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The role of the hippocampal formation in spatial cognition is thought to be
supported by distinct classes of neurons whose firing is tuned to an organism’s
position and orientation in space. In this article, we review recent research
focused on how and when this neural representation of space emerges
during development: each class of spatially tuned neurons appears at a differ-
ent age, and matures at a different rate, but all the main spatial responses tested
so far are present by three weeks of age in the rat. We also summarize the
development of spatial behaviour in the rat, describing how active exploration
of space emerges during the third week of life, the first evidence of learning in
formal tests of hippocampus-dependent spatial cognition is observed in the
fourth week, whereas fully adult-like spatial cognitive abilities require another
few weeks to be achieved. We argue that the development of spatially tuned
neurons needs to be considered within the context of the development
of spatial behaviour in order to achieve an integrated understanding of the
emergence of hippocampal function and spatial cognition.

1. Introduction

The hippocampal formation plays a fundamental role in spatial cognition and
navigation, across the whole vertebrate group [1-6]. This role is thought to
be supported, at the neural level, by the presence of several different classes
of neurons whose firing is tuned to an animal’s position and orientation in
space. Some of the principal spatial cell responses are place cells, which fire
in a unique position in an environment and encode the animal’s current
location [7]; head direction (HD) cells [8], which encode the heading direction
of the animal; grid cells, which fire in several locations in an environment,
laid out in a hexagonal grid, and may encode distance travelled [9]; boundary
vector/border cells, which respond to boundaries of the environment and may
represent fundamental inputs to place and grid cells [10,11]. Spatially tuned
neurons have been most intensively studied in rodents (laboratory rats and
mice in particular), but similar neuronal activity has been described in a
range of mammalian species, as well as in other vertebrates [12-19].

An intense and long-standing research effort has addressed the function of
this neural representation of space, and how it underpins spatial cognition in
the adult rodent [20,21]. More recently, several groups have also begun to
approach the question of how and when the hippocampal neural representation
of space emerges during development [22-25] (see also [26] for earlier work).
The results of this work show that the different types of spatially tuned neurons
emerge at different times during development, within the first three weeks
of the rat’s life, and follow different developmental programmes thereafter
[22-25]. So far, this research has not only provided insights into the develop-
mental mechanisms responsible for the emergence of the neural map of
space, but, crucially, also into how this might function in the adult.

The purpose of this review is to summarize what is known of the develop-
ment of spatial behaviour in the laboratory rat (Rattus norvegius), encompassing
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both the emergence of spontaneously expressed spatial be-
haviour, as well as formal testing of spatial cognition in
tasks known to be dependent on an intact hippocampus
in the adult. In order to provide a meaningful context
to the emergence of spatial cognition, we will also sum-
marize the most important landmarks in the sensory and
motor development of the rat, focusing on those aspects
that are thought to be necessary to express spatial learning
and behaviour.

We will compare the development of spatial behaviour
with the emergence of spatially tuned responses in the hippo-
campal formation, with the view of addressing two questions.
First, does the relative timing of the emergence of spatial
behaviour and spatial firing allow us to infer the relative
roles of sensory experience and endogenous factors in their
development? The original proposal of the hippocampus as a
cognitive mapping system [1] argued that the neural repre-
sentation of allocentric space supported by the hippocampus
was a Kantian synthetic a priori system, meaning that it did
not require empirical experience for its construction, or for its
validation. Rather, the cognitive map was predicted to be inde-
pendent of prior experience of spatial relations in the world,
and form a scaffold for the coherent organization of those
experiences. In this sense, the cognitive map theory predicted
that the ontogenetic development of spatially tuned neurons
should be independent of experience of space [22].

The second question that will be addressed in this review
relates to the functional link between the hippocampal neural
representation of space and spatial cognition. In the adult
rat, the firing of spatially tuned neurons has been shown to
correlate with the accuracy of behaviour in tests of spatial
cognition [27-30]. Do ontogenetic studies allow us to look
for such functional relationships, that is, does the develop-
mental timeline of spatially modulated firing indicate that it
is a prerequisite for the expression of spatial behaviour?

More generally, establishing the relative developmental
timelines of spatial behaviour and spatially modulated firing
is an important step in understanding the interaction of the
different factors (e.g. molecular cues, intrinsic neural activity
and environmental experience) that are involved in the develop-
ment of neural systems [31-34]. The development of the
hippocampus at the molecular, cellular and physiological level
will not be discussed in this review, but the reader is directed
towards other recent reviews that cover these areas [35-37].

2. The development of sensory-motor systems
in the rat

(a) The development of sensory systems

Like humans, rats are altricial animals, and newborn rat pups
have limited sensory perception. Sensory development in the
rat follows the general mammalian blueprint of sensory onto-
genesis, with the vestibular and olfactory functions being the
first to emerge (around birth) followed by tactile, auditory
and visual function, respectively [38].

At birth, rats display a rudimentary righting reflex [39],
possibly reflecting the functioning of an immature vestibular
system. Recordings of peripheral or central vestibular neurons
in anaesthetized animals show that weak neural responses to
rotation exist as early as postnatal day 1-2 (P1-2), which
become largely adult-like by P8 [40-42]. The behavioural

development of vestibular responses has not been extensively [ 2 |

tested in rats, but it is known that pups can right in mid-air
during a fall from P17 onwards [39]. In the mouse, the optoki-
netic and vestibulo-ocular reflexes are essentially adult-like at
P21 [43]. The vestibular system is therefore thought to be present
in immature form from the first few days of life and develop
substantially during the first three weeks of the rat’s life.

The other precocious sensory modality in the rat is olfaction:
rats demonstrate a preference for their mother’s odour at 2 days
of age [44]. Rudimentary sniffing behaviour can be observed at
P4, but it is not until P10-11 that the typical adult sniffing be-
haviour (in combination with head pointing) emerges, and by
P15 rat pups systematically sniff at everything in their home
cage [39,45].

Tactile exploration in rats is thought to be principally
mediated by active whisking (high-frequency-directed move-
ments of their facial macrovibrissae) [46]. Movements of the
whiskers are first observed at P4, but adult-like whisking
(repeated cycles of retraction and protraction) does not
emerge until P10-13, after which the frequency and ampli-
tude of whisking movements continue to develop until
around P21 [47-49]. However, even before P4, passive move-
ment of the whiskers can induce activity in rat pups, and
whisker clipping disrupts suckling and huddling behaviours
at P4-5 [50].

The auditory system of infant rats begins to function at
P8-9, at which age cochlear microphonic potentials (reflecting
hair cell stimulation) can be observed. Action potential
responses (reflecting action potentials in the auditory nerve)
first occur at P11-12 [51]. The auditory meati of rat pups
open at P11-13, and it is around that time that rat pups start
showing clear orienting towards an auditory stimulus [45,52].

Vision is the last sensory system to emerge, with the eyes
opening at P13-15 [39,45,52-54]. The optics of the eye are
not clear until P19 [53], and electrophysiological recordings
from primary visual cortex reveal very immature responses
to a series of bars and gratings at P17-19 (reduced acuity,
larger receptive fields and insensitivity to orientation or
movement direction) [53]. However, a more recent study [54]
reported that neuronal preference for the orientation and
spatial frequency of a grating is largely adult-like at P16,
though the contrast threshold is lower than that in adults.

The precocious sensory modalities (vestibular, olfaction,
tactile sensation) are therefore probably generally adult-like
by three weeks of age, in clear contrast to the visual system,
which is functional, but remains largely immature at this age.

(b) The development of motor skills

During the first week of life, relatively simple motor beha-
viours prevail. At PO, pups can invert their posture, either
to right themselves or to feed from their mother, and move
a small distance along the mother’s ventrum to arrive at a
nipple [55]. Altman & Sudarshan [39] performed an extensive
series of tests of the development of motor skills in Wistar rat
pups, testing animals every day between P1 and P21. It is
important to note that these tests were conducted in an
open field, where pups were individually tested while
away from their mother and littermates. The first organized
locomotor behaviour observed under these conditions was
‘pivoting’, turning on the spot that is driven by movement
of the forelimbs, whereas the hindlimbs remain immobile.
Pivoting began at P3, peaked at P7 and diminished thereafter.
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Pups first became capable of translational movement at
around one week of age, although such movements were
inefficient (termed ‘crawling’), with the hindlimbs mostly
dragged along, rather than contributing to movement. Full
quadrupedal walking, including proper, coordinated use of
hindlimbs, emerged from P14 onwards. Rats did not actively
move around in the open field until P9, started to travel short
distances between P10 and P14, and the distance covered
increased abruptly from P15 onwards. By P21, pups were
capable of a large range of complex motor skills, including
rope climbing, traversing a narrow raised walkway and
jumping down a vertical drop.

The results of this study suggest that, similar to the develop-
ment of sensory systems, the development of the species-specific
motor repertoire of the rat takes place across the first three weeks
of postnatal life.

3. The development of spatial behaviour

In this review, we will adopt a definition of spatial behaviour
that encompasses all spontaneously expressed movements
through space (§24), as well as the ability to solve formal
tasks of spatial learning and navigation, that are dependent
on an intact hippocampus in the adult rat (§2b). The data
from the studies discussed below are also summarized in
figure 1.

(a) The emergence of spontaneous movements through
space

During the first two weeks of life, rats spend most of the
time in their nest, with their mother and littermates (see
below, ‘Activity in the nest’). The emergence of spontaneous
movements outside the nest occurs, in laboratory animals,
sometime within the third week of life.

(i) Homing

One of the earliest expressions of spatial behaviour is the ability
of pups to return to the nest if separated from their mother
and littermates by the experimenter. Altman & Sudarshan
[39] tested when pups could return to the nest group within
3 min when separated by a 20 cm direct line: at P7, none
could achieve this; by P10, the success rate was approximately
50%; by P13, 100% of pups could return to the nest. However,
this task was probably testing the development of crawling
ability, as well as the ability to locate the nest: almost 100% of
pups could correctly orient towards the nest by P8. In a more
formal homing test, Bulut & Altman [56] probed whether
rats could learn to discriminate between two adjacent doors
in order to return to the nest. Training started at P6, but no
pup performed successfully on this task until P13. In summary,
rat pups develop the ability to successfully orient towards
the nest (probably using olfactory and auditory cues) and
locomote towards it during their second week of life.

(i) Exploration and leaving the nest

The earliest studies of rat development noted the striking
prominence of exploration and curiosity in immature rats
[45,57,58]. In adult rats, exposure to novel environments
prompts a well-defined exploratory response [1,59,60] which
depends upon an intact hippocampus: hippocampal-lesioned
animals are hyperactive, but do not systematically explore

their environment, and show less habituation after repeated n

exposures to an environment [1]. Pinpointing the emergence
of spontaneous exploration may therefore inform us about
the development of hippocampal function. It will also help to
define at which age rats experience large-scale space during
the course of normal development: as described below, the
development of locomotor skills, when tested in isolation
[39], does not necessarily map onto the normal emergence of
spontaneous exploratory behaviour.

When isolated pups are placed in an environment, they
will walk from around two weeks of age [39,61]. If isolated
pups are left for longer in the testing arena (25-120 min),
then P20-21 pups will habituate to the environment,
as shown by decreasing activity levels, but P15 pups will con-
tinue to move at similar levels throughout the whole testing
period (reminiscent of hippocampal-lesioned animals [1]),
leading to an overall peak in motor activity at P15 [62,63],
see also [22,23]. This behaviour is dramatically changed,
however, by the presence of a conspecific in the open field.
The heightened activity levels of P15 pups can be inhibited
by the presence of littermates, an anaesthetized lactating
female, or even an anaesthetized male [64], suggesting that
heightened open field activity around P15 may reflect a
response to social isolation, rather than spontaneous explora-
tion of the environment. In keeping with this interpretation,
ultrasonic vocalization (USV) distress calls, which are an
anxiety-based response to social isolation in rat pups, peak
during the second week of life, are still observed at P14,
but are much reduced by P18-19 [65-68].

Nadel et al. [69] also found a dissociation between the
ontogenetic profile of motor activity, as tested in a running
wheel, and that of active exploration, as tested by placing
single rat pups in an open arena containing several objects.
A peak in motor output in the running wheel occurred
around P16-17, contrasting with the emergence of significant
exploration of the arena, which appeared between P17 and
P25 (median P21). Perhaps the most intriguing observation
in this study was that the onset of active exploration was
abrupt within each pup, occurring almost overnight, in an
all-or-none fashion.

Consistent with this latter study, the age at which pups
will spontaneously leave the confines of the nest to explore
the surrounding environment is towards the end of the
third week of life. Pups reared with free access to an eight-
arm maze (while the mother was confined to the nest-box)
did not make any forays into the maze between P13 and
P15, a small amount of activity was seen on P16, and activity
levels rose steeply thereafter [70]. Similarly, pups placed on
an open platform with their littermates (but without their
mother) make only very short forays away from the huddle
between P16 and P18, and the distance of these forays
increases from P19 onwards [71]. Likewise, pups prefer to
explore the novel side of a box only from P19 onwards [72].
Rearing on the hind legs, an important behavioural marker
of novelty-induced exploration [73], first emerges at around
P17, and increases rapidly from P19 onwards [39].

The presence of the mother outside the nest is also an
important stimulus that can increase levels of nest egression.
At P19, pups make more spontaneous forays from a nest-box
into an open field if the mother is present there [74]. Bearing
this in mind, probably the most ethologically valid approach
is to determine the emergence of exploration when both
mother and pups have free access to an open field. When
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this is the case, pups tend to spend a small amount of time
(less than 10%) in the open field between P15 and P17, and
show a sudden increase to approximately 30% of time
spent in the open field at P18 [75]. This study also found
that the developmental emergence of nest egression is modu-
lated by the ambient temperature, presumably reflecting the
temperature regulation function of huddling behaviour (see
§3a(iv)). The results described above refer to pups raised at
21°C; pups raised at 30°C spend more than 50% of their
time in the open field at P16, whereas at 18°C, less than
10% of time is spent in the open field even at P20. For all
temperatures, the amount of time spent in the open field is
approximately zero at P14, setting a well-defined lower
limit to the earliest age of exploration.

Full independence from the mother occurs much later in
development: although weaning is commonly induced in lab-
oratory rats at P21, rats left with their mother will wean at
around P35 [76]. Furthermore, the exploration of an open
field and of objects has been shown to continue to mature
between P30 and P90 [77,78].

In summary, the onset of spontaneous exploration out-
side the confines of the nest happens during a narrow time
window, centred around the end of the third week of life in
the rat. Moreover, there are indications that the transition to
exploratory behaviour is abrupt in each animal, suggesting
that this transition might reflect specific, as yet unidentified,
neural changes in the hippocampal circuitry.

(iii) Egression from the nest and the role of path integration

Path integration describes the ability of an animal to home
back in a straight trajectory to a starting position (e.g. nest)
after an excursion, calculating the distance and direction tra-
versed on the outbound journey on the basis of internally
generated cues (e.g. vestibular cues, motor efference copy or
proprioception) [79,80]. Path integration is thought to be
one of the two principal processes (along with information
acquired from the location of external landmarks) in the
generation of a neural map of space [81,82]; it is generally
accepted that path integrative behaviour is disrupted by
lesions to areas containing spatially tuned neurons [83-85],
but see also [86]. It is therefore of interest to study the onto-
genetic time course of path integration. Loewen et al. [71]
reported that the exploratory behaviour of rat pups was con-
sistent with an ability to path integrate, even at very early
ages (P16 onwards). On a 1.5 m diameter platform, return
trips to the huddle were always shorter than outwards
forays, even in the dark and upon removal of the olfactory
and auditory cues provided by the presence of littermates.

(iv) Activity within the nest

Although egression from the nest marks the first movements in
large-scale space, pups are far from immobile within the nest
environment [55,87-89], and their activity patterns during
this time may well constitute a critical experience of movement
and orientation in space. Before active exploration outside the
nest begins, the predominant environment of the pup is the
‘huddle’, an aggregation of littermates within which each indi-
vidual pup will attempt to move to the centre, and be pushed to
the periphery by littermates attempting to do likewise [87]. The
purpose of such aggregation behaviour is probably thermo-
regulation: increasing the ambient temperature can change
the ‘convective flow” of pups within the huddle from inwards

(as described above) to outwards [87]. Huddling behaviour “

gradually breaks down as pups become more active, sometime
during the third week of life [71].

Another manner in which rat pups sample space within the
nest are movements with respect to their mother [55,88-90].
Rat pups display orienting towards the mother even at P1-3
[55,89], move around the body of the mother [88] and shift
between nipples while suckling from P10 onwards [91].
Cramer et al. [91] reported that restricting nipple shifting
between P5 and P24, by surgical removal of nipples, led to
learning deficits in an eight-arm radial maze (see below) at
P25, and suggested that nipple shifting may constitute experi-
ence of space and sequence learning. The specificity of this
deficit to nipple shifting should probably be treated with cau-
tion, however, as surgical removal of the nipples may have
altered the pup-mother interaction, which could have also
affected the normal course of development in a more general
way. In particular, the hippocampus has an important role in
the stress response in the adult, and stress modulates the effi-
cacy of hippocampal learning and synaptic plasticity [92]. It
has been shown that stress during development, including
variations in maternal care, can alter the hippocampal response
to stress and hippocampal function in spatial cognition, later in
adult life [93,94].

(v) Development in a non-laboratory environment
Compearatively, little is known about the behaviour of Norway
rats in the wild. An ethological perspective is important for
ontogenetic studies, as the developmental programme of
behaviour may be evolutionarily adapted to an environ-
ment dissimilar to laboratory rearing conditions: knowing
the ‘natural’ environment can help understand the interaction
between the individual animal and its environment during
development [95].

Calhoun [96] raised a colony of wild-born Norway rats in
an enclosed outdoor pen approximately 1000 m” in area. The
development of three litters was described in detail in this
study: in all cases, the first age at which nest egression was
observed was considerably later (P23-P40) than described
in the laboratory studies above (but note the late egression
from the nest in cold conditions found in [75]). Note that
two of these three examples occurred within the first
months of the existence of the colony, and therefore would
not have been affected by the high mortality and low repro-
ductive success that affected the colony towards the end of
the study. It seems that emergence from the nest therefore
occurs at younger ages in a laboratory setting compared
with wild or semi-wild conditions. Thus, the end of the
third week of life might be considered a lower bound when
trying to identify the hippocampal processes that might
underlie the onset of active exploratory behaviour in the rat.

In Calhoun’s study [96], nest chambers were often con-
tained within extensive, topologically complex burrow
systems, though mothers also made nests in ‘harbourage
boxes’ at surface level, provided by the experimenters. In
burrow systems, the modal distance from a nest chamber to
the nearest exit was approximately 0.5m. Some studies
have found that the burrows of domesticated laboratory
rats are considerably more basic than those of wild Norway
rats [97,98], though Boice [99] found no difference between
the burrows of wild rats and domesticated albino rats
raised in an outdoor pen. In general, a nest chamber,
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connected to the external world by a short tunnel, would
appear to define the geometry of the space into which a
pup would be born, in non-laboratory conditions.

(b) The development of hippocampus-dependent
spatial learning and memory

In this section, we review the development of spatial learning
and memory, as tested formally by behavioural tasks which
require intact hippocampal function in the adult rat. We will
not discuss the development of other forms of associative learn-
ing (for example, the development of conditioning): for this
work, the reader is directed to the review contained within [35].

(i) Water maze

The Morris water maze task, in which rats are required to learn
the location of a platform in a circular swimming pool [100], is
one of the most widely used behavioural paradigms in the
assessment of spatial learning and hippocampal function.
In the ‘place navigation’ version of this task, the platform is
hidden below the water surface, meaning that rats cannot rely
on local cues when finding the platform. In adult rats, lesions
[2] as well as pharmacological inactivation [101] of the hippo-
campus abolish the ability to display such place navigation. If
asalient visual cue is placed near the platform (the ‘cued’ version
of the task), then the ability to find the platform is independent of
hippocampal function [2], and is therefore thought to reflect the
use of a different navigational system by the animal.

The first study of the ontogeny of place navigation in the
water maze found that although adult-like learning (includ-
ing multiple crosses through the platform site when the
platform was removed) was not observed until P42, there
was evidence of learning, reflected by reduced latencies to
find the platform, even at P21 [102]. Several studies have
since attempted to determine the first onset of place learning
in the water maze. Rudy et al. [103] showed that rats trained
on days P18 and P19 demonstrated reduced latencies to find
the platform at P19, but no preference to visit the platform
location when it was removed from the pool. Rats trained
on P20 and P21, however, showed latencies which reduced
within the day, on both P20 and P21, and a preference for
the platform location at P21. Brown & Whishaw [104] con-
fined training to 1 day only, and took precautions to ensure
that training in the water did not lead to a drop in body temp-
erature. In this case, evidence of place learning was observed
at P19 and P20, but not at P18. Akers & Hamilton [105] also
confined training to 1 day, finding that the first evidence of
reduced latencies can be observed at P20, but a clear prefer-
ence for the platform quadrant in the no platform probe
appears to develop later, between P20 and P24. Finally, it
should be noted that weanling pups (P20-P28) show
increased learning when the maze is scaled down to an
appropriate size [102,106], and in a 40 cm diameter maze,
rats trained between P17 and P19 showed evidence of place
learning at P19, when compared with naive P19 rats.

In summary, no study has found evidence of place learn-
ing earlier than P19, and most studies agree that this ability is
present by P21. It should be reiterated, however, that fully
adult performance does not emerge until much later [102].

Most studies agree that the visually cued version of the
task can be solved 1-2 days earlier during development
than the hidden platform version [102,103,105], with the

earliest evidence of learning (assessed by reduced escape
latencies) being observed at P17 [103,105,107]. (Though note
that one study failed to find evidence of this, with both
place and visually cued learning emerging in parallel at
P19 [104]). The earlier emergence of learning on the visually
cued water maze has been interpreted as evidence that the
different brain systems involved in place- and landmark-
guided navigation [1,2] are maturing at different times, and
could also be taken as evidence that the limiting factor in
the developmental emergence of place navigation is the
development of hippocampal function, rather than immature
sensory or motor systems (as the visually cued water maze
requires rats to visually locate the platform and swim to it).
However, some caution should be applied when considering
this interpretation: visual acuity is still very immature around
three weeks of age, and experimentally reduced visual acuity
in the adult rat leads to deficits in the place, but not the cued
version of the water maze [108]. The developmental lag
between place- and cued- navigation might simply reflect
the later age at which visual acuity is sufficient for proper
perception of the extra-maze cues. Consistent with this
hypothesis, P19 rats show reduced escape latencies and
increased preference for the platform location when the plat-
form is positioned closer to the distal cues, or the number of
distal cues is increased [109,110]. Using a dry-land variant of
the water maze (requiring an escape though one of a series of
holes in an open arena), Rossier & Schenk [111] showed that
rats gave more emphasis to local olfactory cues than distal
visual cues until after P48. Interestingly, if rats were trained
with both visual and olfactory cues, and then the olfactory
cues were removed, P48 rats could rely on visual cues on
their own, but P24 rats could not, suggesting a late development
of multi-sensory integration in the hippocampus.

To further test the role of extra-maze cues in the water
maze, Hamilton et al. [112] introduced a variant of the task
in which the pool is shifted relative to the laboratory and
distal extra-maze cues. In this situation, adult rats have a
strong tendency to swim towards the platform position as
defined by the pool, rather than that defined by the extra-
maze cues. The authors [112] interpret this as evidence of a
navigation strategy that primarily uses a directional bearing
to the platform (termed ‘directional’ navigation), but an
alternative interpretation is that the boundaries of the pool
play a primary role in defining platform position, and the
extra-maze directional reference frame serves to disambigu-
ate positions within the circularly symmetric pool. Adult
rats can learn to navigate to an absolute position in the
extra-maze reference frame, ignoring the pool boundaries
(termed ‘place’ navigation), if trained on a procedure that
explicitly dissociates the platform position from the pool
boundaries, and if the pool boundary is eliminated as a sen-
sory cue as much as possible (for example, by filling the pool
completely with water) [113]. Akers et al. [114,115] conducted
a series of studies investigating when ‘directional” and “place’
navigation emerged during development, and showed that
‘directional’ navigation emerged at approximately P20,
whereas “place’ navigation emerged later, at around P26. One
possible caveat is that this may, again, reflect protracted
visual sensory development: it is possible that using several
distal cues to precisely triangulate a position requires a higher
visual acuity than using these cues only as a directional fix.
Interestingly, animals as young as P17, trained using a visually
cued platform, will show disrupted performance if the cued
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platform moves to a new position relative to the pool bound-
aries [107]. This demonstrates that a ‘directional’ learning
strategy (i.e. the use of the pool boundaries as a spatial cue
and an extra-maze directional fix) is present in animals as
young as P17, and furthermore, that this is not overshadowed
by the presence of a visual landmark during learning.

Brown & Kraemer [116] tested the development of long-
term memory retention in the water maze, and found that a
3- or 7-day delay between learning and testing resulted in
worse performance, compared with no delay, at P20 and
P34, whereas adults performed equally well in all conditions.
Likewise, Spreng et al. [117] found that a spaced training
protocol does not aid long-term retention at P33, unlike in
adults. These studies suggest a protracted development for
the long-term retention of spatial memory in the hippocampus,
although Carman et al. [118] found that early experience in
the water maze can influence learning at a later date: pups
trained at P17-19 performed better than naive pups at P26,
after a limited ‘reinstatement’ training session.

(ii) T-maze
The T-maze can be run using various protocols, including ‘refer-
ence memory’, in which the goal location is constant, and
‘delayed forced alternation’, in which the rat is first forced into
one goal arm (by blocking access to the other), then subsequently
required to choose the opposite arm from a free choice, possibly
after a variable delay [119]. Green & Stanton [120] investigated
the ontogeny of learning on both the reference memory and
delayed forced alternation protocols. It was found that pups as
young as P15 can learn the reference memory task, but if
forced alternation and a 15 s delay are introduced, then the be-
haviour of P15 pups falls to chance levels. P21 and P25 animals
can learn the delayed forced alternation task after 20—30 trials,
however, even at P33 rats are still more likely to make errors
than adult animals [121]. Freeman & Stanton [122] found that
fornix lesions at P10 prevented rats from learning the delayed
forced alternation T-maze (when tested at P23), but not the
reference memory T-maze, suggesting that the early emergence
of the latter is based on non-hippocampal neural systems.
When presented with a free choice between two maze arms,
adult rats will naturally tend to alternate between them, a be-
haviour that is generally abolished by hippocampal lesions
[1]. Kirkby [123] reported a gradual increase in rates of spon-
taneous alternation between P20 and P80, with P20 animals
performing at chance levels. Douglas et al. [124] investigated
the emergence of this behaviour in more detail, showing that
most animals reach a criterion (75% alternation across 20 con-
secutive trials) between P23 and P33, but a small fraction of
animals reaches this criterion only between P61 and P65.
More remarkably, within individual animals, the transition
between performing at or around chance levels to reaching
the criterion occurs within a very short period (few days), an
effect that is obscured when one only looks at the average
performance across animals. Echoing the slow maturation of
long-term memory in the water maze, Bronstein et al. [125]
reported adult-like performance in P30 rats when testing spon-
taneous alternation across a 15s delay, but a reduction in
performance to chance levels when using a 1 h delay.

(iii) Radial arm maze
In the simplest version of the radial arm maze, rats need to
collect the reward from all arms of the maze, learning not

to return to previously visited arms [126]: the acquisition of
this task requires an intact hippocampus [127]. Rauch &
Raskin [128] trained one group of animals on this task repeat-
edly from P16 until P25, and found that rats could not complete
the task (defined as visiting all eight arms in 15 min) until P21,
and the success rate at P21 (defined as the number of different
arms entered in the first eight choices) was above chance. A
different group of animals, trained for one developmental
day only (age range P21-P25), could complete the task by
P22, and showed a sharp increase in performance on P23
(when judged by a reduction in the number of repeat arm
entries until all eight pellets were eaten). When animals were
tested on a mixed reference/working memory paradigm (the
same four arms out of the eight always baited) [126], both refer-
ence and working memory scores were above chance from P21
onwards. The ability to solve this version of the radial arm
maze therefore emerges at approximately three weeks of age.

In summary, formal testing of spatial cognition in rats
shows that the first evidence of hippocampus-dependent
navigation emerges around three weeks of age (see figure 1
for summary). However, the full complement of adult abil-
ities unfolds over a longer timescale, achieving maturity
between six and eight weeks of life.

4. The development of the neural map of space

Spatially responsive neurons in the hippocampal formation
are thought to represent the neural underpinnings of cogni-
tive maps, i.e. mental representations of the relative location
of objects and landmarks in space that can be used for navi-
gation [1,129]. In the following sections, we will review the
recent work that has begun to uncover when the spatially
modulated firing of these cells emerges during development
[22-24], and, whenever possible, highlight potential func-
tional links between the emergence of spatial signalling in
the hippocampus and spatial behaviour in immature rats.

(a) Head direction cells
HD cells encode the current heading direction of the animal.
Each HD cell fires whenever an animal points its head in a
specific allocentric direction, as defined by both exteroceptive
(e.g. external sensory landmarks: visual, auditory, olfactory)
and interoceptive (e.g. vestibular, self-motion signals, motor
efference copy, optic flow information) cues [130].
Intriguingly, of those spatially responsive neurons studied
so far (HD, place and grid cells), HD cells are the first to emerge
during development. Adult-like HD responses, which are
stable both within and across two recording sessions, separated
by approximately 15min, can be recorded from both the
medial entorhinal cortex and the dorsal presubiculum, in rat
pups that are at least 15- to 16-days old [22,23,131,132]
(figure 2). This is an age preceding significant active explora-
tion (see §3a(ii)), suggesting that the HD circuit might be
wired in the absence of active exploratory experience, and
that its wiring might rather rely on endogenous mechanisms.
Consistent with this interpretation, the amount of experience
in the recording environment does not correlate with the qual-
ity of HD firing in these immature pups [22]. The early
maturation of the HD system might, more specifically, reflect
the early maturation of the vestibular system (see §2(a)), with
which the HD circuit is intimately connected [130]. Adult-like
HD responses can be recorded at an age when place responses

~
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Figure 2. The development of spatially responsive neurons in the hippocampal formation. (a) Three HD cells recorded from medial entorhinal cortex at P16 (left),
and from adults (right). Each polar plot represents the firing rate (action potentials per seconds of dwell time) for each directional heading, the peak firing rate is
shown at the top-left corner. Each row represents one cell, each column a separate recording trial (separated by 15 min). Note the similarity between P16 and adult
HD cells, in terms of directional selectivity and the stability of the preferred direction of firing. (b) Medial entorhinal cortex cells recorded at P16—17, P20-21 and
from adult rats. Each row shows a cell, each pair of columns a trial. For each trial, the left column shows a false-colour firing rate map, the right column a spatial
auto-correlogram of the firing rate map, which highlights hexagonal grid structure. Peak rate (action potentials per seconds of dwell time) is shown in the top-left
corner of the rate map. Note the absence of stable and regularly symmetrical grid firing fields at P16—17. Note also that adult recording arenas are larger than
those for immature rats; rate maps are shown to scale. (c) Three place cells recorded from CA1 at P16—17, P20—21 and from adult rats. Each row shows a cell, each
column a trial. Peak rate (action potentials per seconds of dwell time) is shown in the top-left corner of the rate map. Note the gradual improvement in the
specificity of spatial tuning, and the stability of the place field position. (Online version in colour.)

are still mostly immature (see below) and when no stable grid
cell responses can be detected (see below), suggesting that HD
responses might be the ‘primary’ spatial signal, and be inde-
pendent of other spatial neurons for their function or
development. This hypothesis is consistent with observations
that lesions to [133], or temporary inactivation of [134] the hip-
pocampus (where place cells are located) have little impact on
HD cell firing in adults.

(b) Grid cells

Grid cells fire in multiple locations arranged in a hexagonally
symmetrical grid, and may encode for the distance travelled
by the animal [9]. They can be recorded from the whole
of the parahippocampal region (medial entorhinal cortex,
pre- and parasubiculum) [135,136].

Two studies have so far traced the emergence of this spatial
signal and demonstrated that the first stable, adult-like grid
responses can be recorded from the medial entorhinal cortex
not earlier than P20 [22,23] (figure 2). From thereafter, one can
observe a swift improvement in both stability and spatial quality
(as measured by gridness) within the next few days of life. Grid
cell responses thus emerge about a week later than fully mature
HD cells and the earliest place cells (see below). Their emergence
roughly corresponds with the age at which weaning is induced
in laboratory animals (P21) and pups are therefore required

to start an independent life, as well as the age at which
hippocampus-dependent behaviours start to emerge (see §3b).

Some of the distinctive properties of the grid cell network are
already present as soon as these signals can be detected. Adult
grid cells are arranged in functional ‘modules’ [9,137,138]:
within each module, all grid cells share the same wavelength
and orientation, and the relative spatial phases of the grid fields
remains fixed, even though the absolute position of their firing
peaks (phase) can change [139,140]. This coherent network struc-
ture emerges concurrently with the first stable grid cells, from
P20 onwards [25]. Other adult-like characteristics of medial
entorhinal cortex firing, such as the existence of ‘conjunctive’
(combined grid and HD tuning) cells, and speed-modulation of
grid cell firing [135], also emerge at around P20 [25]. These data
suggest that local networks of stable grid cells emerge as coherent
units, relatively abruptly during development.

(0) Place cells
Place cells fire whenever an animal occupies a specific location
in its environment (the ‘place field’ of the cell) and, as such, are
thought to encode the current location of the animal [1,7].
Several studies have tracked the development of this spatial
cell type in the rat [22-24,26]. At the earliest ages sampled
(P16), place cells appeared to be on the whole immature,
with most place fields displaying lower spatial stability than
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those of adult rats, both within and across repeated exposures
to the recording environment [22,23]. The specificity of spatial
tuning (as measured by spatial information) was also signifi-
cantly lower in the youngest pups, compared with adults, in
[22] (though not in [23]). For examples, see figure 2. Interest-
ingly, both these parameters seem to improve monotonically
during the following two weeks of the rat’s life, with one
report suggesting that the place cell network might approach
maturity at around P45 [24]. This gradual improvement in
place cell responses is very much at odds with the relatively
sudden appearance and maturation of grid cell firing, and
these distinct ontogenetic modes may reflect the different
developmental mechanisms underpinning their emergence.

This hypothesis is further strengthened by the observation
that there is a large variability in the quality of place responses
recorded from rat pups at any given age [22—24]. Even at P16
(the earliest age sampled so far), a subset of place cells display
adult-like stability and spatial quality [22,23], suggesting that
the development of place responses is not taking place at a net-
work level, but at the single pyramidal cell level. This variability
might reflect the nature of the inputs each pyramidal cell
receives during development, or factors endogenous to each
cell. This is in marked contrast with HD and grid cell develop-
ment, where there are strong indications that development
takes place at the network level [22,23,25]. It is also important
to note here that as for HD and grid cells, the improvement in
the spatial quality of place cell responses does not correlate
with experience in the recording environment [22].

The emergence of place cells several days earlier during
development than grid cells was an important piece of
evidence against the previously commonly accepted model
that grid cells formed the principal input to place cells [81,82].
One alternative possibility is that the earliest building blocks
of place cell firing might rather be boundary vector cells [11],
consistent with a long-standing theoretical model [141] predict-
ing that place cell firing fields are based on inputs from
boundary-responsive cells. Preliminary evidence from record-
ing in pre-weanling rats indicates that boundary-responsive
cells can be recorded from at least P17 onwards [142,143],
and, furthermore, that boundaries may form an important
functional input to place cells in pre-weanling rats [143].

5. Conclusion and open questions

In reviewing the emergence of spatial behaviour and spatially
modulated neural firing in the hippocampal formation of
the rat, we endeavoured to provide an answer to two funda-
mental questions: (i) what are the relative roles of sensory
experience and endogenous mechanisms in shaping the devel-
opment of hippocampal spatial networks; (ii) how does the
development of spatial responses at the neural level interact
with the development of navigational ability? In this conclud-
ing section, we will attempt to provide tentative answers to
these questions and highlight the gaps of knowledge that
need to be addressed by future research.

(a) The role of experience in the development
of the neural representation of space

One of the most striking findings to emerge from studying
the development of spatially responsive neurons is the preco-
cious development of the HD system [22,23], with adult-like

responses emerging before the onset of active exploration [ 9 |

[70,71,75]. The neural representation of direction in the
hippocampal formation (and other brain regions [130]) may
therefore qualify as a Kantian synthetic a priori system, insofar
as its construction during development may not require experi-
ence of exploring large-scale space. However, while P15-16
is certainly before the emergence of extensive exploration
[69-71,74,75], it is also on the cusp of when initial, tentative
forays outside the nest begin [70,75]. In this regard, it is interest-
ing to note that preliminary evidence pinpoints the emergence
of HD cells to P14 [132], an age before any exploration outside
the nest is observed at all [70,75]. A further possible caveat is
that active exploration of space outside the nest is only one
type of experience that occurs during development, and the
crawling, turning and diving motions that rats experience
within the huddle [87] may be necessary to set up the vesti-
bular and motor inputs into the HD system [130]. On the
other hand, HD cells in adults are noted for their dependence
on distal visual cues for stability [144], and how the network
would function in the confined space of the huddle, in
functionally blind animals [53], is not at all clear.

Most network models of HD cells centre around a common
type of architecture, termed a ‘continuous attractor’ network
[145,146]. The only network model of HD cells to directly
address their development [147] proposes that a continuous
attractor network is created by experience-dependent learning,
with input from a stable visual landmark combining with ves-
tibular input to shape the developing network. To date, no
formal neural network model exists explaining how the intri-
cate set of connections necessary for a continuous attractor
could develop independently of sensory experience.

Both grid cells, and a fully mature place cell network
[22-24], emerge at a point in development after extensive
exploration of space; therefore experience of exploration
could be a necessary part of their normal development.
Network models of grid cell development using experience-
dependent learning have been proposed [148—-150], though it
may be important that, in all these models, learning depends
on input from pre-existing spatially tuned neurons, leaving
the ontogeny of this ‘teaching’ signal still unexplained. It is
also important to note that Wills et al. [22] found no correlation
between experience of the recording arena and the maturity of
grid or place cells, suggesting that there was no role for learn-
ing to associate spatial firing with specific places, though this
does not rule out a role for the experience of space per se.

It may also be useful to consider the natural environment
in which rats would develop outside of the laboratory. If the
developmental programme of rat pups has been adapted by
natural selection to an environment consisting of restricted
nest chamber linked to a narrow tunnel [96,99], this may
dictate how the neural representation of space develops. In
particular, it may explain why neural representations of
direction [22,23] and boundaries [142,143] (the defining
spatial features of a tunnel system) emerge earlier than
those spatial responses (for example, grid cells) that map
open spaces [22-24], and may also predict differential roles
of experience on the development of these cell types.

(b) The role of the neural representation of space
in the development of spatial behaviour

The appearance and rapid maturation of the grid cell network
seems to mark the age at which there is a transition to a
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hippocampus-dependent navigational system, at around three
weeks of age [22,23,102-105,120,128], possibly underlying the
functional coming ‘online” of the hippocampal formation. One
problem with this interpretation is that place cells in CA1, gen-
erally thought of as one of the major output structures of the
hippocampal formation [151], remain, on average, rather
immature at three weeks of age, and furthermore show no
abrupt developmental change at this time. If grid cells do rep-
resent the critical missing component necessary for adult-like
hippocampal function, then the spatial information they
convey is either being transmitted via different anatomical
pathways, or is encoded in the activity of CA1 cells in a way
that is, so far, not apparent. It should also be noted that, to
date, no interventional or even correlational studies have been
conducted to assess whether the emergence of grid cells and
hippocampus-dependent behaviours co-occur in a single rat
pup, therefore the functional link between these phenomena
must remain speculative.

It should also be emphasized that although the first evi-
dence of hippocampal function emerges at three weeks,
fully adult-like spatial learning abilities do not emerge until
considerably later [102,111,115,117,118,120,123,124]. Some of
this protracted development could reflect the slow matu-
ration of the visual system [53], and therefore the increasing
ability to use distal visual cues [102,111,115]. However, the
slow maturation of phenomena such as long-term retention
of place memories [117,118], spontaneous alternation across
a 30-s delay [124] or cross-modal redundancy in spatial pro-
cessing [111] suggest that hippocampal function itself is still
developing over this period, and this protracted maturation
may be a reflection of the protracted development of place
cells. The late development of long-term spatial memory
[116,117,125] is particularly relevant to the observation that
place cells in weanling rats have place fields which are rela-
tively unstable over time (unlike those recorded from adult
rats), suggesting that the inability of the hippocampus to
form a stable map might underlie the long-term memory def-
icits observed in weanling and adolescent rats. An additional
open question is whether the spatial memory deficits in
immature rats, either at the behavioural level, or at the level
of place field instability, map onto the phenomenon of
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infantile amnesia observed in humans [152] (see also [35] m

for work investigating the ontogeny of associative memory
using non-spatial tasks).

Adult-like HD cells emerge very early, before most
spontaneously expressed spatial behaviours [69,70,75]. 1t is
therefore tempting to speculate that HD cell signalling may
underlie some of the very earliest spatial behaviours observed
in immature rats, such as taking a direct return path to the
nest using path integration [71] or solving a visually cued
water maze [107]. The possible causal link between HD
cell development and homing using path integration is
especially intriguing given recent evidence showing a corre-
lation between HD cell accuracy and performance on a path
integration-based homing task in adults [30]. Accurate HD
cell signalling may therefore be a prerequisite in order for
pups to commence exploration and return successfully to
their nest, at an age when the other spatial signals (place and
grid cells) are still not available to the organism. The finding
that water maze performance in P17 pups was disrupted by
the displacement of the platform relative to the pool [107]
was interpreted by the authors as evidence for the adoption
of directional strategy by the pups. This interpretation would
be in keeping with the early emergence of HD cells. However,
we would also emphasize the role of the pool boundaries in
defining the location of the platform (see above) and note
that preliminary evidence suggests that boundary responsive
cells are present by P17 [142,143]. The ability of P17 pups to
solve this ‘directional’ version of the water maze may therefore
rely on the precocious development of a spatial system based
on both direction and the boundaries of the environment.

As previously noted, all such functional links must
remain speculative at this stage, in the absence of studies
which directly test these hypotheses (though see [122]). We
hope that the work outlined in this review will stimulate
further research aimed at understanding the ontogeny of
spatial behaviour and spatial function.

Acknowledgements. The authors gratefully acknowledge funding from
the following sources: the Royal Society (University Research Fellow-
ship to T.W.); Eisai (PhD studentship to L.M.); the European Research
Council (grant no. 282091); the Biotechnology and Biological Sciences
Research Council, UK (grant no. BB/1021221/1).

1. O'Keefe J, Nadel L. 1978 The hippocampus as a

cognitive map. Oxford, UK: Oxford University Press.
Morris RGM, Garrud P, Rawlins JN, 0'Keefe J. 1982
Place navigation impaired in rats with hippocampal
lesions. Nature 297, 681—683. (doi:10.1038/
297681a0)

Packard MG, McGaugh JL. 1996 Inactivation of
hippocampus or caudate nucleus with lidocaine
differentially affects expression of place and
response learning. Neurobiol. Learn. Mem. 65,
65-72. (doi:10.1006/nlme.1996.0007)

Burgess N, Maguire EA, 0'Keefe J. 2002 The human
hippocampus and spatial and episodic memory.
Neuron 35, 625—641. (doi:10.1016/50896-6273
(02)00830-9)

Rodriguez F, Lopez JC, Vargas JP, Gomez Y,
Broglio C, Salas C. 2002 Conservation of spatial

memory function in the pallial forebrain of
reptiles and ray-finned fishes. J. Neurosci. 22,
2894-2903.

entorhinal cortex. Nature 436, 801—806.
(doi:10.1038/nature03721)

10. Solstad T, Boccara CN, Kropff E, Moser MB, Moser El.
Gagliardo A, loale P, Bingman VP. 1999 Homing in 2008 Representation of geometric borders in the
pigeons: the role of the hippocampal formation in entorhinal cortex. Science 322, 1865—1868.
the representation of landmarks used for (doi:10.1126/science.1166466)
navigation. J. Neurosci. 19, 311-315. 1. Lever C, Burton S, Jeewajee A, 0'Keefe J, Burgess N.
0’Keefe J, Dostrovsky J. 1971 The hippocampus as a 2009 Boundary vector cells in the subiculum of the
spatial map. Preliminary evidence from unit activity hippocampal formation. J. Neurosci. 29, 9771-
in the freely-moving rat. Brain Res. 34, 171-175. 9777. (doi:10.1523/JNEUROSCI.1319-09.2009)
(doi:10.1016/0006-8993(71)90358-1) 12. Robertson RG, Rolls ET, Georges-Francois P, Panzeri
Taube JS, Muller RU, Ranck Jr JB. 1990 Head- S. 1999 Head direction cells in the primate pre-
direction cells recorded from the postsubiculum in subiculum. Hippocampus 9, 206—219. (doi:10.1002/
freely moving rats. I Description and quantitative (SIC1)1098-1063(1999)9:3 << 206::AID-HIP02 >3.0.
analysis. J. Neurosci. 10, 420—435. (0;2-H)
Hafting T, Fyhn M, Molden S, Moser MB, Moser El. ~ 13. Yartsev MM, Ulanovsky N. 2013 Representation of

2005 Microstructure of a spatial map in the

three-dimensional space in the hippocampus of

6070EL0Z -69€ g 20S "y "suvif iy  biobuiysigndAranosjedorqiss


http://dx.doi.org/10.1038/297681a0
http://dx.doi.org/10.1038/297681a0
http://dx.doi.org/10.1006/nlme.1996.0007
http://dx.doi.org/10.1016/S0896-6273(02)00830-9
http://dx.doi.org/10.1016/S0896-6273(02)00830-9
http://dx.doi.org/10.1016/0006-8993(71)90358-1
http://dx.doi.org/10.1038/nature03721
http://dx.doi.org/10.1126/science.1166466
http://dx.doi.org/10.1523/JNEUROSCI.1319-09.2009
http://dx.doi.org/10.1002/(SICI)1098-1063(1999)9:3%3C206::AID-HIPO2%3E3.0.CO;2-H
http://dx.doi.org/10.1002/(SICI)1098-1063(1999)9:3%3C206::AID-HIPO2%3E3.0.CO;2-H
http://dx.doi.org/10.1002/(SICI)1098-1063(1999)9:3%3C206::AID-HIPO2%3E3.0.CO;2-H
http://dx.doi.org/10.1002/(SICI)1098-1063(1999)9:3%3C206::AID-HIPO2%3E3.0.CO;2-H
http://dx.doi.org/10.1002/(SICI)1098-1063(1999)9:3%3C206::AID-HIPO2%3E3.0.CO;2-H
http://dx.doi.org/10.1002/(SICI)1098-1063(1999)9:3%3C206::AID-HIPO2%3E3.0.CO;2-H
http://dx.doi.org/10.1002/(SICI)1098-1063(1999)9:3%3C206::AID-HIPO2%3E3.0.CO;2-H
http://dx.doi.org/10.1002/(SICI)1098-1063(1999)9:3%3C206::AID-HIPO2%3E3.0.CO;2-H

20.

21.

22.

23.

24,

25.

26.

27.

28.

flying bats. Science 340, 367—372. (doi:10.1126/
science.1235338)

Ekstrom AD, Kahana MJ, Caplan JB, Fields TA, Isham
EA, Newman EL, Fried 1. 2003 Cellular networks
underlying human spatial navigation. Nature 425,
184—188. (doi:10.1038/nature01964)

Doeller CF, Barry C, Burgess N. 2010 Evidence for
grid cells in a human memory network. Nature
463, 657—661. (doi:10.1038/nature08704)

Yartsev MM, Witter MP, Ulanovsky N. 2011 Grid
cells without theta oscillations in the entorhinal
cortex of bats. Nature 479, 103—107. (doi:10.1038/
nature10583)

Siegel JJ, Nitz D, Bingman VP. 2006 Lateralized
functional components of spatial cognition in

the avian hippocampal formation: evidence from
single-unit recordings in freely moving homing
pigeons. Hippocampus 16, 125—140. (doi:10.1002/
hipo.20139)

(anfield JG, Mizumori SJ. 2004 Methods for chronic
neural recording in the telencephalon of freely
behaving fish. J. Neurosci. Methods 133, 127-134.
(doi:10.1016/j.jneumeth.2003.10.011)
Georges-Francois P, Rolls ET, Robertson RG. 1999
Spatial view cells in the primate hippocampus:
allocentric view not head direction or eye position
or place. Cereb. Cortex 9, 197-212. (doi:10.1093/
cercor/9.3.197)

Muller R. 1996 A quarter of a century of place cells.
Neuron 17, 813 —822. (doi:10.1016/50896-6273(00)
80214-7)

Moser El, Kropff E, Moser MB. 2008 Place cells, grid
cells, and the brain’s spatial representation system.
Annu. Rev. Neurosci. 31, 69—89. (doi:10.1146/
annurev.neuro.31.061307.090723)

Wills TJ, Cacucci F, Burgess N, O'Keefe J. 2010
Development of the hippocampal cognitive map in
preweanling rats. Science 328, 1573 —1576. (doi:10.
1126/science.1188224)

Langston RF, Ainge JA, Couey JJ, Canto (B, Bjerknes
TL, Witter MP, Moser EI, Moser M-B. 2010
Development of the spatial representation system in
the rat. Science 328, 1576—1580. (doi:10.1126/
science.1188210)

Scott RC, Richard GR, Holmes GL, Lenck-Santini PP.
2010 Maturational dynamics of hippocampal place
cells in immature rats. Hippocampus 21, 347-353.
(doi:10.1002/hip0.20789)

Wills TJ, Barry C, Cacucci F. 2012 The abrupt
development of adult-like grid cell firing in the
medial entorhinal cortex. Front. Neural Circuits 6,
21. (doi:10.3389/fncir.2012.00021)

Martin PD, Berthoz A. 2002 Development of
spatial firing in the hippocampus of young rats.
Hippocampus 12, 465-480. (doi:10.1002/
hipo.10021)

O'Keefe J, Speakman A. 1987 Single unit activity in the
rat hippocampus during a spatial memory task. Exp.
Brain Res. 68, 1-27. (doi:10.1007/BF00255230)
Lenck-Santini PP, Save E, Poucet B. 2001 Evidence
for a relationship between place-cell spatial firing
and spatial memory performance. Hippocampus 11,
377-390. (doi:10.1002/hipo.1052)

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

Lenck-Santini PP, Muller RU, Save E, Poucet B. 2002
Relationships between place cell firing fields and
navigational decisions by rats. J. Neurosdi. 22,
9035-9047.

Valerio S, Taube JS. 2012 Path integration: how the
head direction signal maintains and corrects spatial
orientation. Nat. Neurosci. 15, 1445—-1453.
(doiz10.1038/nn.3215)

Katz LC, Shatz (J. 1996 Synaptic activity and

the construction of cortical circuits. Science 274,
1133-1138. (doi:10.1126/science.274.5290.1133)
White LE, Fitzpatrick D. 2007 Vision and cortical
map development. Neuron 56, 327-338.
(doi:10.1016/j.neuron.2007.10.011)

Inan M, Crair MC. 2007 Development of cortical
maps: perspectives from the barrel cortex.
Neuroscientist 13, 49—-61. (doi:10.1177/
1073858406296257)

Cang J, Feldheim DA. 2013 Developmental
mechanisms of topographic map formation and
alignment. Annu. Rev. Neurosdi. 36, 51-77.
(doiz10.1146/annurev-neuro-062012-170341)
Dumas TC. 2005 Late postnatal maturation of excitatory
synaptic transmission permits adult-like expression of
hippocampal-dependent behaviors. Hippocampus 15,
562—578. (doi:10.1002/hip0.20077)

Leinekugel X. 2003 Developmental patterns and
plasticities: the hippocampal model. J. Physiol. Paris
97, 27-37. (doi:10.1016/j.jphysparis.2003.10.004)
Danglot L, Triller A, Marty S. 2006 The development
of hippocampal intereurons in rodents. Hippocampus
16, 1032—1060. (doi:10.1002/hip0.20225)

Alberts JR. 1984 Sensory-perceptual studies in the
Norway rat: a view toward comparative studies. In
Comparative perspectives on memory development
(eds R Kail, NS Spear), pp. 65—101. Hillsdale, NJ:
Erlbaum.

Altman J, Sudarshan K. 1975 Postnatal development
of locomotion in the laboratory rat. Anim. Behav.
23, 896—920. (doi:10.1016/0003-3472(75)90114-1)
Curthoys 1S. 1979 The development of function of
horizontal semicircular canal primary neurons in the
rat. Brain Res. 167, 41—52. (doi:10.1016/0006-
8993(79)90261-0)

Curthoys IS. 1982 The response of primary horizontal
semicircular canal neurons in the rat and guinea pig to
anqular acceleration. Exp. Brain Res. 47, 286—294.
Lannou J, Precht W, Cazin L. 1979 The postnatal
development of functional properties of central
vestibular neurons in the rat. Brain Res. 175,
219-232. (doi:10.1016/0006-8993(79)91002-3)
Faulstich BM, Onori KA, du LS. 2004 Comparison of
plasticity and development of mouse optokinetic
and vestibulo-ocular reflexes suggests differential
gain control mechanisms. Vision Res. 44,
3419-3427. (doi:10.1016/j.visres.2004.09.006)
Polan HJ, Hofer MA. 1998 Olfactory preference for
mother over home nest shavings by newbomn rats.
Dev. Psychabiol. 33, 5—20. (doi:10.1002/(SIC1)1098-
2302(199807)33:1<<5::AID-DEV2 > 3.0.€0;2-P)
Bolles RC, Woods PJ. 1964 The ontogeny of
behaviour in the albino rat. Anim. Behav. 12,
427-441. (doi:10.1016/0003-3472(64)90062-4)

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Whishaw 1Q, Kolb B. 2005 The behavior of the
laboratory rat. Oxford, UK: Oxford University Press.
Landers M, Philip ZH. 2006 Development of rodent
whisking: trigeminal input and central pattern
generation. Somatosens. Mot. Res. 23, 1-10.
(doi:10.1080/08990220600700768)

Welker WI. 1964 Analysis of sniffing of the

albino rat. Behaviour 22, 223—-244. (doi:10.1163/
156853964X00030)

Grant RA, Mitchinson B, Prescott TJ. 2012 The
development of whisker control in rats in relation
to locomotion. Dev. Psychobiol. 54, 151—168.
(doi:10.1002/dev.20591)

Sullivan RM, Landers MS, Flemming J, Vaught , Young
TA, Jonathan PH. 2003 Characterizing the functional
significance of the neonatal rat vibrissae prior to the
onset of whisking. Somatosens. Mot. Res. 20, 157 - 162.
(doi:10.1080/08990220 31000105190)

Uziel A, Romand R, Marot M. 1981 Development of
cochlear potentials in rats. Audiology 20, 89—100.
(doi:10.3109/00206098109072687)

Brunjes PC, Alberts JR. 1981 Early auditory and
visual function in normal and hyperthyroid rats.
Behav. Neural Biol. 31, 393—412. (d0i:10.1016/
S0163-1047(81)91468-0)

Fagiolini M, Pizzorusso T, Berardi N, Domenidi L,
Maffei L. 1994 Functional postnatal development of
the rat primary visual cortex and the role of visual
experience: dark rearing and monocular deprivation.
Vision Res. 34, 709—720. (doi:10.1016/0042-
6989(94)90210-0)

Prevost F, Lepore F, Guillemot JP. 2010 Cortical
development of the visual system of the rat.
Neuroreport 21, 50—54. (doi:10.1097/WNR.
0b013e328333d6ac)

Polan HJ, Hofer MA. 1999 Maternally directed
orienting behaviors of newborn rats. Dev.
Psychobiol. 34, 269—279. (doi:10.1002/(SIC1)1098-
2302(199905)34:2 << 269::AID-DEV3>3.0.€0;2-1)
Bulut F, Altman J. 1974 Spatial and tactile
discrimination learning in infant rats motivated by
homing. Dev. Psychobiol. 7, 465—473. (doi:10.1002/
dev.420070510)

Barnett SA. 1958 Exploratory behaviour.

Br. J. Psychol. 49, 289-310. (doi:10.1111/}.2044-
8295.1958.th00667.x)

Small WS. 1899 Notes on the psychic development
of the young white rat. Am. J. Psychol. 11, 80—100.
(doi:10.2307/1412730)

Berlyne DE. 1966 Curiosity and exploration. Science
153, 25-33. (doi:10.1126/science.153.3731.25)
Save E, Poucet B, Foreman N, Buhot MC. 1992
Object exploration and reactions to spatial and
nonspatial changes in hooded rats following
damage to parietal cortex or hippocampal
formation. Behav. Neurosci. 106, 447 —456.
(doi:10.1037/0735-7044.106.3.447)

Renner MJ, Pierre PJ. 1998 Development of
exploration and investigation in the norway rat
(Rattus norvegicus). J. Gen. Psychol. 125, 270-291.
(doi:10.1080/00221309809595550)

Campbell BA, Lytle LD, Fibiger HC. 1969 Ontogeny
of adrenergic arousal and cholinergic inhibitory

6070EL0Z -69€ g 20S "y "suvif iy  biobuiysigndAranosjedorqiss


http://dx.doi.org/10.1126/science.1235338
http://dx.doi.org/10.1126/science.1235338
http://dx.doi.org/10.1038/nature01964
http://dx.doi.org/10.1038/nature08704
http://dx.doi.org/10.1038/nature10583
http://dx.doi.org/10.1038/nature10583
http://dx.doi.org/10.1002/hipo.20139
http://dx.doi.org/10.1002/hipo.20139
http://dx.doi.org/10.1016/j.jneumeth.2003.10.011
http://dx.doi.org/10.1093/cercor/9.3.197
http://dx.doi.org/10.1093/cercor/9.3.197
http://dx.doi.org/10.1016/S0896-6273(00)80214-7
http://dx.doi.org/10.1016/S0896-6273(00)80214-7
http://dx.doi.org/10.1146/annurev.neuro.31.061307.090723
http://dx.doi.org/10.1146/annurev.neuro.31.061307.090723
http://dx.doi.org/10.1126/science.1188224
http://dx.doi.org/10.1126/science.1188224
http://dx.doi.org/10.1126/science.1188210
http://dx.doi.org/10.1126/science.1188210
http://dx.doi.org/10.1002/hipo.20789
http://dx.doi.org/10.3389/fncir.2012.00021
http://dx.doi.org/10.1002/hipo.10021
http://dx.doi.org/10.1002/hipo.10021
http://dx.doi.org/10.1007/BF00255230
http://dx.doi.org/10.1002/hipo.1052
http://dx.doi.org/10.1038/nn.3215
http://dx.doi.org/10.1126/science.274.5290.1133
http://dx.doi.org/10.1016/j.neuron.2007.10.011
http://dx.doi.org/10.1177/1073858406296257
http://dx.doi.org/10.1177/1073858406296257
http://dx.doi.org/10.1146/annurev-neuro-062012-170341
http://dx.doi.org/10.1002/hipo.20077
http://dx.doi.org/10.1016/j.jphysparis.2003.10.004
http://dx.doi.org/10.1002/hipo.20225
http://dx.doi.org/10.1016/0003-3472(75)90114-1
http://dx.doi.org/10.1016/0006-8993(79)90261-0
http://dx.doi.org/10.1016/0006-8993(79)90261-0
http://dx.doi.org/10.1016/0006-8993(79)91002-3
http://dx.doi.org/10.1016/j.visres.2004.09.006
http://dx.doi.org/10.1002/(SICI)1098-2302(199807)33:1%3C5::AID-DEV2%3E3.0.CO;2-P
http://dx.doi.org/10.1002/(SICI)1098-2302(199807)33:1%3C5::AID-DEV2%3E3.0.CO;2-P
http://dx.doi.org/10.1002/(SICI)1098-2302(199807)33:1%3C5::AID-DEV2%3E3.0.CO;2-P
http://dx.doi.org/10.1002/(SICI)1098-2302(199807)33:1%3C5::AID-DEV2%3E3.0.CO;2-P
http://dx.doi.org/10.1002/(SICI)1098-2302(199807)33:1%3C5::AID-DEV2%3E3.0.CO;2-P
http://dx.doi.org/10.1002/(SICI)1098-2302(199807)33:1%3C5::AID-DEV2%3E3.0.CO;2-P
http://dx.doi.org/10.1002/(SICI)1098-2302(199807)33:1%3C5::AID-DEV2%3E3.0.CO;2-P
http://dx.doi.org/10.1016/0003-3472(64)90062-4
http://dx.doi.org/10.1080/08990220600700768
http://dx.doi.org/10.1163/156853964X00030
http://dx.doi.org/10.1163/156853964X00030
http://dx.doi.org/10.1002/dev.20591
http://dx.doi.org/10.1080/0899022031000105190
http://dx.doi.org/10.3109/00206098109072687
http://dx.doi.org/10.1016/S0163-1047(81)91468-0
http://dx.doi.org/10.1016/S0163-1047(81)91468-0
http://dx.doi.org/10.1016/0042-6989(94)90210-0
http://dx.doi.org/10.1016/0042-6989(94)90210-0
http://dx.doi.org/10.1097/WNR.0b013e328333d6ac
http://dx.doi.org/10.1097/WNR.0b013e328333d6ac
http://dx.doi.org/10.1002/(SICI)1098-2302(199905)34:2%3C269::AID-DEV3%3E3.0.CO;2-L
http://dx.doi.org/10.1002/(SICI)1098-2302(199905)34:2%3C269::AID-DEV3%3E3.0.CO;2-L
http://dx.doi.org/10.1002/(SICI)1098-2302(199905)34:2%3C269::AID-DEV3%3E3.0.CO;2-L
http://dx.doi.org/10.1002/(SICI)1098-2302(199905)34:2%3C269::AID-DEV3%3E3.0.CO;2-L
http://dx.doi.org/10.1002/(SICI)1098-2302(199905)34:2%3C269::AID-DEV3%3E3.0.CO;2-L
http://dx.doi.org/10.1002/(SICI)1098-2302(199905)34:2%3C269::AID-DEV3%3E3.0.CO;2-L
http://dx.doi.org/10.1002/(SICI)1098-2302(199905)34:2%3C269::AID-DEV3%3E3.0.CO;2-L
http://dx.doi.org/10.1002/dev.420070510
http://dx.doi.org/10.1002/dev.420070510
http://dx.doi.org/10.1111/j.2044-8295.1958.tb00667.x
http://dx.doi.org/10.1111/j.2044-8295.1958.tb00667.x
http://dx.doi.org/10.2307/1412730
http://dx.doi.org/10.1126/science.153.3731.25
http://dx.doi.org/10.1037/0735-7044.106.3.447
http://dx.doi.org/10.1080/00221309809595550

63.

64.

65.

66.

67.

68.

69.

70.

1.

72.

73.

74.

75.

76.

71.

mechanisms in the rat. Science 166, 635—637.
(doi:10.1126/science.166.3905.635)

Bronstein PM, Neiman HF, Wolkoff D, Levine MJ.
1974 The development of habituation in the rat.
Anim. Learn. Behav. 2, 92—96. (doi:10.3758/
BF03199129)

Randall PK, Campbell BA. 1976 Ontogeny of
behavioral arousal in rats: effect of maternal and
sibling presence. J. Comp. Physiol. Psychol. 90,
453 -459. (doi:10.1037/h0077211)

Allin JT, Banks EM. 1971 Effects of temperature on
ultrasound production by infant albino rats. Dev.
Psychobiol. 4, 149—156. (doi:10.1002/dev.
420040206)

Hofer MA, Shair H. 1978 Ultrasonic vocalization
during social interaction and isolation in 2-week-old
rats. Dev. Psychobiol. 11, 495—504. (doi:10.1002/
dev.420110513)

Hofer MA. 1996 Multiple regulators of

ultrasonic vocalization in the infant rat.
Psychoneuroendocrinology 21, 203-217.
(doi:10.1016/0306-4530(95)00042-9)

Blumberg MS, Efimova IV, Alberts JR. 1992
Ultrasonic vocalizations by rat pups: the primary
importance of ambient temperature and the
thermal significance of contact comfort. Dev.
Psychobiol. 25, 229—250. (doi:10.1002/dev.
420250402)

Nadel L, Wilson L, Kurz EM. 1992 Hippocampus:
Effects of alterations in timing of development. In
Developmental time and timing (eds G Turkewitz,
D Devenny), pp. 233—247. Hillsdale, NJ: Erlbaum.
Ruppert PH, Dean KF, Reiter LW. 1985 Development
of locomotor activity of rat pups in figure-eight
mazes. Dev. Psychobiol. 18, 247 - 260. (doi:10.1002/
dev.420180305)

Loewen |, Wallace DG, Whishaw 1Q. 2005 The
development of spatial capacity in piloting and
dead reckoning by infant rats: use of the huddle as
a home base for spatial navigation. Dev. Psychobiol.
46, 350-361. (doi:10.1002/dev.20063)

Goodwin GA, Yacko H. 2004 Emergence of the
exploratory motive in rats. Dev. Psychobiol. 45,
34-48. (doi:10.1002/dev.20012)

Lever C, Burton S, O'Keefe J. 2006 Rearing on hind
legs, environmental novelty, and the hippocampal
formation. Rev. Neurosci. 17, 111-133. (doi:10.
1515/REVNEUR0.2006.17.1-2.111)

Alberts JR, Leimbach MP. 1980 The first foray:
maternal influences in nest egression in the
weanling rat. Dev. Psychobiol. 13, 417-429.
(doi:10.1002/dev.420130408)

Gerrish U, Alberts JR. 1996 Environmental
temperature modulates onset of independent
feeding: warmer is sooner. Dev. Psychobiol. 29,
483 -495. (doi:10.1002/(SIC1)1098-2302(199609)
29:6<<483::AID-DEV1>3.0.(0;2-1)

Thiels E, Alberts JR, Cramer CP. 1990 Weaning in
rats: Il Pup behavior patterns. Dev. Psychobiol. 23,
495-510. (doi:10.1002/dev.420230605)

Renner MJ, Bennett AJ, White JC. 1992 Age and sex
as factors influencing spontaneous exploration and
object investigation by preadult rats (Rattus

78.

79.

80.

81.

82.

83.

84.

85.

86.

8.

88.

89.

90.

9.

92.

norvegicus). J. Comp. Psychol. 106, 217-227.
(doiz10.1037/0735-7036.106.3.217)

Ainge JA, Langston RF. 2012 Ontogeny of neural
circuits underlying spatial memory in the rat. front.
Neural Circuits 6, 8. (doi:10.3389/fncir.2012.00008)
Etienne AS, Jeffery K. 2004 Path integration in
mammals. Hippocampus 14, 180—192. (doi:10.
1002/hipo.10173)

Mittelstaedt H, Mittelstaedt M-L. 1982 Homing by
path integration. In Avian navigation (eds F Papi,
HG Wallraff), pp. 290—297. New York, NY:
Springer.

McNaughton BL, Battaglia FP, Jensen 0, Moser EI,
Moser MB. 2006 Path integration and the neural
basis of the ‘cognitive map’. Nat. Rev. Neurosdi. 7,
663 —678. (doi:10.1038/nm1932)

Burgess N, Barry C, 0'Keefe J. 2007 An oscillatory
interference model of grid cell firing. Hippocampus
17, 801-812. (doi:10.1002/hip0.20327)
Maaswinkel H, Jarrard LE, Whishaw 1Q. 1999
Hippocampectomized rats are impaired in homing
by path integration. Hippocampus 9, 553 -561.
(doiz10.1002/(SIC1)1098-1063(1999)9:5 << 553::AID-
HIP09>3.0.0;2-G)

Whishaw 1Q, Hines DJ, Wallace DG. 2001 Dead
reckoning (path integration) requires the
hippocampal formation: evidence from spontaneous
exploration and spatial learning tasks in light
(allothetic) and dark (idiothetic) tests. Behav.
Brain Res. 127, 49-69. (doi:10.1016/50166-
4328(01)00359-X)

Parron C, Poucet B, Save E. 2004 Entorhinal cortex
lesions impair the use of distal but not proximal
landmarks during place navigation in the rat. Behav.
Brain Res. 154, 345-352. (doi:10.1016/j.bbr.2004.
03.006)

Alyan S, McNaughton BL. 1999
Hippocampectomized rats are capable of homing by
path integration. Behav. Neurosci. 113, 19-31.
(doi:10.1037/0735-7044.113.1.19)

Alberts JR. 1978 Huddling by rat pups: group
behavioral mechanisms of temperature regulation
and energy conservation. J. Comp. Physiol. Psychol.
92, 231-245. (doi:10.1037/h0077459)

Alberts JR. 2007 Huddling by rat pups: ontogeny of
individual and group behavior. Dev. Psychobiol. 49,
22-32. (doi:10.1002/dev.20190)

Polan HJ, Milano D, Eljuga L, Hofer MA. 2002
Development of rats’ maternally directed orienting
behaviors from birth to day 2. Dev. Psychobiol. 40,
81-103. (doi:10.1002/dev.10015)

Cramer CP, Blass EM, Hall WG. 1980 The ontogeny
of nipple-shifting behavior in albino rats:
mechanisms of control and possible significance.
Dev. Psychobiol. 13, 165—180. (doi:10.1002/dev.
420130208)

Cramer CP, Pfister JP, Haig KA. 1988 Experience
during suckling alters later spatial learning. Dev.
Psychobiol. 21, 1-24. (doi:10.1002/dev.420210102)
Kim JJ, Diamond DM. 2002 The stressed
hippocampus, synaptic plasticity and lost memories.
Nat. Rev. Neurosci. 3, 453—462. (doi:10.1038/
nrmg32)

93.

9%4.

95.

9.

97.

9.

9.

100.

101.

102.

103.

104.

105.

106.

107.

Liu D, Diorio J, Day JC, Francis DD, Meaney MJ. 2000
Maternal care, hippocampal synaptogenesis and
cognitive development in rats. Nat. Neurosci. 3,
799-806. (doi:10.1038/77702)

Weaver IC, Cervoni N, Champagne FA, D'Alessio AC,
Sharma S, Seckl JR, Dymov S, Szyf M, Meaney M.
2004 Epigenetic programming by maternal
behavior. Nat. Neurosci. 7, 847 —854. (doi:10.1038/
nn1276)

Bateson P. 1991 Are there principles of behavioural
development? In The development and integration
of behaviour (ed. P Bateson), pp. 19-39.
Cambridge, UK: Cambridge University Press.
Calhoun JB. 1963 The ecology and sociology

of the Norway rat. Bethseda, MD: U.S. Dept.

of Health, Education, and Welfare, Public

Health Service.

Price EO. 1977 Burrowing in wild and domestic
Norway rats. J. Mammal. 58, 239-240.
(doi:10.2307/1379585)

Stryjek R, Modlinska K, Pisula W. 2012 Species
specific behavioural patterns (digging and
swimming) and reaction to novel objects in wild
type, Wistar, Sprague-Dawley and Brown Norway
rats. PLoS ONE 7, e40642. (doi:10.1371/journal.
pone.0040642)

Boice R. 1977 Burrows of wild and albino rats:
effects of domestication, outdoor raising, age,
experience, and maternal state. J. Comp. Physiol.
Psychol. 91, 649—661. (doi:10.1037/h0077338)
Morris RGM. 1981 Spatial localisation does not
depend on the presence of local cues. Learn. Mot.
12, 239-260. (doi:10.1016/0023-9690(81)90020-5)
Riedel G et al. 1999 Reversible neural inactivation
reveals hippocampal participation in several
memory processes. Nat. Neurosci. 2, 898—905.
(doi:10.1038/13202)

Schenk F. 1985 Development of place navigation in
rats from weaning to puberty. Behav. Neural Biol.
43, 69-85. (doi:10.1016/50163-1047(85)91510-9)
Rudy JW, Stadler-Morris S, Albert P. 1987 Ontogeny
of spatial navigation behaviors in the rat:
dissociation of ‘proximal’- and ‘distal’-cue-based
behaviors. Behav. Neurosci. 101, 62—73. (doi:10.
1037/0735-7044.101.1.62)

Brown RW, Whishaw 1Q. 2000 Similarities in the
development of place and cue navigation by rats in
a swimming pool. Dev. Psychobiol. 37, 238—245.
(doi:10.1002/1098-2302(2000)37:4 << 238::AID-
DEV4>3.0.(0;2-))

Akers KG, Hamilton DA. 2007 Comparison of
developmental trajectories for place and cued
navigation in the Morris water task. Dev. Psychobiol.
49, 553-564. (doi:10.1002/dev.20227)

Carman HM, Mactutus CF. 2001 Ontogeny of spatial
navigation in rats: a role for response requirements?
Behav. Neurosci. 115, 870—879. (doi:10.1037/0735-
7044.115.4.870)

Akers KG, Candelaria-Cook FT, Rice JP, Johnson TE,
Hamilton DA. 2011 Cued platform training reveals
early development of directional responding among
preweanling rats in the Morris water task. Dev.
Psychobiol. 53, 1—-12. (doi:10.1002/dev.20480)

60v0£L0Z :69€ § 205 Y "subif Jiyd  bio"buiysigndAraposjedorgiss E


http://dx.doi.org/10.1126/science.166.3905.635
http://dx.doi.org/10.3758/BF03199129
http://dx.doi.org/10.3758/BF03199129
http://dx.doi.org/10.1037/h0077211
http://dx.doi.org/10.1002/dev.420040206
http://dx.doi.org/10.1002/dev.420040206
http://dx.doi.org/10.1002/dev.420110513
http://dx.doi.org/10.1002/dev.420110513
http://dx.doi.org/10.1016/0306-4530(95)00042-9
http://dx.doi.org/10.1002/dev.420250402
http://dx.doi.org/10.1002/dev.420250402
http://dx.doi.org/10.1002/dev.420180305
http://dx.doi.org/10.1002/dev.420180305
http://dx.doi.org/10.1002/dev.20063
http://dx.doi.org/10.1002/dev.20012
http://dx.doi.org/10.1515/REVNEURO.2006.17.1-2.111
http://dx.doi.org/10.1515/REVNEURO.2006.17.1-2.111
http://dx.doi.org/10.1002/dev.420130408
http://dx.doi.org/10.1002/(SICI)1098-2302(199609)29:6%3C483::AID-DEV1%3E3.0.CO;2-I
http://dx.doi.org/10.1002/(SICI)1098-2302(199609)29:6%3C483::AID-DEV1%3E3.0.CO;2-I
http://dx.doi.org/10.1002/(SICI)1098-2302(199609)29:6%3C483::AID-DEV1%3E3.0.CO;2-I
http://dx.doi.org/10.1002/(SICI)1098-2302(199609)29:6%3C483::AID-DEV1%3E3.0.CO;2-I
http://dx.doi.org/10.1002/(SICI)1098-2302(199609)29:6%3C483::AID-DEV1%3E3.0.CO;2-I
http://dx.doi.org/10.1002/(SICI)1098-2302(199609)29:6%3C483::AID-DEV1%3E3.0.CO;2-I
http://dx.doi.org/10.1002/(SICI)1098-2302(199609)29:6%3C483::AID-DEV1%3E3.0.CO;2-I
http://dx.doi.org/10.1002/dev.420230605
http://dx.doi.org/10.1037/0735-7036.106.3.217
http://dx.doi.org/10.3389/fncir.2012.00008
http://dx.doi.org/10.1002/hipo.10173
http://dx.doi.org/10.1002/hipo.10173
http://dx.doi.org/10.1038/nrn1932
http://dx.doi.org/10.1002/hipo.20327
http://dx.doi.org/10.1002/(SICI)1098-1063(1999)9:5%3C553::AID-HIPO9%3E3.0.CO;2-G
http://dx.doi.org/10.1002/(SICI)1098-1063(1999)9:5%3C553::AID-HIPO9%3E3.0.CO;2-G
http://dx.doi.org/10.1002/(SICI)1098-1063(1999)9:5%3C553::AID-HIPO9%3E3.0.CO;2-G
http://dx.doi.org/10.1002/(SICI)1098-1063(1999)9:5%3C553::AID-HIPO9%3E3.0.CO;2-G
http://dx.doi.org/10.1002/(SICI)1098-1063(1999)9:5%3C553::AID-HIPO9%3E3.0.CO;2-G
http://dx.doi.org/10.1002/(SICI)1098-1063(1999)9:5%3C553::AID-HIPO9%3E3.0.CO;2-G
http://dx.doi.org/10.1002/(SICI)1098-1063(1999)9:5%3C553::AID-HIPO9%3E3.0.CO;2-G
http://dx.doi.org/10.1016/S0166-4328(01)00359-X
http://dx.doi.org/10.1016/S0166-4328(01)00359-X
http://dx.doi.org/10.1016/j.bbr.2004.03.006
http://dx.doi.org/10.1016/j.bbr.2004.03.006
http://dx.doi.org/10.1037/0735-7044.113.1.19
http://dx.doi.org/10.1037/h0077459
http://dx.doi.org/10.1002/dev.20190
http://dx.doi.org/10.1002/dev.10015
http://dx.doi.org/10.1002/dev.420130208
http://dx.doi.org/10.1002/dev.420130208
http://dx.doi.org/10.1002/dev.420210102
http://dx.doi.org/10.1038/nrm832
http://dx.doi.org/10.1038/nrm832
http://dx.doi.org/10.1038/77702
http://dx.doi.org/10.1038/nn1276
http://dx.doi.org/10.1038/nn1276
http://dx.doi.org/10.2307/1379585
http://dx.doi.org/10.1371/journal.pone.0040642
http://dx.doi.org/10.1371/journal.pone.0040642
http://dx.doi.org/10.1037/h0077338
http://dx.doi.org/10.1016/0023-9690(81)90020-5
http://dx.doi.org/10.1038/13202
http://dx.doi.org/10.1016/S0163-1047(85)91510-9
http://dx.doi.org/10.1037/0735-7044.101.1.62
http://dx.doi.org/10.1037/0735-7044.101.1.62
http://dx.doi.org/10.1002/1098-2302(2000)37:4%3C238::AID-DEV4%3E3.0.CO;2-J
http://dx.doi.org/10.1002/1098-2302(2000)37:4%3C238::AID-DEV4%3E3.0.CO;2-J
http://dx.doi.org/10.1002/1098-2302(2000)37:4%3C238::AID-DEV4%3E3.0.CO;2-J
http://dx.doi.org/10.1002/1098-2302(2000)37:4%3C238::AID-DEV4%3E3.0.CO;2-J
http://dx.doi.org/10.1002/1098-2302(2000)37:4%3C238::AID-DEV4%3E3.0.CO;2-J
http://dx.doi.org/10.1002/1098-2302(2000)37:4%3C238::AID-DEV4%3E3.0.CO;2-J
http://dx.doi.org/10.1002/1098-2302(2000)37:4%3C238::AID-DEV4%3E3.0.CO;2-J
http://dx.doi.org/10.1002/dev.20227
http://dx.doi.org/10.1037/0735-7044.115.4.870
http://dx.doi.org/10.1037/0735-7044.115.4.870
http://dx.doi.org/10.1002/dev.20480

108.

109.

10.

1.

n2.

3.

4.

5.

116.

1"7.

18.

9.

120.

121.

Prusky GT, West PW, Douglas RM. 2000 Reduced
visual acuity impairs place but not cued learning in
the Morris water task. Behav. Brain Res. 116,
135—140. (doi:10.1016/50166-4328(00)00267-9)
Carman HM, Mactutus CF. 2002 Proximal versus
distal cue utilization in spatial navigation: the
role of visual acuity? Neurobiol. Learn. Mem. 78,
332-346. (doi:10.1006/nlme.2002.4062)

Carman HM, Booze RM, Snow DM, Mactutus CF.
2003 Proximal versus distal cue utilization in
preweanling spatial localization: the influence of
cue number and location. Physiol. Behav. 79,
157—165. (doi:10.1016/50031-9384(03)00089-1)
Rossier J, Schenk F. 2003 Olfactory and/or visual
cues for spatial navigation through ontogeny:
olfactory cues enable the use of visual cues. Behav.
Neurosci. 117, 412—425. (doi:10.1037/0735-7044.
117.3.412)

Hamilton DA, Akers KG, Weisend MP, Sutherland RJ.
2007 How do room and apparatus cues control
navigation in the Morris water task? Evidence for
distinct contributions to a movement vector. J. Exp.
Psychol. Anim. Behav. Process. 33, 100—114.
(doi:10.1037/0097-7403.33.2.100)

Hamilton DA, Akers KG, Johnson TE, Rice JP,
(andelaria FT, Sutherland RJ, Weisend MP, Redhead
ES. 2008 The relative influence of place and
direction in the Morris water task. J. Exp. Psychol.
Anim. Behav. Process. 34, 31-53. (doi:10.1037/
0097-7403.34.1.31)

Akers KG, Candelaria FT, Hamilton DA. 2007
Preweanling rats solve the Morris water task via
directional navigation. Behav. Neurosci. 121,
1426—1430. (doi:10.1037/0735-7044.121.6.1426)
Akers KG, Candelaria-Cook FT, Rice JP, Johnson TE,
Hamilton DA. 2009 Delayed development of place
navigation compared to directional responding in
young rats. Behav. Neurosci. 123, 267-275.
(doi:10.1037/20014594)

Brown RW, Kraemer PJ. 1997 Ontogenetic
differences in retention of spatial learning tested
with the Morris water maze. Dev. Psychobiol. 30,
329-341. (doi:10.1002/(SIC1)1098-
2302(199705)30:4<<329::AID-DEV6 >3.0.(0;2-Q)
Spreng M, Rossier J, Schenk F. 2002 Spaced training
facilitates long-term retention of place navigation in
adult but not in adolescent rats. Behav. Brain Res.
128, 103-108. (doi:10.1016/50166-
4328(01)00266-2)

Carman HM, Booze RM, Mactutus CF. 2002 Long-
term retention of spatial navigation by preweanling
rats. Dev. Psychobiol. 40, 68—77. (doi:10.1002/dev.
10014)

Deacon RM, Rawlins JN. 2006 T-maze alternation in
the rodent. Nat. Protoc. 1, 7—12. (doi:10.1038/
nprot.2006.2)

Green RJ, Stanton ME. 1989 Differential ontogeny of
working memory and reference memory in the rat.
Behav. Neurosci. 103, 98—105. (doi:10.1037/0735-
7044.103.1.98)

Bronstein PM, Spear NE. 1972 Acquisition of a
spatial discrimination by rats as a function of age.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

J. Comp. Physiol. Psychol. 78, 208—212. (doi:10.
1037/h0032188)

Freeman Jr JH, Stanton ME. 1991 Fimbria-fornix
transections disrupt the ontogeny of delayed
alternation but not position discrimination in the
rat. Behav. Neurosci. 105, 386—395. (doi:10.1037/
0735-7044.105.3.386)

Kirkby RJ. 1967 A maturation factor in spontaneous
alteration. Nature 215, 784. (doi:10.1038/215784a0)
Douglas RJ, Peterson JJ, Douglas DP. 1973 The
ontogeny of a hippocampus-dependent response in
two rodent species. Behav. Biol. 8, 27-37.
(doi:10.1016/50091-6773(73)80003-3)

Bronstein PM, Dworkin T, Bilder BH. 1974 Age-
related differences in rats’ spontaneous alternation.
Anim. Learn. Behav. 2, 285—288. (doi:10.3758/
BF03199196)

Olton DS, Handelmann GE, Becker JT. 1979
Hippocampus, space and memory. Behav. Brain Sci.
2, 313-365. (doi:10.1017/50140525X00062713)
Jarrard LE. 1978 Selective hippocampal lesions:
differential effects on performance by rats of a
spatial task with preoperative versus postoperative
training. J. Comp. Physiol. Psychol. 92, 1119-1127.
(doi:10.1037/h0077516)

Rauch SL, Raskin LA. 1984 Cholinergic mediation of
spatial memory in the preweanling rat: application
of the radial arm maze paradigm. Behav. Neurosdi.
98, 35-43. (doi:10.1037/0735-7044.98.1.35)
Tolman EC. 1948 Cognitive maps in rats and men.
Psychol. Rev. 55, 189—208. (doi:10.1037/h0061626)
Taube JS. 2007 The head direction signal: origins
and sensory-motor integration. Annu. Rev. Neurosci.
30, 181-207. (doi:10.1146/annurev.neuro.29.
051605.112854)

Langston RF, Bjerknes TL, Kruge I, Moser EI, Moser
MB. 2010 Directional representation in the rat
presubiculum during postnatal development. FENS
Abstr. 5, 087.31.

Tan H, Wills T, 0'Keefe J, Cacucd F. 2010 Ontogenetic
development of the head direction system in
pre-weanling rats. Soc. Neurosci. Abstr. 709.4.
Golob EJ, Taube JS. 1997 Head direction cells and
episodic spatial information in rats without a
hippocampus. Proc. Natl Acad. Sci. USA 94,
7645-7650. (doi:10.1073/pnas.94.14.7645)
Bonnevie T, Dunn B, Fyhn M, Hafting T, Derdikman
D, Kubie JL, Roudi Y, Moser El, Moser M-B. 2013
Grid cells require excitatory drive from the
hippocampus. Nat. Neurosci. 16, 309-317.
(doi:10.1038/nn.3311)

Sargolini F, Fyhn M, Hafting T, McNaughton BL,
Witter MP, Moser MB, Moser EI. 2006 Conjunctive
representation of position, direction, and velocity
in entorhinal cortex. Science 312, 758-762.
(doi:10.1126/science.1125572)

Boccara CN, Sargolini F, Thoresen VH, Solstad T,
Witter MP, Moser EIl, Moser M-B. 2010 Grid cells
in pre- and parasubiculum. Nat. Neurosci. 13,

987 -994. (doi:10.1038/nn.2602)

Stensola H, Stensola T, Solstad T, Froland K, Moser
MB, Moser El. 2012 The entorhinal grid map is

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

discretized. Nature 492, 72—78. (doi:10.1038/
nature11649)

Barry C, Hayman R, Burgess N, Jeffery KJ. 2007
Experience-dependent rescaling of entorhinal
grids. Nat. Neurosci. 10, 682—684. (doi:10.1038/
nn1905)

Fyhn M, Hafting T, Treves A, Moser MB, Moser El.
2007 Hippocampal remapping and grid realignment
in entorhinal cortex. Nature 446, 190—194. (doi:10.
1038/nature05601)

Yoon K, Buice M, Barry C, Hayman R, Burgess N, Fiete
I. 2013 Evidence of low-dimensional continuous
attractor dynamics in grid cells. Nat. Neurosd. 16,
1077—-1084. (doi:10.1038/nn.3450)

Hartley T, Burgess N, Lever C, Cacucci F, O'Keefe J.
2000 Modeling place fields in terms of the cortical
inputs to the hippocampus. Hippocampus 10,
369-379. (doi:10.1002/1098-1063(2000)10:
4<C369::AID-HIP03 >3.0.€0;2-0)

Bjerknes TL, Dagslott LMEI, Moser MB. 2012
Representation of geometrical borders in the
developing rat. Soc. Neurosci. Abstr. 702.09.

Cacucd F, Muessig L, Hauser J, Wills TJ. 2013 The
role of environmental boundaries in the ontogeny
of the hippocampal neural code for space. Soc.
Neurosci. Abstr. 485.16.

Goodridge JP, Dudchenko PA, Worboys KA, Golob EJ,
Taube JS. 1998 Cue control and head direction cells.
Behav. Neurosci. 112, 749-761. (doi:10.1037/0735-
7044.112.4.749)

Skaggs WE, Knierim JJ, Kudrimoti H, McNaughton
BL. 1995 A model of the neural basis of the rat's
sense of direction. In Neural information processing
systems, vol. 7 (eds SJ Hanson, JD Cowan, CL Giles),
pp. 173-180. Cambridge, MA: MIT Press.

Zhang K. 1996 Representation of spatial orientation
by the intrinsic dynamics of the head-direction cell
ensemble: a theory. J. Neurosci. 16, 2112—2126.
Hahnloser RH. 2003 Emergence of neural
integration in the head-direction system by visual
supervision. Neuroscience 120, 877—891. (doi:10.
1016/50306-4522(03)00201-X)

Pilly PK, Grossberg S. 2013 Spiking neurons in a
hierarchical self-organizing map model can learn to
develop spatial and temporal properties of entorhinal
grid cells and hippocampal place cells. PLoS ONE 8,
€60599. (doi:10.1371/journal.pone.0060599)
Widloski J, Fiete . 2010 Spike time-dependent synaptic
plasticity can organize a recurrent network to generate
grid cell responses. Soc. Neurosdi. Abstr. 100.4.
Welinder PE, Burak Y, Fiete IR. 2008 Grid cells: the
position code, neural network models of activity,
and the problem of learning. Hippocampus 18,
1283-1300. (doi:10.1002/hip0.20519)

van Strien NM, Cappaert NL, Witter MP. 2009
The anatomy of memory: an interactive overview
of the parahippocampal —hippocampal network.
Nat. Rev. Neurosci. 10, 272—282. (doi:10.1038/
nm2614)

Josselyn SA, Frankland PW. 2012 Infantile amnesia:
a neurogenic hypothesis. Learn. Mem. 19,
423-433. (d0i:10.1101/Im.021311.110)

60v0£L0Z :69€ § 205 Y "subif Jiyd  bio"buiysigndAraposjedorgiss E


http://dx.doi.org/10.1016/S0166-4328(00)00267-9
http://dx.doi.org/10.1006/nlme.2002.4062
http://dx.doi.org/10.1016/S0031-9384(03)00089-1
http://dx.doi.org/10.1037/0735-7044.117.3.412
http://dx.doi.org/10.1037/0735-7044.117.3.412
http://dx.doi.org/10.1037/0097-7403.33.2.100
http://dx.doi.org/10.1037/0097-7403.34.1.31
http://dx.doi.org/10.1037/0097-7403.34.1.31
http://dx.doi.org/10.1037/0735-7044.121.6.1426
http://dx.doi.org/10.1037/a0014594
http://dx.doi.org/10.1002/(SICI)1098-2302(199705)30:4%3C329::AID-DEV6%3E3.0.CO;2-Q
http://dx.doi.org/10.1002/(SICI)1098-2302(199705)30:4%3C329::AID-DEV6%3E3.0.CO;2-Q
http://dx.doi.org/10.1002/(SICI)1098-2302(199705)30:4%3C329::AID-DEV6%3E3.0.CO;2-Q
http://dx.doi.org/10.1002/(SICI)1098-2302(199705)30:4%3C329::AID-DEV6%3E3.0.CO;2-Q
http://dx.doi.org/10.1002/(SICI)1098-2302(199705)30:4%3C329::AID-DEV6%3E3.0.CO;2-Q
http://dx.doi.org/10.1002/(SICI)1098-2302(199705)30:4%3C329::AID-DEV6%3E3.0.CO;2-Q
http://dx.doi.org/10.1002/(SICI)1098-2302(199705)30:4%3C329::AID-DEV6%3E3.0.CO;2-Q
http://dx.doi.org/10.1016/S0166-4328(01)00266-2
http://dx.doi.org/10.1016/S0166-4328(01)00266-2
http://dx.doi.org/10.1002/dev.10014
http://dx.doi.org/10.1002/dev.10014
http://dx.doi.org/10.1038/nprot.2006.2
http://dx.doi.org/10.1038/nprot.2006.2
http://dx.doi.org/10.1037/0735-7044.103.1.98
http://dx.doi.org/10.1037/0735-7044.103.1.98
http://dx.doi.org/10.1037/h0032188
http://dx.doi.org/10.1037/h0032188
http://dx.doi.org/10.1037/0735-7044.105.3.386
http://dx.doi.org/10.1037/0735-7044.105.3.386
http://dx.doi.org/10.1038/215784a0
http://dx.doi.org/10.1016/S0091-6773(73)80003-3
http://dx.doi.org/10.3758/BF03199196
http://dx.doi.org/10.3758/BF03199196
http://dx.doi.org/10.1017/S0140525X00062713
http://dx.doi.org/10.1037/h0077516
http://dx.doi.org/10.1037/0735-7044.98.1.35
http://dx.doi.org/10.1037/h0061626
http://dx.doi.org/10.1146/annurev.neuro.29.051605.112854
http://dx.doi.org/10.1146/annurev.neuro.29.051605.112854
http://dx.doi.org/10.1073/pnas.94.14.7645
http://dx.doi.org/10.1038/nn.3311
http://dx.doi.org/10.1126/science.1125572
http://dx.doi.org/10.1038/nn.2602
http://dx.doi.org/10.1038/nature11649
http://dx.doi.org/10.1038/nature11649
http://dx.doi.org/10.1038/nn1905
http://dx.doi.org/10.1038/nn1905
http://dx.doi.org/10.1038/nature05601
http://dx.doi.org/10.1038/nature05601
http://dx.doi.org/10.1038/nn.3450
http://dx.doi.org/10.1002/1098-1063(2000)10:4%3C369::AID-HIPO3%3E3.0.CO;2-0
http://dx.doi.org/10.1002/1098-1063(2000)10:4%3C369::AID-HIPO3%3E3.0.CO;2-0
http://dx.doi.org/10.1002/1098-1063(2000)10:4%3C369::AID-HIPO3%3E3.0.CO;2-0
http://dx.doi.org/10.1002/1098-1063(2000)10:4%3C369::AID-HIPO3%3E3.0.CO;2-0
http://dx.doi.org/10.1002/1098-1063(2000)10:4%3C369::AID-HIPO3%3E3.0.CO;2-0
http://dx.doi.org/10.1002/1098-1063(2000)10:4%3C369::AID-HIPO3%3E3.0.CO;2-0
http://dx.doi.org/10.1002/1098-1063(2000)10:4%3C369::AID-HIPO3%3E3.0.CO;2-0
http://dx.doi.org/10.1037/0735-7044.112.4.749
http://dx.doi.org/10.1037/0735-7044.112.4.749
http://dx.doi.org/10.1016/S0306-4522(03)00201-X
http://dx.doi.org/10.1016/S0306-4522(03)00201-X
http://dx.doi.org/10.1371/journal.pone.0060599
http://dx.doi.org/10.1002/hipo.20519
http://dx.doi.org/10.1038/nrn2614
http://dx.doi.org/10.1038/nrn2614
http://dx.doi.org/10.1101/lm.021311.110

	The development of spatial behaviour and the hippocampal neural representation of space
	Introduction
	The development of sensory-motor systems in the rat
	The development of sensory systems
	The development of motor skills

	The development of spatial behaviour
	The emergence of spontaneous movements through space
	Homing
	Exploration and leaving the nest
	Egression from the nest and the role of path integration
	Activity within the nest
	Development in a non-laboratory environment

	The development of hippocampus-dependent spatial learning and memory
	Water maze
	T-maze
	Radial arm maze


	The development of the neural map of space
	Head direction cells
	Grid cells
	Place cells

	Conclusion and open questions
	The role of experience in the development of the neural representation of space
	The role of the neural representation of space in the development of spatial behaviour

	Acknowledgements
	References


