patterns, i.e., the PD15 rats showed distinctly less total exploration time
across both objects, a significantly longer approach latency, and a dis-
tinctly shorter distance travelled during the encoding phase than the
older age groups (see Fig. 3 for statistical significances). Moreover, the
total object exploration time was significantly longer in the adult PD84
rats than in all other groups. Similar results were found during the
recall phase (Figure S2). Altogether, this picture suggests that object
exploration capability is not sufficiently mature at PD15.

3.3. Object-location zone preference

Since young rats, particularly the PD15 group did not show full-
blown exploration of the objects, we investigated whether a dis-
crimination index based on the rat’s tendency to spend relatively more
time in the zone (quadrant) of the arena with either the familiar or
novel object-location might be more sensitive to reflect object-location
memory than on actual object exploration (see Material and methods).
Analyses of the respective object-zone discrimination index (OZDI)
were restricted to the four youngest age groups (PD15, PD18, PD25,
PD31), and indicated an overall significant negative OZDI, i.e.,



M.P. Contreras, et al.

Behavioural Brain Research 372 (2019) 112013

A LS B
p—r——
[ P—
—s
3

g60q — o B 300
£50 ° 2 250
H =
£ 40 o e g 200
= [
30 o Z 150
o 8 =
E g ol Zw
= ) =
El ° 3 o (]
= I’g‘l 5
Z 10 g e| [g] |3 0
£ ola= 0

PD15 PD18 PD25 PD31 PD38 PD48 PD84

_ ass _ a2 Frran i
E
e g o
] 8 °
z 30 0
8
§ o 8
g 20 ’—S-‘ g o
S
2104 8 e
2 o
I E I e
0 - - - - - \

PD15 PD18 PD25 PD31 PD38 PD48 PD84

PD15 PD18 PD25 PD31

PD38 PD48 PD84

Fig. 3. Means ( = SEM) for A total object exploration time, B latency of first approach, and C distance travelled during the 5-min encoding phase for the different age
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Fig. 4. A Object-zone discrimination index (OZDI) as a complementary object-
related measure of spatial memory. A negative OZDI indicates that the rat
during the recall phase spent more time in the quadrant of the arena containing
the familiar object-location (familiar-location zone) than in the quadrant con-
taining the novel object-location (novel-location zone), and vice versa, a posi-
tive OZDI indicates more time spent in the quadrant with the novel object-
location. B Mean ( = SEM) OZDI during recall phase for the four younger age
groups (Data distribution overlaid). OZDIs are shown for the first 1-min (white
bars) and 3-min intervals (grey bars) of the recall phase. # p < 0.05, for one-
sample t-test against chance level, i.e., zero. Note, groups PD18, PD25 and
PD31 showed significant negative OZDIs, There were no significant differences
between age groups. Note highly variable OZDI in PD15 rats.

relatively enhanced time spent in the zone that contained the familiar
object-location compared to the zone that contained the novel object-
location (t(61) = -4.575,p < 0.001, d = -0.581), with no differences
among Age groups (F(3, 61) = 0.320, p = 0.811). Separate analyses for
each group revealed a significant negative OZDI above chance level for
the pre-weanling PD18 group, the juvenile PD25 group and for the peri-
adolescent PD31 group (PD18 1-min: t(20) = -2.668, p = 0.015,d =
-0.581, 3-min: t(20) = -3.014, p = 0.007, d = -0.657, PD25 3-min: t
(17) = -2.324, p= 0.033, d = -0.548, and PD31 1-min: t(11) =
-2.571,p = 0.026, d = -0.742, Fig. 4). Thus, pre-weanling (PD18) and

juvenile rats (PD25) expressed a surprisingly consistent familiarity
preference in both object (ODI) and zone location indexes (OZDI),
whereas peri-adolescent rats (PD31) exhibited a null preference in the
ODI, but a familiarity preference in the OZDI, suggesting the OZDI to be
the more sensitive measure of spatial memory at this age.

3.4. Familiar zone preference

To assess whether PD15 rats might form spatial representations
independent of their capabilities to distinguish and explore objects, we
analysed the mere preference for a certain zone (quadrant) in the arena.
The “familiar zone” was defined by quadrant of the arena where the rat
spent most of the time during the encoding phase. For the recall phase,
we compared the time the animal spent in this familiar zone with the
average time spent in the three other zones (other zones). Note that the
classification of the zones was completely independent of the locations
of the objects, i.e., the zone could or could not contain an object
(Fig. 5A, B). In these analyses, an additional group of PD15 rats was
included (PD15-NoHab, n = 13) which did not undergo prior habitua-
tion sessions and, thus obtained only a minimum of spatial experience
prior to the experimental testings.

The familiar zone differed among the rats and did not coincide with
the rat’s entrance side to the arena. A two-way ANOVA including Age
and Zone (familiar vs other zones) as factors on the recall phase re-
vealed no main effect of Age (F(7, 92) = 0.900, p = 0.510), but a main
effect of Zone (F(1, 92) = 5.677,p < 0.019) without significant Age x
Zone interaction effect (F(7, 92) = 0.915, p < 0.498). Post hoc
pairwise comparisons showed no significant preferences for the “fa-
miliar zone” at any postnatal day (allp > 0.06, Fig. 5C). Six of the 12
pups of the PD15 group and 4 of the 13 pups of the PD15-NoHab group
spent most of the time during the recall phase in the familiar zone, with
this distribution failing to reach significance (chi®* = 4.667, p = 0.198
and chi 2 4.538, p = 0.209), also when both groups were combined
(chi® = 6.840, p = 0.077). Also, the proportion of time the PD15 rats
spent in the “familiar zone” during the encoding phase did not correlate
with that during the recall phase (r = -0.298 and 0.001, p > 0.34, for
PD15 and PD15-NoHab groups, respectively). Altogether, these results
suggest that at PD15, rats do not rely on persistent allocentric re-
presentations to organize spatial behavior.



M.P. Contreras, et al.

familiar zone

DOother zones

Behavioural Brain Research 372 (2019) 112013

Fig. 5. Preference for the “familiar zone” as a non-object related
measure of spatial memory. A The familiar zone was defined by
the quadrant of the arena in which the individual rat spent most of
the time during the encoding phase (in the illustrated case: hat-
ched area), regardless of the locations of the objects. The “familiar
zone” preference during the recall phase was determined by the
time the rat spent in the familiar zone in comparison with the
average time spent in the three remaining quadrants during this
phase. B Mean ( = SEM) time the animal spent in the most ex-
LA plored quadrant during the encoding phase (hatched bars) vs
average time spent in the other three quadrants (empty bars),
separately for each age group (Data distribution overlaid). All
groups showed a significant preference for one quadrant during
encoding, i.e., the familiar zone (*** p < 0.001, for paired t-
test). Note, the familiar zone differed across animals and did not
coincide with the side the rat entered the arena. C Mean ( = SEM)
time in “familiar zone” (grey bars) and for the average time in the
3 remaining zones (empty bars) during recall phase, separately for
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the different age groups (Data distribution overlaid). None of the
groups showed a significant preference for the familiar zone over
the other zones.
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4. Discussion

We examined capabilities to form persistent allocentric spatial re-
presentations during early life in rats using the object-place recognition
(OPR) task. We found that such representations keeping over a 3-h
retention interval can be already formed by pre-weanling pups at PD18.
However, at this early age, in the OPR task the allocentric memory
expresses itself the preferential exploration of the objects at the familiar
location rather than of the objects at the novel location as in adult rats.
In fact, we found allocentric spatial memory that expressed itself in
preferential exploration of the object at the novel location from ado-
lescence onwards, i.e., in the PD38, PD48, and PD84 groups. Peri-
adolescent (PD31) rats expressed a null preference in object explora-
tion, but showed - as a more sensitive indicator of allocentric spatial
memory - a clear preference to linger in the zone containing the object
at the familiar location. Using both object related and non-object re-
lated measures of navigating behavior, we did not find any hints at the
presence of allocentric representations in infantile rats at PD15.

Our findings demonstrate that pre-weanling rats at PD18, but not
infant rats at PD15, are able to form rather stabile allocentric spatial
representations that are maintained for up to 3 h after encoding. This
finding seems to diverge from a foregoing study that revealed an earlier
presence of spatial memory in the OPR task, i.e., around PD15 [16].
However, that study employed a distinctly shorter retention interval of
only 5 min. Later onsets for the capability to form spatial memory were
founded when memories were tested after longer retention intervals,
e.g., at PD24 with a recall test after 2 h [14] and at PD26 h with a recall
test after 24 h [15]. Contrasting with our results, in all these foregoing
studies early OPR memory expressed itself in a preference for the object
at the novel location i.e., as novelty preference. Our study is the first to
show that initial OPR memory during development in rodents expresses
itself in a preference for the object at the familiar location, i.e., as a
familiarity preference. These effects which are in terms of Cohen’s d of

PD84

medium size (between 0.5 and 0.8) can be considered quite robust,
considering that, not just the task per se, but also behavior during early
development shows generally increased variability [31,32]. Moreover,
our findings indicate that this familiarity preference does not depend on
the length of the retention interval, but was likewise found for a 5-min
and 3-h retention interval.

Notably, all of the previous studies showing in rats the presence of
spatial representations based on preferential exploration of novelty
during early development [14-16] included proximal cues inside the
arena where the test was performed. Such proximal cues might have
promoted an egocentric-spatial strategy instead of an allocentric-spatial
strategy to solve the task [33]. Importantly, in our task procedure, no
cues were disposed inside the arena and, additionally, the rats entered
the open field during each trial of the encoding and recall phases (and
even of the habituation sessions) from a different wall location. These
features assured that the rats had to form an allocentric spatial re-
presentation to successfully navigate through the arena [19]. An ad-
vanced developmental onset of spatial navigation based on proximal
cues and egocentric representations has been similarly described for the
Morris Water Maze task [12,34]. Rats were already on PD17 able to use
proximal cues to locate the safe platform. However, it was not until
PD20 that the rats began to display signs of distal-cue utilization [11].
Altogether, these findings suggest that spatial navigation based on
egocentric representations occurs earlier during development than al-
locentric based navigation [3,4].

Whereas the present findings are the first to indicate in rodents that
during early development spatial memory expresses itself in a pre-
ference for familiarity, such preference for familiarity is well-known in
human infants where it occurs with brief encoding times whereas with
longer exposures the infant’s attention turns to novelty [35]. In humans
infants and children also a shift with age from familiarity preference to
novelty preference has been observed, similar to the gradual shift from
familiarity based to novelty based navigation in the allocentric version
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of the OPR task which occurred in our rats between PD18 and PD25
[36]. Notably, the object zone discrimination index (OZDI) emerged as
memory measure - indicating preferential lingering of the animal in the
zone around the object at the familiar location - at nearly the age when
the classical object discrimination index (ODI) exhibited a null pre-
ference (PD31), pointing out that this null preference reflects con-
flicting behavioral preferences rather than a lack of memory. Similar
observations of a specific memory that is differently expressed at dif-
ferent ages with interleaving periods of latency have been found in
human developmental studies [37,38].

It might be argued that familiarity preference in our younger rat
pups reflects enhances levels of anxiety, as some studies showed a
slower habituation in younger than older rats [39,40]. All rat groups in
our study received the same and rather long time of habituation which,
according to observations from pilot studies, presumably reduced an-
xiety induced by the arena to a minimum, even in the younger animals.
In fact, a supplementary analysis a behavioral indicator of anxiety (i.e.,
the proportion of time during the recall phase the animals spent in the
center of the arena vs close to the wall) revealed comparable values for
the younger PD18, PD25 groups and the oldest PD84 group (Figure S3),
which rules out anxiety as a main factor driving the familiarity pre-
ference in the younger animals. Rather than being insufficiently habi-
tuated to the arena, the separation from the mother per se might be the
driving factor, i.e., that infant rats express preference towards famil-
iarity might be basically linked to the fact that rodents, like humans, are
altricial animals which perceive separation from the caregiver during
early life as a danger signal. The transition from complete dependence
on the caregiver to complete independence occurs during the first three
weeks in rat pups and is accompanied by complex changes in responses
to natural and learned threads, with corresponding changes in the
supporting neural circuitry [41], that might ultimately also regulate the
transition from familiarity to novelty based navigation in the OPR task
during this period of development.

An important finding of our study is that infantile rats at PD15 did
not show any behavioral signs of stable allocentric spatial representa-
tions. A possible explanation is that although the neural components to
form spatial representation are present during infancy, they are not
developed to a degree that allows the formation of integrated allo-
centric maps [6]. Alternatively, one could argue that, as the neural
substrate for spatial representations (e.g., head direction cells, place
cells, etc.) are present, infant rats are indeed also capable of forming
corresponding spatial memory representations. But, the rats are not
capable to use them for regulating their behavior [7,8]. Thus, the de-
velopment of allocentric space representations might bear similarities
with the learning of language where infants during the first year of life,
based on sensory representations, are capable of discriminating a wide
range of phonetic stimuli, but start to verbalize first words not before
the end of the first year [42]. Also, our data do not exclude the possi-
bility that PD15 pups form allocentric spatial representations but are
able to maintain them for only short durations (i.e., < 3h). Yet another
explanation refers to the animal’s motivation for spatial exploration.
Although the exploratory motive toward familiar objects might already
be present at PD15 [24], some more specific conditions might be re-
quired in order to trigger such exploration behavior.

5. Conclusion

Our data indicate that rats from PD18 onward are capable of
forming stable allocentric memory representations that last for at least
3h. Using an OPR task set up we show that initially these representa-
tions are expressed as preferential exploration of the object at the fa-
miliar location. This behavioral expression pattern gradually changes in
the course of development over a null preference for any of the two
objects in peri-adolescent rats (PD31) to preferential exploration of the
object at the novel location from adolescence onward, i.e., in rats tested
at PD38, PD48 and PD84. We did not find any behavioral sings for the
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presence of allocentric spatial representations before PD18, i.e., in pups
tested at PD15, although the underlying neuronal circuitry is thought to
be functioning at this age.
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Abstract

Spatial representations enable navigation from early life on. However, the brain regions
essential to form spatial representations, like the hippocampus, are considered functionally
immature before weaning. Here, we examined the formation of representations of space in rat
pups on postnatal day (PD) 16, using a simple habituation paradigm where the pups were
exposed to an arena on three occasions, separated by ~140 min. Whereas on the first two
occasions the arena was the same, on the third ‘test’ occasion either proximal cues (Prox
group), or distal cues (Dist group), or proximal and distal cues (Prox-Dist group), or no cues
(No-change group) were rearranged. Locomotion (distance travelled) was used as behavioral
measure of habituation, and c-Fos expression to measure regional brain activity at test.
Locomotion generally decreased across the first two occasions. At test, it reached a minimum
in the No-change group, indicating familiarity with the spatial conditions. By contrast, the
Prox-Dist and Prox groups, but not the Dist group, displayed a significant increase in
locomotion, indicating that the pups relied on proximal cues to explore spatial novelty. c-Fos
activity in the No-change group was significantly suppressed in the hippocampus (CAL, CAS3,
dentate gyrus) but simultaneously enhanced in prelimbic (PL) medial prefrontal cortex,
compared with untreated home-cage controls. Moreover, PL c-Fos activity negatively
correlated with locomotion, suggesting that these habituated animals relied on a medial
prefrontal cortex representation to suppress spatial locomotion. By contrast, in both Prox-Dist
and Prox groups c-Fos activity was enhanced in hippocampal CAl and CA3 regions.
Moreover, the CA1l c-Fos activity positively correlated with locomotion, suggesting this
region to be particularly involved in regulating exploration of spatial novelty. Our findings
show that functional representations of space at a systems level are formed already in pre-

weanling rats.
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Introduction

Animals have the capability to navigate based on spatial maps that integrate information about
environmental landmarks and their own movements. The spatial representations can be
egocentric, defining spatial elements in relation to the own body, or allocentric, mapping
spatial relationships among environmental elements independently of the own body position
(Vorhees & Williams, 2014). In adult animals, a network essentially comprising hippocampal
place cells, entorhinal grid cells and more distributed head direction cells is central for
forming spatial representations, especially when allocentric (Moser et al., 2017).

However, when and how spatial representation emerges during early development is
unclear. Recordings of neural activity provided consistent evidence that the different neural
components of the spatial network are functioning already early during development even
before extensive experience, i.e., in pre-weanling and infant rats before PD15 (Ainge &
Langston, 2012; Tan et al., 2015, 2017; Wills et al., 2010). Recent findings suggest that, in
addition to hippocampal and neighboring areas, other brain regions, specifically the medial
prefrontal cortex (mPFC), also contribute to spatial navigation already early in life (Rinaldi et
al., 2020). However, although the prefrontal-hippocampal spatial system may be functioning
at the level of single neurons in pre-weanling rats, the involved regions are immature and it is
unknown whether rats at this age can actually use this system for memory based navigation.

Behavioral studies in rats using the Morris water maze showed that allocentric spatial
navigation emerges after PD20 while the egocentric strategy, tested in the visible platform
version, emerges as early as PD17 (Akers & Hamilton, 2007; Rudy et al., 1987). In another
test of hippocampus-dependent spatial abilities, the object place recognition task, successful
performance emerged only from PD18 on (Contreras et al., 2019; Travaglia et al., 2018;
Westbrook et al., 2014), except in one study showing functional spatial representation that
were maintained over only a short 10-min interval already at PD16 (Krlger et al., 2012).

Likewise, in the object-in-context recognition task which tests the animal’s capability to
4



process contextual cues and associates them with objects, rats at PD17 were able to acquire
but not to retain these memories longer than 5 minutes (Sanders et al., 2020; Ramsaran et al.,
2016). Thus, it is still an open question whether pre-weanling rats are able to form stable
allocentric spatial representations that they use for navigation and last more than a few
minutes.

In tasks, like the object place recognition task, rats do not properly explore the objects
before PD18 (Contreras et al., 2019) possibly reflecting an inability to discriminate objects as
separate entity, which makes such object-based tasks not suitable for testing spatial
capabilities before this age. Therefore, to address the question whether pre-weanling rats
navigate based on spatial representations, we used here a simple spatial habituation task.
Habituation is a basic form of learning which describes the progressive decrease of the
amplitude or frequency of a motor response to repeated sensory stimulation (Domjan, 2002).
Our task relied on the pup’s capability to explore the environment through locomotion and
included two habituation sessions where the rat encountered the same spatial environment,
and one test trial with either the same or novel spatial context configurations of proximal and
distal cues (Bronstein et al., 1974; Feigley et al., 1972; O’Keefe & Nadel, 1978). Based on
evidence that expression of the activity-regulated gene c-Fos sensitively differentiates brain
areas involved in spatial tasks (Aggleton & Brown, 2005; Guskjolen et al., 2018; Tan et al.,
2015; Wan et al., 1999), we used c-Fos activity to identify the network of brain regions the rat
pup used for exploration during the test session. We provide evidence that reduced
locomotion in a habituated spatial environment is regulated through the mPFC, whereas

increased locomotion in a novel spatial environment involves hippocampal activation.



Materials and methods

Animals

A total of 66 male Long-Evans rats were used for the experiments. Animals were taken from
22 litters with each litter including 3 pups. All pups arrived (from Janvier, Le Genest-Saint-
Isle, France) in our facilities on PD8 or PD9 which allow acclimatization for at least 3 days
before any manipulation. The pups were maintained with their dam except during handling
and behavioral tasks. All the behavioral tasks were performed on PD16 and all pups had
opened their eyes and already started to explore their home cage surroundings on the day of
the experiment. The pups were randomly assigned to 5 groups depending on the habituation
task conditions (see below), i.e., the No-change (n = 21), Prox-Dist (n = 15), Prox (n = 12),
Dist (n = 12); and Home-cage (n = 6) groups. The animal colony was kept at room
temperature (22 = 1°C) on a controlled 12 h light/12 h dark cycle (lights on at 7:00 h). All
experimental procedures were performed in accordance with the European animal protection

laws (Directive 2010/63/EU) and were approved by the Baden-W(rttemberg state authority.

Experimental procedures, design and task
All experimental procedures were performed between 7:00-16:00h, i.e., the light phase. For
general habituation, each pup (of all groups) was carried in the home cage from the animal
facility to the testing room and stayed there (in one of the room corners) together with the
dam for 6 hours, once every day between PD12 and PD15. During this 6-hour room
habituation period, the animals received 5 minutes of handling twice in order to diminish
potential stress.

The spatial habituation task was conducted on PD16. The task consisted of two
habituation sessions and one test session which were each separated by ~140 min (Figure 1A).
The first two habituation sessions were identical and consisted each of a 10-min period where

the pup could freely explore the open field with either the A or B context (counterbalance



within the group). The test session also lasted 10 min and differed depending on the
experimental group, i.e., the No-change group was exposed to the same arena with the same
proximal and distal cues as during the habituation sessions; for the Prox-Dist group novel
proximal and distal cues were presented, for the Prox and Dist groups only the proximal and
distal cues, respectively, were changed. The Home-cage control group did not undergo the
spatial habituation task but, was kept in the home cage in the testing room during the
corresponding intervals. At each session of the task, the animal was introduced in the arena
from a different side, in order to facilitate an allocentric spatial representation (Langston &
Wood, 2010). During the interval between sessions the pups were left undisturbed in the

home cage with their dam and litter.

Apparatus and data reduction
The spatial habituation task was always performed in the same experimental room with the
pup exposed to a circular open field arena. The arena was placed at the center of the room and
surrounded by a circular black curtain, with the south side of the curtain used as entrance for
the experimenter (X.S.). The arena had a diameter of 49 cm, a wall of 20 cm height and was
made of grey PVC. The upper part of the arena was open, allowing the rat to perceive distal
visual cues. For experimentally varying proximal cues a checkerboard pattern covered either
the floor or the arena wall (Figure 1B). The distal cues consisted of four white tissues (100 cm
x 80 cm and 50 cm x 80 cm) attached to the black curtain and 3 different tridimensional boxes
supported by a wooden stick. Distal cues were not more than 200 cm away from the arena. To
systematically vary proximal and distal cues between the conditions, the same cues were used
but arranged in a different spatial configuration.

The animal’s behavior was recorded by a video camera located above the center of the
open field. Three fluorescent strip lights were placed on the floor of the room providing

indirect light. White noise was presented at a constant intensity during all procedures to mask



any disturbing sounds. The open field was cleaned thoroughly between trials with 70%
ethanol solution.

The rat’s locomotor activity was scored offline using the ANY-Maze tracking software
(Stoelting Europe, Dublin, Ireland). Distance travelled was tracked and calculated for each
session. Spatial habituation was indicated by a decrease in locomotion (i.e., distance travelled)
across two sessions that took place in the same context, and reflected that the animal had
formed a spatial memory representation. Correspondingly, an increase in locomotion after
introducing a change in proximal and/or distal context cues in the test phase indicated that the
animal responded to context novelty based on a memory representation of the habituation
sessions. We focused the analyses on the first minute of each session because it is most

sensitive to novelty exploration (Winters et al., 2004).

c-Fos immunocytochemistry

After the test session the rats were returned to the home cage. Ninety minutes later, they were
decapitated, and the brains were removed intact, rapidly frozen in metylbutane (Sigma
Aldrich, Taufkirchen, Germany), and stored at -40°C. The 90-min interval corresponds to the
time of peak production of c-Fos protein after an event initiation (Bisler et al., 2002;
Zangenehpour & Chaudhuri, 2002). The subsequent procedures were as described previously
(Mendez et al., 2015). The brains were cut in coronal serial sections (30 um) at -20°C in a
cryostat microtome (model HM 505-E, Microm International GmbH, Heidelberg, Germany).
The sections were mounted on gelatinized slides, which were post-fixed in buffered 4%
paraformaldehyde (0.1 M, pH 7.4) for 30 min and rinsed in phosphate-buffered saline (PBS)
(0.01 M, pH 7.4). They were subsequently incubated for 15 min with 3% hydrogen
peroxidase in PBS to remove endogenous peroxidase activity, and then washed twice in PBS.
After blocking with PBS solution containing 10% Triton X-100 (PBS-T) (Sigma, USA) and

3% bovine serum albumin for 30 min, sections were incubated with a rabbit poly-clonal anti-



c-Fos solution (1: 10,000) (Santa Cruz Biotech, sc-52, USA) diluted in PBS-T for 24 h at 4°C
in a humid chamber. Slides were then washed 3 times with PBS and incubated in a goat anti-
rabbit biotinylated 1gG secondary antibody (Pierce, USA; diluted 1:200 in incubating
solution) for 2 h at room temperature. They were washed 3 times in PBS and reacted with
avidin biotin per oxidase complex (Vectastain ABC Ultrasensitive Elite Kit, Pierce) for 1 h.
After 2 washes in PBS, the reaction was visualized, treating the sections for 3 min in a
commercial nickel-cobalt intensified diaminobenzidine kit (Pierce, USA). The reaction was
terminated by washing the sections twice in PBS. Slides were then dehydrated through a
series of graded alcohols, cleared with xylene, and cover-slipped with Entellan (Merck, USA)
for microscopic evaluation. All immunocytochemistry procedures included sections that
served as controls where the primary antibody was not added. Slides containing sections of a
specific brain region were stained at the same time. Slides were coded so that the
experimenters performing the entire analysis were blinded to the conditions of individual
subjects.

Regions of interest (ROIs) were defined based on the literature about hippocampal and
cortical regions known to be involved in the formation of spatial and episodic memories, and
anatomically determined according to Paxinos and Watson’s atlas (2005). ROIs and their
distance (in mm) from bregma were: +2.2 mm for the prelimbic (PL), infralimbic (IL), and
cingulate (CG) cortices; -2.0 mm for the hippocampal cornu ammonis 1 (CAl), cornu
ammonis 3 (CA3) and dentate gyrus (DG) subfields; +1.4 mm for primary motor (M1) and
primary somatosensory (S1) cortices; -2.0 mm for the agranular retrosplenial (RSA) and
parietal (PAR) cortices; -4.0 mm for perirhinal (PRH) and entorhinal (ENT) cortices.

The number of c-Fos positive nuclei in ROIs was quantified in two alternate sections
30 um apart. Quantification was performed by systematically sampling each of the regions
selected using superimposed counting frames. Sizes of the counting frames ranged from

72,000 um? (RSA) to 120,000 um? (ENT and PRH). The total area sampled by these frames
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per region in each section was: 140,000 pm? in PL, IL; 120,000 um? in CG; 144,000 pm? in
CA1, CA3; 80,000 pm? in DG; 140,000 um? in M1 and S1 cortices; 72,000 pm? in RSA;
144,000 um? in PAR; 120,000 pm? in PRH; 240,000 pm? in ENT. Cell counts were conducted
using a microscope (Leica DFC490, Germany) coupled to a computer with software installed
(Leica application suite, Germany). c-Fos positive nuclei were defined based on homogenous
grey-black stained elements with a well-defined border. Finally, the mean count of two

sections was calculated for each subject and region.

Statistical analyses
Statistical analyses were performed using SPSS software (IBM, Armonk, NY, USA).
Analysis of travelling distance was based on a global analysis of variance (ANOVA) with a
Group factor (No-change, Prox-Dist, Prox, Dist groups) and a repeated-measures factor
Session (first, second habituation sessions, test sessions). The significant Group x Session
interaction effect from this analysis was followed by one-way sub-ANOVA combined with
pairwise LSD post hoc comparisons and paired-samples t-tests.

Values of c-Fos activity were likewise first analyzed by a global ANOVA including a
Group factor (Home cage, No-change, Prox-Dist, Prox, Dist groups) and a repeated measures
Area factor (PL, IL, CG, CAl, CA3, DG, M1, S1, RSA, PAR, PRH, ENT). The significant
Group x Area interaction was followed by one-way ANOVA with a Group factor, performed
separately for each area, combined with pairwise LSD post-hoc comparisons. For a functional
connectivity analysis based on c-Fos activity, Pearson correlation coefficients were calculated
between all pairs of brain areas as well as between each brain area and behavioral data, and
the total number of significant correlations was compared between groups by chi-square test.
Connectivity graphs were constructed using both c-Fos quantifications and correlation
coefficients. The Igraph package (v1.2.4.2) in R (RStudio, Bonston, MA, USA) was used to

visualize the networks.

10



In cases (of one way-ANOVA, t-tests) where normality of the distribution or equal
group variances was not assured, we additionally used non-parametric test (Kruskal-Wallis H
test, Wilcoxon-signed rank test, respectively), and only when these nonparametric tests
confirmed significance, respective results are reported. Results are presented as
means + SEM. A p < 0.05 level (uncorrected for post-hoc pairwise comparisons) was

considered significant.

11



Results

Behavior - travelling distance

As expected, distance travelled (in the 15t min of the exploration interval) uniformly decreased
in all groups from the first to the second habituation sessions but, strongly differed between
the groups at the test session depending on whether or not novel cue configurations were
introduced (F(6,112) = 2.557, p = 0.023, for Group X Session interaction in the global
ANOVA, Figure 1C). Analyses focusing on the first two habituation sessions confirmed the
decrease in travelling distance occurring with the repeated exposure of the pups to the same
environment, as a most robust phenomenon with no differences between the groups (F(1, 56)
=92.087, p < 0.001, for Session main effect; p = 0.589, and p = 0.766 for Group main effect
and Group x Session interaction, respectively; p < 0.003 for separate pairwise comparison of
Sessions in each Group). Yet, the groups showed quite differential travelling distances in the
test session (F(3,59) = 8.518, p < 0.001, Figure 1D). With reference to the second habituation
session, the No-change group further decreased locomotion (p = 0.015) indicating that the
animals confronted to a third presentation of the same spatial configuration continued to
habituate. By contrast, the Prox-Dist group showed a distinct increased in locomotion (p =
0.029), indicating that the pups discriminated the change in proximal and distal cue
configurations. In the Prox group, travelled distance on average also increased from the
second habituation session to the test session, although this was not significant (p = 0.550).
Nevertheless, travelled distance at the test session was closely comparable in the Prox-Dist
and Prox groups (p = 0.375), and both groups travelled distinctly longer distances than the
No-change group (p < 0.001 and p = 0.003, respectively, Figure 1D). By contrast, travelling
distance in the Dist group at the test session was very similar to that of the No-change group
(p = 0.706). In combination, these data provide behavioral evidence that the pups form a
representation of the spatial environment during the habituation sessions, that mediates a

further down regulation of exploratory locomotion when, at the test session, the pup is
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exposed to the same environment but that upregulates locomotion when novel proximal cue

configurations are introduced. Distal cues are not involved in behavioral regulation.

Expression of c-Fos

We found major group differences in hippocampal and medial prefrontal cortical (mPFC)
areas whereas primary motor and primary somatosensory cortices showed little changes
(F(15.715, 98.217) = 15.982, p < 0.001 for global ANOVA Group x Area interaction, see
Figure 2 for pairwise comparisons). Importantly, the No-change group expressed lower c-Fos
activity in the hippocampal areas (CAl, CA3 and dentate gyrus, p < 0.001, p = 0.015, p <
0.001, respectively) but higher c-Fos activity in the prelimbic mPFC compared with the
Home-cage group (p = 0.003). In contrast, in both Prox-Dist and Prox groups, c-Fos activity
was enhanced in hippocampal CA1 and CA3 regions (all p < 0.01). Correlating c-Fos with
locomotor activity at the test session revealed that c-Fos expression in the prelimbic cortex
was negatively correlated with the distance travelled at test in the No-change group (r = -
0.910, p = 0.012). However, a positive correlation was found between the c-Fos activity in
CALl and the distance travelled in the Prox-Dist (r = 0.881, p = 0.020) and Prox groups (r =
0.947, p = 0.004, Figure 2B), pointing towards an opposite functional role for hippocampal
and mPFC areas in regulating spatial behavior at this age.

The Prox-Dist group, in mPFC regions displayed low levels of c-Fos activation,
comparable to that in the Home-cage control group and distinctly lower than that of the No-
change group (p < 0.05, for PL, IL, CG). Different from this pattern and similar to the No-
change group, the Prox group showed increased c-Fos activity in mPFC regions (PL, IL, CG,
p < 0.05 in comparison with the Home cage control group), overall suggesting that the mPFC
response depends on an intermediate degree of novelty, i.e., a high response when only

proximal cues are changed but no response when both proximal and distal cues change.
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Interestingly, in the Dist group whose behavior during the test session did not differ
from that of the No-change group, c-Fos activity was distinctly enhanced in the hippocampus
(CA1, CAS3 and dentate gyrus, all p < 0.01), retrosplenial (p < 0.001) and parietal (p < 0.001)
regions compared to the Home-cage control and No-change groups. These increases indicate
that the pups neuronally processed the spatial distal cues although not responding to them at
the behavioral level.

We determined connectivity network graphs based on significant Pearson’s correlation
coefficients, to analyze the functional connectivity within the set of brain structures of interest
and their correlation with locomotor behavior during the test session (Figure 3A). The graphs
of the No-change and Prox-Dist groups were hallmarked by the negative correlation of PL
cortex and the positive correlation of CA1, respectively, with travelled distance. Otherwise,
the number of significant interregional correlations in these groups was low and did not differ
from that of the Home-cage control group (Figure 3B). The number of interregional
correlations was increased in the Prox group, when compared with the No-change group (2 =
9.167, p = 0.002), with the majority of these connections involving the hippocampal CAL,
CA3 and DG areas. Interestingly, the Dist group that did not behaviorally respond to the
change in distal cue formation, was the group that displayed the strongest increase in the
number of interregional correlations in c-Fos activity during the test session (32 > 9.570, p <
0.002, for the comparisons with all other groups except the Prox group; Figure 3B). Unlike in
the Prox group, in the Dist group these regional intercorrelations spared hippocampal areas
but mainly connected mPFC and parietal cortices, on the one hand, with entorhinal and
perirhinal cortices, and on the other hand, with the primary motor cortex. The correlations
with entorhinal and perirhinal cortices were negative whereas the correlation with primary

motor cortex were positive in direction.
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Discussion

We tested whether pre-weanling infant rats at PD16 are already capable to form persisting
(~140 min) spatial representations using a simple spatial habituation paradigm that allowed to
assess behavioral (distance travelled during exploration) as well as neuronal (c-Fos activity at
the test session) read-outs of spatial memory formation. Results indicate a robust decrease in
distance travelled during exploration with the first repetition of exposing the rat pups to the
identical arena environment (2" Habituation session), followed by a further decrease in
locomotion when the rat pup was exposed a third time to the identical environment (test
session of the No-change group). By contrast, exposing the rat pup at the third session, i.e.,
the test session to an arena with changed proximal and distal cue configurations or only with
changed proximal cues, invoked a strong increase in distance travelled during exploration.
This increase was not observed when only the distal cue configuration was changed. In
combination, this pattern indicates that the pups at PD16 indeed form a spatial representation
that is used to differentially regulate exploratory behavior in familiar vs novel spatial
environments, and that preferentially integrates proximal rather than distal spatial cues. This
picture was corroborated by the analysis of regional c-Fos activity levels at the test session.
Exposed a third time to the identical spatial environment, rat pups of the No-change group not
only travelled the shortest distance during this session but also showed highest c-Fos activity
in prelimbic mMPFC areas with the c-Fos levels in this region being strongly negatively
correlated with locomotor behavior. This finding supports the notion that inhibition of
locomotor activity during spatial habituation is mediated through mPFC regions such as the
prelimbic region, participating in the representation of space. We did not find signs of a
hippocampal contribution to regulating habituation in the pups of the No-change group. By
contrast, the rats which were exposed to changes in the configuration of distal and proximal or
only proximal cues at the test session and which responded to these changes with an increase

in locomotion, showed distinctly enhanced c-Fos activity levels in hippocampal areas, and the
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increase in c-Fos in CAl was moreover highly positively correlated with the distance
travelled at the test session. These findings support the view that hippocampal regions
particularly contribute to regulating explorative locomotion in response to novel proximal
aspects of the spatial environment.

It can be excluded that the robust differences in locomotor and c-Fos activity between
groups were strongly biased by maturational processes, as all experiments took place on the
same day (PD16), and there were virtually no differences in locomotion between the groups at
the two habituation sessions. Moreover, all groups including the home cage controls, showed
very comparable c-Fos activity in primary motor cortex, and only minor differences in
primary somatosensory cortex. Indeed, locomotion and associated exploratory skills, used
here as a behavioral indicator of spatial memory, are in essence developed by the end of
second postnatal week (Altman & Sudarshan, 1975). In comparison, the time when response
habituation (to repeated stimulation) occurs during development appears to be more variable
and depending on the type of stimulation (Bronstein et al., 1974; Einon et al., 1975; Feigley et
al., 1972). The very robust decrease in locomotion we found here in all groups across the first
two habituation sessions and, in the test session, specifically for the No-change group
corroborates the view that habituation is in principle established before PD16. We also can
exclude that locomotor responses were confounded by non-spatial aspects of the stimulus
conditions, because for manipulating the proximal and distal context of the arena we only
changed the spatial configuration of the cues but not the cues themselves. Moreover, to assure
the formation of allocentric spatial representations, the pups entered the arena at each session
from a different side.

Our findings demonstrating that pups can form persisting spatial representations
already at PD16 extends previous studies where this capability emerged later during
development. In tasks requiring the discrimination of objects or in the hidden platform version

of the Morris water maze task, behavioral hints at the formation of enduring spatial
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representations (persisting more than 10 min) were revealed in rat pups not before PD17
(Ainge & Langston, 2012; Akers & Hamilton, 2007; Contreras et al., 2019; Ramsaran et al.,
2016; Rudy et al., 1987; Sanders et al., 2020; Westbrook et al., 2014). The earlier onset in the
formation of spatial memory found here can be explained by the task that did not require
discrimination of discrete objects and was performed in stress-free conditions. The earlier
onset of behavioral signs of spatial memory, moreover, concurs with electrophysiological
evidence indicating that the neuronal machinery of place, grid, and head direction cells in
hippocampus and adjacent areas is well functioning at PD16 (Tan et al., 2015, 2017; Wills et
al., 2010), although these structures as well as prefrontal structures contributing to spatial
behavior are by far not fully matured at this age.

Our pups increased locomotion only when proximal cue configurations were changed
but not when distal configurations changed, indicating that behavior is regulated via spatial
representations only integrating proximal landmarks at this age. An earlier onset for the
integration of proximal than distal cues into spatial navigation has been likewise found in
previous studies using the Morris water maze task (Akers & Hamilton, 2007; Rudy et al.,
1987) and the object-in-context learning task (Akers et al., 2011; Ramsaran et al., 2016). The
pups neglecting distal cues might result from an immature visual acuity with pre-weanling
rats not being able to discriminate cues in the distance (Carman et al., 2003; Carman &
Mactutus, 2002). However, c-Fos levels in our Dist group provided ample evidence that these
rats indeed processed the change in the configuration of distal cues (see below). Hence, rather
than not perceiving these cues, it is more likely that the pups at PD16 are just unable to use
them for regulating locomotor behavior.

The comparison of c-Fos activity levels between our Prox-Dist and No-change groups
indicates that both hippocampus and mPFC contribute to the formation spatial
representations, the former mediating increased locomotion to novel cue configurations, the

later mediating habituation and suppression of locomotion once the actual environment has
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been recognized as familiar. As to the hippocampus, our findings in pups concur with a great
body of evidence in adult rodents identifying the hippocampus as key structure for navigation
and the encoding of novel spatial representations (e.g., Klur et al., 2009; Loureiro et al., 2012;
O’Keefe & Nadel, 1978). Similar to our findings in pups at PD16, adult rats showed increased
hippocampal c-Fos activity during spatial learning on an object place recognition task as well
as upon changes in the spatial configuration of familiar visual stimuli (Jenkins et al., 2004;
Mendez et al., 2015; Wan et al., 1999). Moreover, like in our pups, c-Fos activity in CAl in
these adult rats was positively correlated with behavioral indicators of memory (Mendez et
al., 2015). In rat pups muscimol-induced inactivation of the hippocampus prevented context
fear learning at PD24 (Raineki et al., 2010). Hippocampal c-Fos activity was enhanced in
pups at PD20 performing on the Morris water maze and object location task, whereas rats at
PD16, the specific age we used here, did not show increased activation in both tasks (Comba
et al., 2015). Likewise, hippocampal c-Fos activity was increased during contextual fear
learning at PD24 but not at PD21 (Raineki et al., 2010). Against this backdrop, the enhanced
hippocampal c-Fos activity in response to novel proximal cue configurations occurring in our
rat pups much earlier during development, i.e., on PD16, can be well explained by our task
paradigm allowing to more sensitively assess at this age the encoding of the specifically
spatial aspects of the stimulation. Accordingly, around PD16 place cells in CAl have been
shown to generate new representations upon a novel context and reactivate familiar
representations based on degraded stimuli (Muessig et al., 2016).

Our findings argue against the view derived from studies of adult rats, that
hippocampus-based navigation selectively refers to distal cues (Piterkin et al., 2008;
Ramsaran et al., 2016; Rudy et al., 1987). Indeed, the quite robust increases in c-Fos activity
in hippocampal regions in our Prox group in combination with the strong correlation between
CAL c-Fos levels and locomotor activity in this group, support that proximal cues alone are

sufficient to regulate hippocampus-based navigation at this age (Rinaldi et al., 2020).
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Our data corroborates growing evidence that the formation of spatial representations
involves the mPFC already early on in life, although these regions show a rather protracted
developmental trajectory (Bitzenhofer et al., 2019; Chini et al., 2020). The profound increase
in c-Fos levels in mPFC regions in the No-change group together with the negative
correlation of c-Fos levels in the prelimbic regions of mPFC with locomotor activity supports
the view that this region is central in mediating habituation towards familiar spatial
environments, which is consistent with findings in adult rodents (e.g., Chudasama et al., 2012;
Eichenbaum, 2017; Exposito et al., 2020). Interestingly, c-Fos levels in mPFC were not only
enhanced in the No-change group but also in the Prox group showing increased locomotor
behavior to the novel proximal cue configuration at the test session. This finding indicates that
these areas beyond their involvement in spatial habituation, serve additional functions
possibly in the regulation of attention (Birrell & Brown, 2000; Dejean et al., 2016; Hébert et
al., 2017). The specific change of only the proximal cue configuration leaving distal cues
unchanged might enforce attentional processes to resolve the seemingly conflictual context
information (Hébert et al., 2017).

Notably, c-Fos levels in the Dist group indicated that the pups also processed the
changes in the distal cue configuration, although this did not express in behavioral changes.
Exposed to changes only in the distal cue configuration, the pups showed maximal c-Fos
levels in parietal and retrosplenial areas, i.e., interconnected regions well-known to be
centrally involved in regulating navigation based on distal cues and allocentric reference
frames in the mature brain (Auger et al., 2012; Clark et al., 2018; Mitchell et al., 2018; Vann
& Aggleton, 2005). Moreover, the Dist group showed prominently increased overall
functional connectivity between brain regions. Surprisingly, this increase in functional
connectivity appeared to spare hippocampal regions which may explain that the processing of

distal cue changes was not integrated into the Dist group’s locomotor behavior.
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In conclusion, our study shows that infant rats at PD16 which is typically the first day
they show reliable exploratory locomotor behavior, are able to form persisting spatial
representations. Discriminating between decreases in locomotion (habituation) to familiar
spatial contexts and increases in locomotion to novel contexts, we provide evidence that these
spatial representations are formed at a systems level including not only hippocampal regions
regulating behavior to novelty, but also mPFC regions - particularly the prelimbic region -
which appear to be centrally involved in locomotor inhibition and habituation to familiar
environments and, additionally, in attentional control to conflictual spatial information. This
systems view concurs with finding in adult rats, e.g., of impaired spatial learning (in the
Morris water maze) after lesions to both the prelimbic mPFC as well as to the hippocampus
(Wang & Cai, 2008). Coordinate phase-locked oscillatory and spike activity between
hippocampal and prefrontal cortical regions emerges already within the first two weeks after
birth (Brockmann et al., 2011). The present c-Fos data provide additional support for this
systems view, in showing that the central structures interfacing the prelimbic mPFC with
hippocampal CAl and CAS3 regions, i.e., perirhinal and (lateral) entorhinal cortices
(Eichenbaum, 2017), displayed significantly enhanced c-Fos activity in both the pups exposed
to a highly familiar environment (No-change group) as well as in the pups exposed to clear
changes in the spatial context (Prox-Dist group, Figure 2). Collectively, our findings
allocating complementary roles to mPFC and hippocampus in mediating responses to familiar
and novel spatial contexts, respectively, provides evidence that the mPFC-hippocampal circuit
might operate at a systems level during spatial encoding already at PD16. An obvious
question arising here is, to what extent such function of the mPFC-hippocampal circuit
generalizes already during this early stage of development to other domains of episodic

memory formation (Takehara-Nishiuchi, 2020).
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FIGURE 1. Experimental design and locomotor behavior. (A) The behavioral experiments
included 4 groups which were all tested on 2 habituation sessions and 1 test session, with each
session allowing the rat to explore the open field arena for 10 min. Sessions were separated by
a ~140 min interval during which the pups were returned to the home cage with their dam.
The arenas in the two habituation sessions were identical. On the test session, the No-change
group (n = 21) was again exposed to the same arena, for the Prox-Dist group (n =15) proximal
and distal cues were reconfigured, for the Prox group (n = 12) only proximal cues, and for the
Dist group (n = 12) only distal cues. An additional Home-cage control group (n = 6) where

the pups remained in their home cage during sessions was used only as control for c-Fos
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activity and is not shown here. (B) Photo of the arena illustrating the experimental proximal
cues (checkerboard pattern covering either the floor or the wall of the arena) and the distal
cues (4 white tissues and 3 boxes presented in different spatial configurations). (C) Mean
(+SEM) distance travelled for each group during 1% minute of habituation and test sessions
(###, *** p < 0.001, ANOVA main effect across Habituation session and across Groups for
the Test session, respectively) and (D) separately for the test session (*p < 0.05, **p < 0.01,

***p < 0.001, for pairwise comparison).
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FIGURE 2. (A) Mean (£SEM) counts of c-Fos positive cells in studied brain regions, top left:
medial prefrontal cortex including prelimbic (PL), infralimbic (IL), and cingulate cortices
(CG), and (top right) hippocampal subfields CAl, CA3 and dentate gyrus (DG). Bottom:
primary motor and primary somatosensory cortices (M1 and S1), agranular retrosplenial
(RSA), parietal (PAR), perirhinal (PRH), entorhinal (ENT) cortices. *p < 0.05, ** p < 0.01
and ***p < 0.001 for pairwise comparisons between experimental groups. (B) Correlations of
locomotion (distance travelled) with c-Fos counts (left) in the PL region of mPFC in the No-
change group, and (middle and right) in CALl in the Prox-Dist and Prox groups. (C)
Representative images of c-Fos staining selected for cell count analysis in PL and CA1 (scale

bar: 200 pm).
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FIGURE 3. (A) Network connectivity analysis of c-Fos activity in (top) No-change, Prox-

Dist, Prox groups, and (bottom) Dist and Home-cage control groups. Graphs include

correlations with distance travelled (Distance, blue square) during the test session, and

indicate only significant (p < 0.05) r values (positive - black, negative - grey connection

lines). Brain regions are color-grouped and node size is proportional to c-Fos activity, with

activity of the Home-cage group taken as baseline. (B) Number of significant correlations

(black bars) shown as proportion of the total number of possible correlations (i.e., n = 66)

between brain regions for the 5 groups (**p < 0.01, *** p < 0.001, for pairwise comparison

with 2 test).
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Abstract

Adult behavior is commonly thought to be shaped by early-life experience, but paradoxically,
episodes experienced during infancy are forgotten. Exposing rats during infancy to discrete
spatial configurational changes, we show that the rats in adulthood were significantly better at
forming persistent spatial memory than were control rats with only non-spatial infantile
experience, while the infantile episode itself was not retrievable. Infantile spatial experience
increased c-Fos activity at memory testing during adulthood in prelimbic medial prefrontal
cortex, whereas hippocampal activity remained unchanged. Adult spatial memory capability only
benefitted from spatial experience occurring during the sensitive period of infancy, but not when
occurring later during childhood, and when sleep followed the infantile experience. In
conclusion, rather than forming lasting hippocampal episodic memory, infantile spatial
experience, by a sleep-dependent mechanism, favors the formation of persisting cortical schema

memories that facilitate learning in adulthood.
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Introduction

Early life experience critically forms behavior in adulthood. This is a long-standing and
prominent cultural idea that has been at the core of modern psychology as well as recent research
linking, for example, traumatic experience during early life with capabilities to cope with stress
in adulthood (Lupien et al., 2009). However, the importance of early experience for adult
behavior stands in stark contrast with the observation that the memories formed of the multiple
episodes during infancy are altogether easily and rapidly forgotten, a phenomenon known as
infantile amnesia (Akers et al., 2014; Josselyn and Frankland, 2012). A proposal reconciling
these apparently diverging observations is, that rather than being forgotten, episodic memories
formed of experience during infancy are transformed into more general schema-like memories.
These schema memories, then serve as enduring supraordinate knowledge to facilitate behavioral
adaptation during adulthood (Ramsaran et al., 2019; Sekeres et al., 2018; Moscovitch et al.,
2016; Frankland and Bontempi, 2005). The transformation into schema representation may make
the original episodic memory less accessible, or even promote its forgetting.

Despite the outstanding theoretical interest, amazingly little experimental work has been
performed on how a certain separate episodic experience during infancy is transformed to feed
into adult knowledge systems (Donato et al., 2020; Ramsaran et al., 2019; Keresztes et al., 2018;
Alberini and Travaglia, 2017). Here we took advantage of the well-controlled conditions of a rat
model, to show that non-emotional episodes, i.e., the exposure to discrete changes in a spatial
configuration for only a short interval on 4 days during a rat’s infancy — when the hippocampus
is still immature - strongly impacts the rat’s spatial learning ability during adulthood. To induce
spatial experience during infancy, we employed a simple procedure: the rats of a Spatial-

experience group were placed in an arena with two identical objects for 5 min. Then, after a 5-



min break, the rats re-entered the arena for another 5-min; however, this time one of the objects
was moved to another location (Figure 1A). A control group of rats was exposed to Non-spatial
experience during infancy by only changing the kind of one of the two objects between the two
5-min exposure periods, instead of its spatial configuration. An additional No-experience control
group did not undergo experimental arena visits during infancy. During adulthood, around
postnatal day (PD) 80, all rats were tested on a classical object place-recognition (OPR) task,
with a 3-hour delay between encoding and retrieval testing, to assess the animal’s capability to

form persisting spatial representations.



Material and methods

Animals

A total of 144 male Long-Evans rats were used for the experiments. Rat pups were allocated to
the different experimental group such that each group derived from 2-3 litters of 4-6 pups. In
total 25 litters were used for the whole experiment. Two litters were born in our own animal
facilities (each litter was culled to 4 pups one or two days after parturition). The remaining pups
arrived (from Janvier, Le Genest-Saint-Isle, France) in our facilities at least 4 days before any
manipulation in order to allow acclimatization. It was ensured by inspection that all pups had
opened their eyes and already started to explore their home cage surroundings on the day the
experimental procedures started. The pups were maintained with their dam until weaning
(PD21). The animal colony was kept at a room temperature of 22+1 °C, on a 12 h/12 h light/dark
cycle (lights on at 6:00 h). All rats had free access to food and water throughout the experiments.
All experimental procedures were performed in accordance with the European animal protection
laws (Directive 2010/63/EU, European Community) and were approved by the Baden-

Wirttemberg state authority.

Experimental groups

The 3 groups of the main experiments were the Spatial-experience group (n = 18 pups), the Non-
spatial experience group (n = 18 pups), and the No-experience group (n = 18 pups). To test for
long-term episodic memory for early spatial experience, a separate group (Long-term OPR, n =
12 pups) was exposed to a single encoding phase on the OPR at PD24 and tested at adulthood.
Another control group included rats tested at adulthood in a different context (Context-change

group, n = 12 pups). Exposure to spatial and non-spatial experience took place between PD18



and PD24 with, this interval selected based on evidence that the pups’ capabilities for object
exploration are not firmly established before PD18 (Contreras et al., 2019) and that maturation of
the hippocampus proceeds at least until PD24 (Travaglia et al., 2016; Donato et al., 2017). In two
separate experiments, the developmental trajectory of the effects of early spatial experience on
adult OPR performance and the role of sleep after infantile spatial experience were examined.
For these experiments, two groups of pups were exposed to the “early spatial experience”
manipulation during Early childhood (starting from PD25, n = 11 pups) and Adolescence (from
PD48, n = 17 pups), respectively. A Sleep-deprivation group of pups (n = 13) was deprived of
sleep after exposure to the early spatial experience during infancy. For these two separate
experiments, also the Spatial-experience and No-experience control groups were newly formed
to avoid multiple testing against the same reference groups. Furthermore, we aimed at enhancing
statistical power as based on forgoing studies (Contreras et al., 2019), we expected increased
response variability with the inclusion of the Early childhood and Adolescence groups. Two new
sets of n = 12 rats and n = 12 rats were subjected to the same procedures as described for the
Spatial-experience and No-experience groups of the main experiment, and it was assured (i) that
the target effect of an enhanced OPR memory was replicated in these animals (F(1, 20) = 5.437,
P = 0.030, for the difference in OPR memory between groups) and (ii) that the groups in OPR
memory performance did not differed from the respective groups of the main experiments (P >
0.642, for all independent t-test comparisons on each minute of the OPR memory test). For
statistical comparison the new sets were combined with the respective groups of the main

experiments.



Experimental procedures and task

All procedures were performed between 7:00-16:00 h (i.e., the light phase). Animals received 5
sessions of 5 min handling on 5 (or 3, in 73 cases) consecutive days. For all groups (except the
animals exposed to the early spatial experience at adolescence, i.e., PD48) the handling
procedures included the dam in order to diminish potential stress. On each of the following 3
days, a 10-min habituation session was performed where the rats were allowed to freely explore
the empty arena. In each session, they were introduced into the arena from a different side to
support allocentric mapping. After the session, the rats were returned to the dam in the home
cage.

On the day after the last habituation session, the rats of all groups were subjected to the
early spatial experience. For the Spatial-experience group (and related control groups) this
experience consisted of two 5-min visits of the arena in which two identical objects were placed.
At the second of these visits one of the objects was moved to another place (Figure 1A). The 2
visits were separated by a 5-min break (for which the pup was brought to the home cage and
dam) and, were repeated (with different objects and changes in spatial configuration) on 3
succeeding days (every other day). For the Non-spatial experience group, instead of displacing
one of the objects, one of the objects was replaced by another during the second of the two visits.
At each visit, the rat was introduced into the arena from a different side with the rat always
facing the respective wall of the arena. Behavioral responses to the change in spatial vs. non-
spatial configuration were comparable in terms of the time the animals spent exploring both
objects (F(1, 33) = 1.549, P = 0.222, across the 4 days) and travelling in the arena (F(1, 33) =
1.515, P = 0.227). The No-experience control animals did not receive any experimental

manipulation until adulthood.



At adulthood, all groups were tested on a classical Object-place recognition (OPR) task
with the encoding phase and the retrieval phase separated by a 3-hour retention interval (during
which the rats were moved to the home cage). Preparation for OPR testing included exactly the
same procedures of 5-min handling (on 3 days), followed by 10-min sessions to habituate the
animal to the empty arena (on 3 days). For the Long-term OPR control group, the encoding
phase took place during infancy (PD24) and recognition was tested at adulthood (PD84), with
handling and habituation procedures only preceding the infantile encoding phase. In the interval
between the “early spatial experience” manipulation and adult OPR testing, the animals were
kept in their home cages and weighted weekly, but otherwise remained without any experimental
stimulation.

Apparatus and objects

For establishing the “early spatial/non-spatial experience” manipulation a quadratic dark grey
open field was used (43 cm x 43 c¢cm, height of walls 35 cm). Objects (height 10-18 cm) were
glass bottles of different shapes, filled with water or sand of different colors. They had sufficient
weight to ensure the rats could not displace them. To support allocentric spatial mapping, a
number of distal cues were available: The North side of the arena was headed towards a white
wall whereas the East and West sides were surrounded by a grey curtain. The South side of the
arena faced a removable black curtain (which also served as the experimenter’s entrance).
Additional discrete distal cues were provided on the ceiling: a brown wood square (40 cm x 40
cm) located 120 cm above the open field and 36 cm below the ceiling. At two sides, a pink ball
(10 cm diameter) and a light-brown cartoon box (25 cm x 25 cm x 10 cm), respectively, were

attached to the curtains. Two fluorescent strip lights placed on the floor of the room provided



indirect light. White noise was presented at a constant intensity during all procedures, to mask
any disturbing sounds.

OPR testing during adulthood took place in a similar but larger arena (77 cm x 77 cm,
height of walls 37 cm), compared with that during early spatial experience. Objects were also
larger (22-29 cm) and quite different from those during early experience. Distal cues were as
described for the early experience, except for the Context-change group. The context of OPR
testing for this group differed in several aspects: The experimenter was a different person (all
experiments were conducted by women), the experimental room was different and all distal cues
as well as texture (wrinkled vs smooth floor) differed. Objects and arena were cleaned
thoroughly between trials with 70% ethanol solution.

Data collection and analysis

The rat’s behavior was video-recorded during the visits of the early experience as well as during
the encoding and retrieval phases of the OPR task and visually scored offline by an experienced
experimenter using the ANY-Maze tracking software (Stoelting Europe, Dublin, Ireland).
Exploration was defined by the rat directing its nose to the object and sniffing. Climbing on an
object or sitting next to it without any signs of active exploration was not included.

On the OPR task, allocentric spatial memory was analysed using the object
discrimination index which is the standard way to assess OPR memory in adult rats, and is
defined by the formula: DI = [(exploration time for novel object-location — exploration time for
familiar object-location) / (exploration time for novel object-location + exploration time for
familiar object-location)]. Additionally, the total time of object exploration (across both objects)

and the total distance travelled during encoding and retrieval phases were determined.
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Sleep and sleep deprivation

The pups of the Spatial-experience group (as well as the pups of the Non-spatial-experience
group) were returned to their home cage with their littermates and dam immediately after each
second visit to the arena on PD18, PD20, PD22 and PD24. Assessment of (video-recorded)
behavior assured that the pups spent a minimum of 44 min of the 90-min post-experience
interval in a sleeping position, close to the dam and often fully covered by the dam’s body.
Visual inspections performed in a separate sample of 6 pups confirmed the presence of sleep
(i.e., closed eyes and occasional suckling) during the times the pup was mostly covered by the
dam’s body. The rats of the Sleep-deprivation group were deprived from sleep during the 90-min
post-experience interval applying a “gentle-handling” procedure. The procedure was initiated as
soon as the litter huddled together or one of the pups showed signs of sleep (e.g., taking a sleep
posture or closing its eyes), and consisted of tapping on the cage, gently shaking the cage,
disturbing nest-building behavior and, to avoid huddling, separating the pups by placing them
away from their littermates. During the post-experience intervals on PD18 and PD20
(preweaning), the dam was kept in a neighboring cage allowing that the pups to see and smell
her.

c-Fos immunocytochemistry

After completing the retrieval phase of the OPR task, the rats were returned to their home cages
for 90 min. Then, the animals were decapitated, and the brains were removed intact, frozen
rapidly in metylbutane (Sigma-Aldrich, Taufkirchen, Germany), and stored at —40 °C. A 90-min
delay after retrieval testing was used because c-Fos protein activity peaks with a latency of ~90
min after the event of interest (Bisler et al., 2002). The brains were coronally (30 um) sectioned

at -20 °C in a cryostat microtome (model HM 505-E, Microm International GmbH, Heidelberg,
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Germany). The sections were mounted on gelatinized slides for c-Fos immunocytochemical
analysis, and on non-gelatinized slides for additional cytochrome oxidase (COXx) histochemistry
(see below). We defined the regions of interest (ROIs) based on the literature about cortical,
thalamic and hippocampal regions known to be involved in the formation of spatial and episodic
memory formation (Eichenbaum, 2017), and determined the anatomically according to Paxinos
and Watson’s atlas (2005). ROIs and their distance (in mm) from bregma were: +3.24 mm for
the prelimbic (PL), infralimbic (IL), and cingulate cortices (CG); -3.96 mm for the agranular
(RSA) and granular retrosplenial cortex (RSG), for the parietal (PAR), perirhinal (PRC) and
lateral entorhinal cortices (LEC); -1.80 mm for the thalamic nucleus reuniens (RE) and reticular
thalamic nucleus (RTN); -3.96 mm for the hippocampal cornu ammonis 1 (CAl), cornu
ammonis 3 (CA3) and dentate gyrus (DG) subfields.

Brain processing

For c-Fos immunocytochemistry, the sections were post-fixed in buffered 4% paraformaldehyde
(0.1 M, pH 7.4) for 30 min and rinsed in phosphate-buffered saline (PBS, 0.01 M, pH 7.4). They
were subsequently incubated for 15 min with 3% hydrogen peroxidase in PBS to remove
endogenous peroxidase activity, and then washed twice in PBS. After blocking with PBS
solution containing 10% Triton X-100 (PBS-T, Sigma, USA) and 3% bovine serum albumin for
30 min, sections were incubated with a rabbit polyclonal anti-c-Fos solution (1:10,000, sc-52,
Santa Cruz Biotech, Santa Cruz, CA, USA) diluted in PBS-T for 24 h at 4°C in a humid chamber.
Slides were then washed 3 times with PBS and incubated in a goat anti-rabbit biotinylated 1gG
secondary antibody (Thermo Scientific Pierce, Rockford, IL, USA; diluted 1:200 in incubating
solution) for 2 h at room temperature. They were washed for another 3 times in PBS and then

reacted with the avidin biotin peroxidase complex (Vectastain ABC Ultrasensitive Elite Kit,
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Pierce, USA) for 1 h. After 2 more washes in PBS, the reaction was visualized by treating the
sections for 3 min in a nickel-cobalt intensified diamino benzidine kit (Pierce, USA). The
reaction was terminated by washing the sections twice in PBS. Slides were then dehydrated
through a series of graded alcohols, cleared with xylene, and cover-slipped with Entellan (Merck,
USA) for microscopic evaluation. All immunocytochemistry procedures included sections that
served as controls where the primary antibody was not added. Slides containing sections of a
specific brain region were stained at the same time. The experimenter performing the c-Fos and
COx analyses was blind to the experimental conditions of the individual brains.

The total number of c-Fos positive nuclei was quantified in two alternate sections 30 um
apart. Quantification was performed by systematically sampling each of the regions selected
using superimposed counting frames. Sizes of the counting frames ranged from 40,000 um? (RE)
to 360,000 pm? (PAR). The total area covered by these frames per region in each section was:
40,000 pm? in RE; 90,000 pm? in DG; 120,000 pm? in RTN and CAZ1; 180,000 um? in RSA,
RSG and CA3; 270,000 um? in IL, PL, CG, PRC, and LEC; and 360,000 pm? in PAR. Cell
counts were conducted using a microscope (Leica DFC490, Germany) coupled to a computer
with software installed (Leica application suite, Germany). c-Fos positive nuclei were defined
based on homogenous grey-black stained elements with a well-defined border. Finally, the mean
count of two adjacent sections was calculated for each subject/brain and region.

Cytochrome oxidase (COXx) histochemistry

As an estimate of basal metabolic rates in the ROIs, we additionally measured COx activity
using quantitative histochemistry, as described elsewhere (Banqueri et al., 2017; Mendez et al.,
2015). To quantify enzymatic activity and control staining variability across different baths, sets

of tissue homogenate standards from rat brains were cut at different thicknesses (10, 30, 50 and
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70 um), and included in each COXx staining bath together with the experimental brain sections.
The batch standards of brain homogenate were previously analyzed by spectrophotometrical
methods to measure mean COX activity and were used to generate a single regression equation
between COXx activity and the optical density of the experimental sections, as reference for the
comparison of the different tissues (see below). The sections and standards were incubated for
5min in 0.1 phosphate buffer with 10% (w/v) sucrose and 0.5 (v/v) glutaraldehyde, pH 7.6.
Next, they were immersed in 3 batches of 0.1 M phosphate buffer with 10% (w/v) sucrose were
given for 5 min each. Subsequently, 0.05 M Tris buffer, pH 7.6, with 275 mg/l cobalt chloride,
10% (wi/v) sucrose, and 0.5 (v/v) dimethyl-sulfoxide was applied for 10 min. Then, sections and
standards were incubated in a solution of 0.06 g cytochrome ¢, 0.016 g catalase, 40 g sucrose,
2ml dimethyl-sulfoxide, and 0.4 g diaminobenzidine tetra-hydrochloride (Sigma-Aldrich,
Madrid, Spain) in 800 ml of 0.1 M phosphate buffer at 37 °C for 1 h. The reaction was stopped
by fixing the tissue in buffered formalin for 30 min at room temperature with 10% (w/v) sucrose
and 4% (v/v) formalin. Finally, the slides were dehydrated, cleared with xylene, and cover-
slipped with Entellan (Merck, Darmstadt, Germany).

The COx histochemical staining intensity was quantified by means of densitometric
analysis, using a computer-assisted image analysis workstation (MCID, Interfocus ImagingLtd.,
Linton, England). The mean optical density (OD) of each region was measured in three alternate
sections, 30 um apart. In each section, four non-overlapping readings were taken, using a square-
shaped sampling window adjusted for each region size. A total of twelve measurements were
taken per region. Calibration of OD measures for COx activity units was performed using the
stained homogenate standards for each staining batch. For each staining batch the software

calculated a linear regression between optical density and COx activity, using the measured OD
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attributed to each section. Average relative OD measured in each brain region was converted into
COx activity units (1 unit: 1 umol of cytochrome ¢ oxidized/min/g tissue wet weight at 23 °C)
using the calculated regression curve in each homogenate standard. The linear regression
equations calculated to estimate COx activity from OD measures in the brain sections were also
used to assess inter-batch variability which was < 1%.

Statistical analyses

All statistical analyses were performed using SPSS software (IBM, Armonk, NY, USA).
Generally, results are reported as means + SEM. A P < 0.05 was considered significant.
Analyses of the discrimination index (DI) and related behavioral control measures (total
exploration time and total distance travelled) at adult OPR testing were first performed for the
entire 5-min interval of the retrieval phase, and then focused on the first min of this interval as it
is known to most sensitively reflect memory (Winters et al., 2004). Statistical outliers were
defined by a DI in the 1%t min of the retrieval phase exceeding +1.5 times the interquartile range
(which correspond to the difference between the first and third quartile) (Field, 2009), and
excluded from analyses (1 case each in the Spatial-experience and Non-spatial experience group,
2 cases in the Spatial-experience replication group). For the main experiment, a global analysis
of variance (ANOVA) was performed with a Group factor representing the experimental groups
(Spatial-experience, Non-spatial experience, No-experience, Long-term OPR, Context-change),
and a repeated-measures Minute factor representing the 1% to 5" minute of the retrieval phase.
The Huynh-Feldt correction was applied when the sphericity assumption was violated. To
specify the significant Group x Minute interaction (F(10.269, 182.269) = 0.357, P = 0.011) from
this analysis, subsequent ANOVA were performed on subsets of groups. Effects of age at spatial

experience and sleep deprivation after infantile experience were tested in separate ANOVA
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including the Early childhood and Adolescence groups and the Sleep deprivation group,
respectively, in addition to the newly formed infantile Spatial-experience and No-experience
groups. Early childhood and Adolescence groups were combined in these analyses to rule out
potential biases resulting from unequal group sizes. Significant ANOVA main and interaction
effects were followed by post-hoc pairwise t-tests (two-sided) and, in case of specific hypothesis
testing, by planned contrasts. One sample t-test was used to test whether DI values differed from
chance level (zero).

c-Fos and COx activity values were first analysed by a global ANOVA including a Group
factor (Spatial-experience, Non-spatial experience, No-experience, Long-term OPR, Context-
change and Sleep-deprivation) and repeated measures Areas factor (PL, IL, CG, RSA, RSG,
PAR, PRC, LEC, RE, RTN, CAl, CA3, DG). Significant Group x Areas interactions (Huynh-
Feldt corrected) were followed by one-way ANOVAs including a Group factor (Spatial-
experience, Non-spatial experience and No-experience, or Spatial-experience, Context-change,
and Long-term OPR; n = 6 for each group, but n = 5 for Context-Change group), which were
performed separately for each area. Significances were followed by post-hoc pairwise t-tests
(two-sided). For an exploratory functional connectivity analysis, Pearson correlation coefficients
were calculated for c-Fos activity between all pairs of areas. Connectivity graphs were
subsequently constructed using both c-Fos quantifications and correlation coefficients. The

Igraph package (v1.2.4.2) in R (RStudio, Boston, MA, USA) was used to visualize the networks.
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Results
Infantile spatial experience enhances OPR performance at adulthood.

At testing in adulthood, only the rats with infantile spatial experience showed robust
capabilities to form persisting spatial memory on the OPR task. Retrieval performance of this
group was significantly higher than in both the Non-spatial experience and the No-experience
control groups (F(4.944, 121.135) = 2.989, P = 0.014 for Group x Minute ANOVA interaction).
The enhancement was largest during the first minute of the retrieval phase which is typically
most sensitive to the memory effect (Winter et al., 2004) (F(2, 51) = 4.464, P = 0.017, for main
effect of Group, see Figure 1B for results from pairwise statistical comparisons; Figure S1A
shows control parameters of total exploration time and distance travelled during retrieval). In
fact, during this first minute of adulthood OPR testing only the Spatial-experience group
exhibited consistent preference for the displaced object, and expressed it throughout the 5-min
retrieval phase (t(16) = 8.323, 5.711, 4.326, 3.579 and 3.894, all P < 0.003 for comparisons with
chance level performance per minute, Figure S2). Rats with Non-spatial experience during
infancy did not express any significant spatial memory throughout the test period (all t(16) >
0.423 and P > 0.074), and the No-experience group only transiently expressed memory (2" and
3" min of retrieval phase; t(17) = 2.147 and 2.456, P < 0.046), the latter finding confirming
previous studies testing OPR memory in adult rats using the same 3-hour delay (Contreras et al.,
2019). These results demonstrate that discrete and short-lasting spatial experience during infancy
can strongly enhance the capability to form persistent spatial representations in adulthood.

We asked whether the enhanced spatial memory capabilities in the Spatial-experience
group were perhaps an immediate direct consequence of an episodic memory that was formed for

the spatial experience during infancy and persisted into adulthood. To answer this question, we
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tested rats on an OPR task with the encoding phase performed during infancy (PD24) and the
retrieval phase occurring only later, in adulthood (PD84, Long-term OPR group). At this remote
retrieval test, the rats did not exhibit significant spatial memory (as measured by preferential
exploration of the displaced object) at any minute of the retrieval phase (Figure 1C). In line with
other studies (Sawangjit et al., 2018; Guskjolen, et al., 2018; Westbrook et al., 2014), this result
indicates that the rats do not retain an episodic representation of the spatial configuration over
such a long time, thus excluding a persisting episodic memory as a cause for the Spatial-
experience group’s enhanced adult spatial performance. Curiously, exploring the whole 5-min
test phase revealed that, starting from the 2" minute, the rats displayed negative discrimination
ratios, i.e., preferential exploration of the stationary object (all t(11) > -3.195, P < 0.027)
suggesting that a rudimentary form of memory for the original infantile experience is preserved
into adulthood (Laham et al., 2021; Contreras et al., 2019) (Figure S3 for discrimination ratio
across minutes and Figure S1B for control parameters during retrieval).

We hypothesized that infantile spatial experience improved adult spatial memory
capabilities via inducing a more generalized schema-like representations which in theory are
context-independent (Sekeres et al., 2018). Against this backdrop, we examined whether context-
independency is likewise a feature characterizing schema memories induced during infancy. To
this end, we compared the Spatial-experience rats which performed the OPR task at adulthood in
a very similar context as that used for inducing spatial experience during infancy (same
experimenter, same distal cues, larger arena size) with a control group of Spatial-experience rats
which performed the OPR task at adulthood in an entirely different context (Context-change
group; Figure 1C). To our surprise, did the Context-change group not profit from the infantile

spatial experience (F(1, 27) = 7.490, P = 0.011, for the difference between groups). In fact, the
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Context-change rats did not perform above chance level at any minute of the OPR retrieval phase
at adulthood (all t(11) > -0.759 and P > 0.160, Figure S3). Fittingly, in two recent studies, the
recovery of an infantile memory for an aversive event during early adulthood was likewise found
to be context-specific (Guskjolen et al., 2018; Travaglia et al., 2016), which in combination with
the present findings supports the notion that the schema memories induced during infancy can
also integrate contextual elements of the infantile experience (Stark et al., 2018; Ghosh and

Gilboa, 2014).

c-Fos activity at OPR testing during adulthood in cortex, thalamus and hippocampus.

Based on studies of adults, the transformation of episodic into schema-like memories is
thought to be mediated through a dialogue between the hippocampus and mainly cortical
networks, whereby the hippocampus initially binds the distributed representations of an
experience into a coherent episodic memory representation (Zhou et al., 2021; Klinzing et al.,
2019; Sekeres et al., 2018; Frankland and Bontempi, 2005). Repeated reactivations of the
neuronal representation support a gradual redistribution of the representation towards cortical
networks eventually storing an abstracted schema version of the memory. It is in this context that
we wondered to what extent the rats that experienced the spatial configuration change during
infancy relied on neocortical and hippocampal networks when tested on the OPR task in
adulthood. We examined expression of the activity-regulated gene c-Fos to map brain activity
during adult OPR retrieval testing with a focus on hippocampal structures (CAl, CA3, dentate
gyrus) and a thalamo-cortical system of regions well-known to contribute to the transformation
of spatial episodic memory (Eichenbaum, 2017), and which essentially comprises the medial

prefrontal cortex (mMPFC, including prelimbic, infralimbic and cingulate cortices), the granular
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retrosplenial cortex (RSG), the parietal cortex (PAR), the perirhinal cortex (PRC), and - as
structures essential to connecting hippocampal and cortical systems - the thalamic nucleus
reunions (RE) and the lateral entorhinal cortex (LEC) (Figure 2A). Remarkably, this analysis did
not show any difference in c-Fos activity between the Spatial-experience group and the control
groups of Non-spatial experience and No-experience in any of the hippocampal regions (all F(2,
17) < 3.258, P > 0.067). But, there were major differences in thalamic and cortical areas
(F(45.801, 274.806) = 5.518, P = 0.003 for global ANOVA Group x Area interaction, see Figure
2B for pairwise comparisons). The rats with spatial experience during infancy, after adult OPR
retrieval, displayed enhanced c-Fos activity in mPFC, specifically in the prelimbic cortex (PL)
(F(2, 17) = 5.952, P = 0.013). Concurrently, c-Fos activity was consistently decreased in the
PAR, PRC and also in the thalamic RE. Note, all of these changes were significant in
comparison with both the Non-spatial experience and the No-experience group (Figure 2B). The
pattern of increased c-Fos activity in the PL region of the mPFC but unchanged hippocampal
activity characterizing the Spatial experience group was also confirmed in a comparison with
retrieval-related c-Fos activity in the Context-change group (Figure S4). Functional connectivity
analyses indicated that infantile spatial experience reduced interregional c-Fos coactivation to a
few distinct connections, in comparison with the No-experience control group (Figure 3).
Together these results support the view that the enhancement in adult spatial learning
capabilities after specific spatial experience during infancy is mediated by long-term schema
representations that reside in cortical rather than hippocampal networks. The lack of differences
in c-Fos expression in hippocampal networks well agrees with previous studies showing that the
hippocampus is crucial for forming spatial memory, yet does not store long-lasting memories

(Maviel et al., 2004; Gridchyn et al., 2020). In fact, consistent with the present findings, previous
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studies have identified the medial prefrontal cortex and, particularly, its prelimbic subregion as a
hub area mediating remote episodic memory recall (Chen et al., 2020; Kitamura et al., 2017;
Wheeler et al., 2013; Tse et al., 2011; Jo et al., 2007; DeNardo et al., 2004). For remote recall,
intracortical projections from this region may activate representations that, in the spatial domain,
involve specific circuitry in the parietal and perirhinal cortices (Eichenbaum, 2017; Bicanski and
Burgess, 2020). That the c-Fos response to OPR retrieval testing at adulthood in these more
posterior cortices was consistently lower in the Spatial-experience group than in the two control
groups might reflect a contraction and sharpening of the representations that can occur as a
consequence of long-term experience (Polley et al., 2004). Interestingly, cytochrome oxidase
(COx) activity, a trait marker of neuronal activity, was enhanced in the hippocampus (CAL,
CA3) and entorhinal and perirhinal cortices following infantile experience, whether spatial or
non-spatial in comparison with the No-experience control group, consistent with the idea that
non-specific stimulation during early development generally fosters the function of hippocampal
memory systems (Newcombe, 2019) (Figure S5). In conclusion, the advantage in spatial learning
in our rats with spatial experience during infancy appears to originate from more efficient
cortical long-term schema-like representations available for the regulation of retrieval behavior

via the prelimbic mPFC.

Effects of early spatial experience on adult OPR performance depend on developmental age and
post-experience sleep.

Is infancy a period when the brain is particularly capable of forming such supra-ordinate
spatial long-term memory? The first years of life are characterized by distinct conditions of

synaptic plasticity and the shaping of neuronal circuits mediating memory formation, and many
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of these conditions, like a strongly elevated neurogenesis, particularly apply to the hippocampus,
i.e., the structure centrally involved in the formation of spatial representations (Ramsaran et al.,
2019; Newcombe, 2019; Alberini and Travaglia, 2017; Mullally and Maguire, 2014). In light of
these pervasive alterations in hippocampal memory function during infancy, we tested the effects
of early spatial experience on adult OPR performance at two further ages, i.e., in addition to a
group of rats exposed to the spatial configuration change during infancy (PD18-PD24), in two
other groups this exposure took place during Early childhood (PD25-PD31) and Adolescence
(PD48-PD54), respectively. Note, these experiments also comprised new groups of rats for the
No-experience condition and the Spatial-experience (during infancy) condition which replicated
the effects of the main experiment (see Methods). OPR performance at adulthood testing was
indistinguishable between the Early childhood and Adolescence groups (t(26) = -0.053, -0.112,
0.033, 0.231 and -0.074, all P > 0.819 for pairwise comparison per minute), but was worse than
that of the infantile Spatial-experience group (F(1.883, 212) = 5.413, P = 0.007 for Group X
Minutes interaction, in an ANOVA with pooled Early childhood and Adolescence groups, Figure
4A). Importantly, the spatial experience benefitted adult OPR memory only in the pups exposed
to this experience during infancy, whereas spatial experience occurring later during early
childhood or adolescence left adult OPR performance entirely unchanged in comparisons with
the No-experience control group (P = 0.015, for the planned contrast of the Spatial-experience
group with all other groups; Figure 4A). Overall, the pattern of results agrees with our hypothesis
that infancy is a period of particular sensitivity to spatial experiences and for taking them to build
abstracted long-term memories (Bessieres et al., 2020).

Sleep supports memory consolidation (Klinzing et al., 2019; Huber and Born, 2014;

Stickgold, 2005). Sleep-dependent consolidation is thought of as an active systems consolidation
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process that critically depends on hippocampal function (Sawangjit et al., 2018), and in which
the repeated neuronal replay of newly encoded memories promotes the gradual transformation of
memories into persistent and more abstract long-term memories (Klinzing et al., 2019). Sleep in
human infants has indeed been found to promote the formation of abstracted memory for objects
(Friedrich et al., 2015). We therefore asked whether the benefit from spatial experience during
infancy for adult spatial learning capabilities depends on the occurrence of sleep after the infant
experience. We compared the Spatial-experience group of rats which all showed normal
extensive sleep after each visit of the arena with the change in spatial configuration during
infancy, with a Sleep-deprivation group of rats which were subjected to a 90-min awake period
following each of these visits. At adult OPR testing, performance of the Sleep-deprived rats was
significantly worse than that of the Spatial-experience group (t(38) = 3.042, P = 0.004 for the
first minute; F(1, 38) = 4.933, P = 0.032 for Group x Minute interaction), and did not differ from
that of a No-experience control group (t(23) = 0.831, -0.282, -0.783, -1.424, and -1.105, all P >
0.289, for all comparisons; Figure 4B). In parallel, preventing sleep after the infantile spatial
experience nullified the enhancement of retrieval-related c-Fos activity in the prelimbic medial
prefrontal cortex characterizing the Spatial-experience group (t(10) = 2.768, P = 0.020, for
pairwise comparison between groups). These results indicate that the beneficial effect of infant

spatial experience on adult spatial learning requires sleep to occur after the infant experience.
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Discussion

We present a novel approach that seeks to characterize the influence of discrete non-
emotional spatial experience during infancy on spatial learning in adulthood. We find that a
seemingly insignificant event, i.e., a change in the spatial configuration of two objects the rat is
exposed to - in the absence of any rewarding or aversive stimulation - a few times during its
infancy for overall no more than 20 min, strongly impacts learning behavior and related brain
organisation during adulthood: This means at adulthood, the rats displayed enhanced capabilities
to form persisting spatial memories, and this was specifically related to the use of spatial
representational systems residing in cortical rather than hippocampal networks, whereby the
prelimbic region of medial prefrontal cortex might represent a hub for regulating remote retrieval
of these memories. Our findings, moreover, suggest that such discrete spatial events have the
power to form memory for adulthood, only when experienced during infancy, but not during
childhood or adolescence, and only when the experience during infancy is followed by sleep,
underlining the paramount importance of infant sleep for forming lifelong memory (Friedrich et
al., 2015; Gomez and Edgin, 2015).

Noteworthy, the enhancing influence of infant experience on adult spatial learning proved
to be context-dependent, because the advantageous influence of infant experience on adult
learning was observed only when the contexts at adulthood OPR testing and during infant
experience were similar. This finding stands in contrast with concepts derived from research in
adult brains, of systems memory consolidation assuming that the gradual corticalization of
episodic representations leads to the formation of more abstracted memories that are independent
of the original encoding context (Sekeres et al., 2018; Moscowich et al. 2016; Frankland and

Bontempi, 2005). The enhanced context-dependency might be unique to memories abstracted

24



during infancy. An enhanced context-dependency of memory recall in infancy is well known
(Robinson and Pascalis, 2004). At the same time, infants form more generalized memories
neglecting detail, a tendency supported by sleep (Friedrich et al., 2015; Gomez and Edgin, 2015),
and hallmarks of memory formation during early life have both been ascribed to the
hippocampus being still immature and subjected to enhanced neurogenesis and, hence, less able
to differentiate context and event (Ramsaran et al., 2019; Keresztes et al., 2018; Mullally and
Maguire, 2014). These conditions in the hippocampus during infancy might as well favour the
fast and sleep-dependent formation of long-lasting abstracted memory in cortical networks
(Gomez and Edgin, 2015). In this framework, our findings demonstrate the powerful influence
on adult behavior of discrete events occurring in seemingly irrelevant contextual conditions as

part of the experience during an infant’s everyday life.
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FIGURE 1. Effect of infantile spatial experience on adult OPR performance.

(A) General procedure: During infancy, pups of the Spatial-experience group (n = 17, red) were
placed in an arena with two identical objects for 5 min and, after a 5-min break, re-entered to the
arena but this time, one of the objects was displaced to a new location. Different spatial
configurations and objects were used at the four arena visits, on PD18, 20, 22, and 24. For the
Non-spatial experience group (n = 17 rats, green), instead of a change in object location, one of
the objects was replaced by another, in the second 5-min period. The No-experience group (n =
18 rats, grey) had no arena visits during infancy. At adulthood (~PD80), all groups were tested
on a classical object-place recognition (OPR) task with a 3-hour delay between encoding and

retrieval testing.
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(B) OPR memory (mean+SEM discrimination ratios during 1%t min of retrieval phase, dot plots
overlaid) at adulthood testing. Only rats with spatial experience during infancy displayed
significant OPR memory.

(C) Grey shaded - Procedure of control experiments (right). For the Long-term OPR group (n =
12 rats, yellow), the OPR encoding phase took place during infancy (PD24) and retrieval testing
at adulthood (PD84). Procedures for the Context-change group (n = 12 rats, purple) were the
same as for the Spatial-experience group, except that OPR testing at adulthood was performed in
a completely different context. Both Long-term OPR and Context-change groups did not show
significant OPR memory (bottom). ### P < 0.001 for one-sample t-test against chance level; * P
< 0.05 and ** P < 0.01 for pairwise comparisons (two-sided t-tests) between experimental

groups. (See Figures S2 and S3 for discrimination ratios for entire 5-min retrieval phase).
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FIGURE 2. c-Fos activity in cortical, thalamic and hippocampal regions of interest.

(A) Schema of the selected regions of interest (ROI) contributing to memory formation in the
hippocampus-dependent episodic memory system (modified from Eichenbaum, 2017).

(B) Mean£SEM counts of c-Fos* cells in the Spatial-experience (red bars, n = 6), Non-spatial
experience (green bars, n = 6), and No-experience groups (grey bars, n = 6) in (top) subregions
of the medial prefrontal cortex, PL - prelimbic cortex, IL - infralimbic cortex, CG - cingulate
cortex, (middle) the agranular retrosplenial (RSA), granular retrosplenial (RSG), parietal (PAR),
perirhinal (PRC) and lateral entorhinal (LEC) cortices, (bottom left) in thalamic nuclei, RE -

nucleus reuniens, RTN - reticular thalamic nucleus, and (bottom right) in hippocampal subfields,

35



CAL - cornu ammonis 1, CA3 - cornu ammonis 3, DG - dentate gyrus. * P < 0.05 and ** P <
0.01 for pairwise comparisons (two-sided t-test) between experimental groups.
(C) Representative images of c-Fos staining selected for cell count analysis in PL and PRC

(scale bar: 150 pum).
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FIGURE 3. Network functional connectivity analysis based on c-Fos activity at OPR
retrieval testing.

(A) Pearson correlation matrices showing inter-regional correlations for c-Fos activation in the
Spatial-experience, Non-spatial experience, and No-experience groups (each group, n = 6). Axes
represent the different brain areas. Correlation coefficients are color-coded (scale bars, right) and
white asterisk (in the square) indicates significance (*P < 0.05 and ** P < 0.01, uncorrected for
multiple comparisons).

(B) Network connectivity graphs depicting only significant (P < 0.05 and P < 0.01) r-values
(red: positive, blue: negative). Different brain areas are color-grouped and node size for the
Spatial-experience and Non-Spatial experience groups is proportional to the differential
activation in comparison with the No-experience group (* P < 0.05, for the difference in number
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of significant correlations between groups, for pairwise Fisher’s exact test). Note, decrease in the
number of significant inter-regional coactivations in the Spatial-experience and Non-spatial
experience groups, in comparison with the No-experience control group, this decorrelation
possibly reflecting a non-specific effect of infantile experience producing a general sharpening of
arena-related representations that might more effectively process respective information (Frostig,

2006; Averbeck et al., 2006).
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FIGURE 4. Developmental trajectory of the effects of spatial experience and the role of
post-experience sleep.

(A) OPR memory (mean+SEM discrimination ratios during 1% min of retrieval phase, dot plots
overlaid) at adulthood testing for the Spatial-experience group exposed to spatial experience
during infancy (PD18-PD24, n = 27), for the Early childhood group (n = 11) and the
Adolescence group (n = 17). OPR memory for the No-experience control group is indicated by
horizontal line (x SEM grey shaded area). * P = 0.015 for planned contrast with all other groups,
### P < 0.001 for one-sampled t-test against chance level, F(1, 56) = 1.318, P = 0.256, for
comparisons of Early childhood and Adolescence groups with the No-experience control. Note
only the pups exposed to spatial experience between PD18-24 exhibit significant OPR memory
that, in addition, is significantly stronger in comparison with all other groups.

(B) Top — Procedure: Pups either had undisturbed sleep (n = 27) or were deprived from sleep
(SD) (n = 13) in the 90-min interval (black) after spatial experience. Bottom left — mean+SEM

OPR memory for the two groups (dot plots overlaid). Bottom right - counts of c-Fos+ cells in

39



subgroups normal sleeping (n = 6 rats) and sleep deprived (n = 6 rats) animals in (top)
subregions of the medial prefrontal cortex, PL - prelimbic cortex, IL - infralimbic cortex, and CG
- cingulate cortex, and (bottom) in hippocampal subfields, CA1 - cornu ammonis 1, CA3 - cornu
ammonis 3, and DG - dentate gyrus. * P < 0.05, ** P < 0.01 for pairwise comparisons (two-sided
t-test) between experimental groups. ### P < 0.001 for one-sample t-test against chance level.
Sleep deprivation nullified the enhancing effect of spatial experience during infancy on OPR
performance during adulthood, along with the retrieval associated enhancement in c-Fos activity

in the prelimbic PL region of the medial prefrontal cortex.
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Supplementary figures
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Supplemental Figure S1, related to Figure 1. Total exploration time and distance travelled
during OPR performance.

(A) Total object exploration time (in s) towards both objects (left) and total distance travelled (in
m) during the retrieval phase (1% minute) for the Spatial-experience (red bars, n = 17), Non-
spatial experience (green bars, n = 17) and No-experience groups (grey bars, n = 18).

(B) The same for the control experiments comparing the Spatial-experience group (red bars) with
the Long-term OPR (n = 12 rats, yellow) and the Context-change group (n = 12 rats, purple).
Means (£SEM) are indicated. * P < 0.05 and *** P < 0.001 for pairwise t-test (two-sided). Note,
(in A) the No-experience control group shows less exploration and locomotion, likely reflecting

a general effect of the lacking “arena-related” stimulation during infancy. Spatial-experience and
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Non-spatial experience groups were closely comparable with respect to total exploration time.
However, rats of the Spatial-experience group travelled a slightly greater distance than the rats of
the Non-Spatial-experience group (t(32) = -2.055, P = 0.048), possibly reflecting general
arousing effects on locomotion resulting from stimulation specifically of spatial systems during
infancy. In (B) diminished total exploration time and distance travelled in the Long-term OPR
group partly reflect the use of the smaller arena for retrieval testing (because for this group, the
encoding phase took place already during infancy where testing was generally performed in a
smaller arena). Moreover, compared with the Spatial-experience group, the Context change
group shows reduced total exploration time for the objects (t(27) = 2.864, P = 0.015) possibly
due to increased context exploration. We ruled out any contaminating effects of these control
parameters on OPR memory, by performing analyses of covariance on the discrimination index
using as covariate total exploration time and distance travelled, respectively. The memory effects
were confirmed in all cases: i.e., OPR memory was distinctly stronger in the Spatial-experience
group in comparison with the Non-spatial experience and the No-experience group (P = 0.035),
the Long-term OPR (P = 0.042) and the Context-change groups (P = 0.034), independently of
total exploration time or distance travelled (covariates in all cases remained non-significant P >

0.409).
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Supplemental Figure S2, related to Figure 1. Adult OPR performance for the entire 5-
minute retrieval phase. Mean£SEM discrimination ratios separately during the first 1, 2, 3, 4
and entire 5 min of the retrieval phase (dot plots overlaid) at adulthood OPR testing, for the
Spatial-experience (red bars, n = 17), Non-spatial experience (green bars, n = 17), and No-
experience (grey bars, n = 18) groups. # P < 0.05, ## P < 0.01 and ### P < 0.001, for one-sample
t-test against chance level; * P < 0.05 and ** P < 0.01 for pairwise comparisons (two-sided t-
tests) between experimental groups. Horizontal line: P < 0.05 for Group x Minute ANOVA
interaction. Note, enhanced OPR memory for the Spatial-experience group with, greatest

difference between groups in the first min.
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Supplemental Figure S3, related to Figure 1. OPR memory for the Long-term OPR and
Context-change control groups. Mean£SEM discrimination ratios for the Long-term OPR (n =
12 rats, yellow bars) and the Context-change (n = 12 rats, purple bars) control groups shown
separately during the first 1, 2, 3, 4 and entire 5 min of the retrieval phase, in comparison with
the Spatial-experience group (n= 17; red bars; dot plots overlaid). For the Long-term OPR
control group, the OPR encoding phase took place during infancy (PD24) and retrieval testing at
adulthood (PD84). Procedures for the Context-change group were the same as for the Spatial-
experience group, except that OPR testing at adulthood was performed in a completely different
context. # P <0.05, ## P < 0.01 and ### P < 0.001 for one-sample t-test against chance level. *
P <0.05, ** P <0.01 and *** P < 0.001, for pairwise comparisons (two-sided t-tests) between
experimental groups. (F(1, 27) = 7.490, P = 0.011, and F(1, 27) = 31.943, P = 0.001, for group
main effect in ANOVA comparing the Spatial-experience group with the Long-term OPR and
Context-change groups, respectively). Note, starting from the 2" minute, the Long-term OPR
group displayed significant negative discrimination ratios suggesting the presence of a

rudimentary form of a memory for the original infantile experience which, curiously, is
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expressed in an “infantile” manner, namely as familiarity preference (for the stationary object)

rather than as novelty preference (Contreras et al., 2019).
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Supplemental Figure S4, related to Figure 2. Comparison of c-Fos activity between the
Spatial-experience, Long-term OPR, and Context-change groups. MeanSEM counts of c-
Fos* cells in the Spatial-experience (red bars, n = 6), Long-term OPR (yellow bars, n = 6), and
Context-change groups (purple bars, n = 5) in (top) subregions of the medial prefrontal cortex,
PL - prelimbic cortex, IL - infralimbic cortex, CG - cingulate cortex, (middle) the agranular
retrosplenial (RSA), granular retrosplenial (RSG), parietal (PAR), perirhinal (PRC) and lateral
entorhinal (LEC) cortices, (bottom left) in thalamic nuclei, RE - nucleus reuniens, RTN -
reticular thalamic nucleus, and (bottom right) in hippocampal subfields, CA1 - cornu ammonis 1,
CA3 - cornu ammonis 3, DG - dentate gyrus. * P < = 0.05, ** P < 0.01 and *** P < 0.001 for
pairwise comparisons (t-test) between experimental groups. In all groups, c-Fos was determined
90 min after the retrieval phase. Note, in comparison with both Long-term OPR and Context-
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change groups, the Spatial-experience group shows enhanced c-Fos activity in the PL region of
the medial prefrontal cortex (t(10) = 2.152, P = 0.057 and t(9) = 2.412, P = 0.039 for pairwise t-
test comparison (two-sided) respectively) with no differences in hippocampal regions between
groups. The enhance c-Fos activity mainly in posterior cortical regions (including PAR, PRC,
LEC) and thalamic RE in the Long-term OPR group might reflect residual memory of the OPR

encoding phase.
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Supplemental Figure S5, related to Figure 2. COx activity in cortical, thalamic and
hippocampal regions of interest.

(A) MeantSEM values of COx activity in the Spatial-experience (red bars, n = 6), Non-spatial
experience (green bars, n = 6), and No-experience groups (grey bars, n = 6) in (top) subregions
of the medial prefrontal cortex, PL - prelimbic cortex, IL - infralimbic cortex, CG - cingulate
cortex, (middle) the agranular retrosplenial (RSA), granular retrosplenial (RSG), parietal (PAR),
perirhinal (PRC) and lateral entorhinal (LEC) cortices, (bottom left) in thalamic nuclei, RE -
nucleus reuniens, RTN - reticular thalamic nucleus, and (bottom right) in hippocampal subfields,
CA1 - cornu ammonis 1, CA3 - cornu ammonis 3, DG - dentate gyrus. ** P < 0.01 and *** P <
0.001 for pairwise t-test (two-sided).

(B) Representative images of COx-staining from hippocampal CAl1, CA3 and DG regions.
Rectangles indicate measured areas (scale bar: 1 mm). COx activity reflects the cell’s basic

metabolic rate as a trait marker of its activity level (Wong-Rilley, 1989) and was measured based
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on optical density estimates (see Methods). Groups with experience (spatial and non-spatial)
during infancy showed an increase in COx activity in the PRC (F(2, 17) = 10.126, P = 0.002)
and LEC (F(2, 17) = 14.780, P = 0.001) cortices as well as in the hippocampal CAl (F(2, 17) =
12.440, P = 0.001), CA3 (F(2, 17) = 8.018, P = 0.004) and DG subfields (F(2, 17) = 5.911, P =

0.013; F(17.976, 134.819) = 2.428, P = 0.002 for global Group x Area interaction).
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