The Neuropsychology

Critical Reviews™ in Neurobiology, 11(283):101-120 (1997)

of Spatial Cognition in the Rat

Bruno Poucet* and Simon Benhamou

Centre de Recherche en Neurosciences Cognitives, Centre National de la Recherche Scientifique,
31 chemin Joseph-Aiguier, 13402 Marseille cedex 20, France

* Author to whom all correspondence should be addressed.

ABSTRACT: This article provides a review of the neural mechanisms of spatial cognition in the rat. A survey
of the literature shows that the rat has spatial capabilities that can be explained only if one assumes that it possesses
a representation of some features of the environment. The scope of such a representation may, however, be more
limited than what is implied by the hypothesis of a bird’s-eye view of the environment. The best documented
spatial ability of the rat is illustrated by its efficiency in performing the water maze navigation task. A review of
recent neurobiological data collected while a rat was performing this task suggests that several brain structures
make unique contributions to spatial navigation. In particular, the hippocampal formation and the associative
(posterior) parietal cortex seem to handle different aspects of navigation and to be differentially involved in the
various stages of spatial memory formation. Electrophysiological data support the hypothesis that the hippocampal
formation is concerned with rapidly building associative memories of spatial relationships within the environment.
In contrast, the associative parietal cortex might be involved in more abstract spatial processing, resulting in a
metric representation of spatial information collected during movements.
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I. INTRODUCTION

Recent years have witnessed a growing inter-
est in the ability of the rat to form spatial represen-
tations of its environment.!-* One reason for this
interest lies in the impressive capabilities of the
rat to compute optimal paths through space. These
capabilities appear to require sophisticated pro-
cesses that allow the integration and manipulation
of spatial information about the environment. As
will become evident later in this review, the exact
nature of the spatial representations involved in
such processes is still a matter of debate. Another
reason for this interest is the discovery, more than
two decades ago, of a strong relationship between
the activity of specific neurons in the rat brain and
the location of the animal.* The combination of
these two aspects has caused a great deal of re-
search, resulting in a number of tentative possi-
bilities for integrating complex spatial capabili-
ties in various neural circuits.>® Nevertheless,
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issues remain that represent a real challenge if we
are to understand exactly how the brain creates
solutions to navigation problems. The aims of this
paper are to provide a review of the behavioral
and neural aspects of the rat spatial cognition and
to identify some issues that should be addressed
to work out a general explanatory model.

II. WHAT IS SPATIAL COGNITION?
A. Statement of the Problem

This section briefly examines the mechanisms
likely to guide spatial behavior, and thus it stresses
the main concemns of the review. When a rat
moves toward a goal location, it may do so very
simply by being directed by a particular cue or a
stimulus gradient directly associated with the goal,
by performing a previously learned motor rou-
tine, or by some combination of these two el-
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ementary mechanisms. Though they may be effi-
cient in a number of situations, these mechanisms
do not require a spatial representation of the en-
vironment and do not, therefore, put any burden
on a spatial information-processing system. Ac-
cordingly, such behaviors are not further addressed
in the following sections. Rather, the focus is on
how spatial information from the environment is
acquired and used by the animal so as to allow the
emergence of flexible spatial behavior.’

Behavioral experiments clearly show that rats
can perform efficient navigation based on mecha-
nisms that do not involve the use of goal-associ-
ated beacons or of fixed routes previously learned.
Under these conditions, navigation requires at least
a representation of the goal location, and possibly
of some features of the spatial layout. Such a
spatial representation maintains a record of spa-
tial facts about the environment. This record is
used to generate paths that, although constrained
by the structure of the environment, are not speci-
fied by the representation itself.!

Spatial representations are usually referred
to as cognitive maps, that is, internal models of
the external environment in which acquired spa-
tial information can be internally reorganized.!!
In fact, the term cognitive map has been used in
different contexts and with different meanings,
so that its scope is often difficult to determine.
For clarification, we distinguish three levels of
spatial representation, presumably of increasing
complexity. In the lowest level, only a single
location acting as a goal is either egocentrically
or exocentrically represented (such low-level
spatial representations, requiring only a limited
amount of spatial knowledge, are briefly ad-
dressed in the next section).

In the second, intermediate level, many places
(not restricted to goals) and some of their rela-
tionships are represented with respect to the envi-
ronment. Although the coding of these places is
not assumed to depend on their status, the most
visited places are likely to be represented in fine
detail. This type of spatial representation requires
a considerably greater amount of spatial knowl-
edge and is the main focus of this review.

Finally, spatial representations of the most
sophisticated type are map-like representations of
the whole environment (survey maps). In prin-
ciple, survey maps allow remote portions of space
to be represented and novel, optimal routes to be
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generated even when there is no overlap in the
perception of the landmarks available at the ori-
gin and goal of the path. However, since there is
no evidence that mammals (with the exception of
humans) are able to build survey maps of their
environment, these highest level spatial represen-
tations are not addressed further.

B. Egocentric Versus Exocentric Coding

The first issue that must be addressed to ac-
count for the rat’s ability to generate an optimal
path toward a goal on the basis of an internal
representation concerns the mode of information
coding. At this point, two very different processes
must be dissociated (such a dissociation does not
preclude that the two processes may share some
information; see section VI.B). The goal location
can be memorized in the form of an egocentric
coding (i.e., self-referred), enabling the animal to
perform vector (route-based) navigation, or in the
form of an exocentric coding (i.e., referred to an
external frame of reference provided by the envi-
ronment), enabling the animal to perform place
(location-based) navigation. These two coding
processes have been demonstrated in mammals,
birds, and insects.!?

The egocentric coding process involves a path
integration (or dead reckoning) mechanism that
enables the animal to continuously update the
vector that specifies the head-referred bearing and
the distance to the memorized goal location on
the basis of information collected en route about
its own translations (i.e., straight movements) and
rotations (i.e., changes of direction).!* This pro-
cess has the major advantages that information to
be stored is limited to two parameters and that no
prior exploration of the environment is required
to ensure correct navigation to the goal. Its major
drawback is that the computation of the two pa-
rameters is subject to cumulative error notably in
the estimate of rotations.!* This problem is par-
ticularly acute in mammals.!3 Indeed, since there
is no compelling evidence that mammals can use
the sun or a magnetic compass as an external
reference direction, rotations can be measured
only on the basis of internal motion-related sig-
nals (e.g., vestibular inputs), causing errors to
accumulate very quickly.!* A possible solution
to this problem involves the recalibration of ro-



tation information on the basis of visual (or other
sensory) information from the environment.'$
However, this recalibration proves efficient only
if the landmarks are very remote (e.g., mountain
peaks), so that they can serve as a compass.
Closer landmarks are subject to motion parallax
during the animal’s translations. Because most
animals move by combining translations and
rotations, the apparent rotation of landmarks is
not a valid means of calibrating the amount of
rotation actually performed, unless the exact
distance to the landmarks is well known. Since
it requires no storage of information about the
spatial features of the environment, the egocen-
tric coding process is unlikely to be adequate for
the study of spatial cognition.

In contrast, the exocentric coding process
involves the gathering and storage of spatial in-
formation about the environment. The amount of
spatial information that is stored is not necessar-
ily very large. For instance, a low-level exocentric
representation involves the memory of a single
goal location in the form of a snapshot that speci-
fies the apparent configuration of surrounding
landmarks as they are perceived from the goal
location. This representation is sufficient to en-
able a bee to navigate efficiently by moving step
by step so as to progressively reduce the discrep-
ancy between its current view of the landmarks
and its memorized snapshot.-! Much as in the
egocentric representation, the navigational pro-
cess afforded by this type of exocentric represen-
tation does not require prior exploration of the
environment, but it remains rigid.

Another, higher level, form of exocentric
coding involves the ability of the rat to build up
representations of places independent of their sta-
tus (an ability usually referred to as latent learn-
ing), and representations of the spatial relation-
ships between these places. Stated in these terms,
it becomes evident that the exocentric coding pro-
cess has the major advantage of making the navi-
gational process much more flexible than the
simple snapshot coding system. Its major draw-
back, however, is that it requires the storage of a
large amount of information about the environ-
ment. As a result, such representations are opera-
tional only once most of the environment has
been explored. Evolutionary pressure may have
shaped specialized memory systems that deal
adequately with the task of storing large amounts

of information.? It is likely that this higher level
type of exocentric spatial memory in mammals is
a good example of such a memory system.

lil. EVIDENCE FOR SPATIAL COGNITION
A. Place Navigation

The most compelling evidence for the notion
that a rat stores spatial information about its envi-
ronment and uses this knowledge to find direct
paths stems from the observation of its orienta-
tion behavior in open areas. An illustration of this
process is provided by the rats’ ability to navigate
efficiently in the water maze task.?! In this task, a
swimming rat can escape from water by finding a
safe platform in a pool filled with opaque water.
As the starting position of the rat is changed from
trial to trial and the platform is located beneath
the surface of the water, the rat must rely on the
array of visual cues located outside the swimming
pool so as to infer the platform location. Analyses
of the paths (e.g., length, directionality, search
distribution??) taken to reach the platform show
that, after a few training trials, the rat swims
almost directly toward the platform. Once trained
in the basic task, the rat can quickly learn new
goal locations each day.?* Even more importantly,
it shows immediate transfer when novel start points
to a familiar goal are used. To do so, however, the
rat must have previously had unrestricted access
to all parts of the pool.?*?> When rats are physi-
cally prevented from swimming in one half of the
pool during training, subsequent testing for navi-
gation from the restricted part results in inaccu-
rate performance. These experiments support the
importance of exploration in the formation of
spatial representations.26-2

The straightness of swimming paths displayed
by the rat when it is started from different loca-
tions in the water maze indicates that it is not just
trying to continually adjust its current position in
reference to a memorized snapshot taken at the
goal. Such a solution, which relies on step-by-
step movements, would result in more erratic
movements. Instead, the rat seems to have some
knowledge of the distance and direction of its
final destination, beginning at the start location,
and sets its course immediately, so as to reach the
goal as soon as possible. Proof that mammals are
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able to plan their course based on information
available at the start was provided by experiments
using gerbils.”? These animals were trained to
move toward a hidden food source that could be
located relative to three distant landmarks. Once
an animal had learned to navigate to the goal
location in a lit condition, it was tested with the
lights turned off immediately after it began to
move toward the target. The fact that gerbils’
performance was not disrupted by the sudden
darkness suggests that their course had been
planned at the start of the trial. Note, however,
that more or less efficient navigation has been
accounted for recently by several associative
models.’>*%3! Nevertheless, the model with the
strongest S-R flavor (and no planning ability)*®
does not result in a navigation performance as
efficient as that observed in rats.

B. Shortcutting and Detour Behavior

The ability to generate a plan suggests the
existence of a stored representation of the spatial
relationship between the goal and current posi-
tion of the animal in the environment. Such a
representation allows an animal to take shortcuts
and detours. The prototypic detour situation con-
sists of blocking a route previously used to reach
a baited goal, thus requiring an animal to reorga-
nize its path under these altered circum-
stances.3>% It is generally observed that animals
quickly select the next most appropriate path
leading to the goal.3* Since one function of spa-
tial representations concerns the ability of an
animal to store in memory important places and
to navigate efficiently to these places, animals
should be aware of the structural properties of
paths. Although this issue is difficult to address
empirically, there is evidence that rats pay atten-
tion to such properties and that their spatial
knowledge does not amount simply to a repre-
sentation of the goal location. For instance, it
has been found that, under some circumstances,
rats select specific routes that result in a reduc-
tion in complexity of the problem.* Additional
support for the notion that animals pay attention
to the structural properties of space comes from
studies on cats in which the choice of a path was
shown to be influenced by its length and direc-
tionality.3¢ Thus, spatial knowledge is not lim-
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ited to representations of start and goal locations
but also encompasses some knowledge of the struc-
ture of the environment. Note that this observation
can be made only if the goal is hidden. A visible
goal acts as an anchor that shifts control over be-
havior from spatially based information to sensory
guidance. A visible goal caused cats not to make
optimal choices about path length. Instead, cats
tended to take the path that most closely approxi-
mated the goal direction from the start. Although
no equivalent data are available from the rat, it is
likely that similar processes are in order.

C. Memory of Multiple Goals

Rats perform very well on many spatial work-
ing memory tasks. This fact suggests the exist-
ence of a flexible memory system for storing
multiple locations. This demonstration relies on
the use of a task in which a rat is required to
gather food at the end of the eight arms of an
elevated radial maze.’’ Since arms depleted of
food are not rebaited, the rat learns to avoid loca-
tions that have already been visited. It has been
demonstrated that a rat generally does not rely on
algorithmic responding (e.g., visiting adjacent
arms from one choice to another) or local infor-
mation (such as scent trails deposited during pre-
vious visits), but rather forms a memory of de-
pleted arms.*® What must be remembered during
a trial are the behavioral events associated with
entering each arm.> To be useful, the encoding of
such events must be associated with perceptually
defined maze arms. This association requires some
form of spatial discrimination, for each arm is
defined most easily by its location. Evidence sug-
gests that the memory of depleted arms is based
on an exocentric representation of the food loca-
tions updated following each choice, and not based
on a list of items.*® Arguably, such representa-
tions store information about the position of each
arm relative to the configuration of visual cues
within the testing room.*'-*3 Although there is still
some controversy about the exact nature of the
memory processes involved in the radial maze
task,*1443 jt is clear that performance relies on an
adaptive spatial memory system that allows for
flexible responding. This memory system is useful
in a number of situations including those involving
several food source locations in an open field.*



D. Detection of Spatial Changes

One prediction of the hypothesis that a rat
represents some features of the spatial layout is
that it should be able to detect spatial changes in
the environment. Several studies have shown that
rodents can detect such changes. In general, chang-
ing the configuration of objects in a previously
_explored arena induces a renewal of exploratory
activity aimed at displaced objects.*’-! In a series
of experiments using hamsters, exploratory be-
havior was examined as a function of the type of
change brought about by the displacement of
objects.#748 The general conclusions from these
studies were that the animal keeps a record of the
spatial situation and that this record is specific to
certain classes of spatial relationships. Changes
that induce the greatest reaction are those that
affect either the overall geometrical arrangement
of the object set or the topological relationships
among the objects. In contrast, changes that affect
only the metric relationships (i.e., distances) be-
tween the objects do not appear to induce a sig-
nificant renewal of exploration, suggesting that
the overall configuration is privileged over the
absolute position of objects.

IV. NATURE OF THE RAT SPATIAL
REPRESENTATION: WHAT IS STORED?

A. Geometry and Landmarks

Recognizing that animals are able to use
representations of their spatial environment does
not say a lot about the nature of such represen-
tations. Evidence cited in previous sections
shows that these representations might not en-
compass all aspects of the environment. While
it is clear that a rat’s representation stores in-
formation about configurations of cues, there
has been some debate about what constitutes an
appropriate spatial cue. For example, several
authors have emphasized the importance of in-
formation provided by the “geometrical shape”
of the environment.!1%2 Support for this as-
sumption is based on the observation that, when
arat is required to orient in a rectangular cham-
ber, it mainly relies on the shape of the cham-
ber and neglects potential cues provided by
either discrete inserts placed at corners or sa-

lient visual patterns placed on walls. It is some-
what surprising to note that a recent study re-
vealed that a similar hierarchy of spatial cues
seems to be operating in young children who
primarily base their orientations on the geometri-
cal shape of a large rectangular room.*3

The preponderance of the overall geometri-
cal shape should not, however, obscure the fact
that the rat also stores information about con-
figurations of discrete cues. For instance, the
rearrangement of extramaze visual cues in an
otherwise homogeneous (cue-controlled) envi-
ronment markedly affects the behavior of rats
performing the radial maze task.*? Also, rats are
able to integrate the intramaze stimuli in a rep-
resentation used to guide goal-directed behav-
ior.* Finally, exploration experiments reveal that
rodents form a representation of the configura-
tion of small intramaze objects.*’#8-0 Recent stud-
ies on mice’ and birds’>7 suggest, however,
that such objects, although clearly noticed, are
not so useful for place navigation. Therefore,
animals would filter out high spatial frequencies
provided by fine-grain cues (such as small ob-
jects) and rely only on coarse-grain cues in
exocentric localization. Eventually, only those
cues that outline the geometrical shape of the
environment would act as “true” landmarks. As
a result, there would be no real gap between the
concepts of geometry and landmarks. The filter-
ing function might have emerged under
evolutionnary pressure because of a twofold ad-
vantage: (1) it eliminates cues that are not reli-
able in exocentric localization; (2) it dramati-
cally reduces the cognitive burden that bears on
the exocentric localization system:

In addition to the general characteristics of
space that allow unique locations to be identified
in the environment, the rats are aware of certain
of its structural properties such as the routes that
link privileged locations. Thus, as shown in sec-
tion III.B, choice of routes is markedly affected
by their structural (e.g., length and directionality)
and local properties (e.g., presence of choice
points, degree of incline).33-58-60

B. Topology and Metrics

Together, these studies make it clear that rats
possess a representation of the geometry of their
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environment. The repreéentation is not, how-
ever, total: only certain spatial relationships are
handled while others are not. Also, the represen-
tation is not homogeneous in that animals pro-
cess certain locations in a more detailed way
during exploration. This is not very surprising
because space is not homogeneous. It is more
surprising, however, that the topological rela-
tionships among such locations often have stron-
ger control over spatial behavior than metric
relationships do (see section II1.D). In any case,
it seems that the concept of a single overall
spatial representation of the environment should
be rejected. Instead, it appears that animals rep-
resent several distinct aspects of the environ-
ment. Recently, one of us hypothetized that such
representations can be both topological, there-
fore affording relatively unstructured informa-
tion about the connectivity within space (for
example, place A is directly connected to place
B but not to place C), and metric (for example,
place A is a certain distance and direction from
place B), affording more detailed information
about specific relationships among places.* An
additional idea was that topological information
may be more rapidly acquired than metric infor-
mation because metric encoding would largely
rely on motion-related signals provided by re-
peated movements between places.’ Although
there is little direct empirical support for a dis-
sociation between topological and metric infor-
mation in the rat’s spatial representation, the
conception of a dual network has several major
advantages over single-format conceptions!!62
such as that of a metric / global representation of
the environment.

C. A Possible Model for
Place Navigation

Given the complex nature of the stored spa-
tial information, it is difficult to imagine a pro-
cess that allows the rat to easily compute effi-
cient paths through space. In the past, several
solutions have been proposed, ranging from those
relying on purely topological mechanismsS? to
those relying on purely metric mechanisms.526¢
We now briefly summarize an intermediate place
navigation model we have recently developed.®!
In our model, the information about the immedi-
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ate environment is provided by the head-referred
bearings and vertical angular sizes of landmarks
(i.e., local views). This type of two-dimensional
angular information can be easily determined
from the animal’s current location at the retinal
level. Local views of various directions from a
given place are assumed to be linked together to
form a 360° panorama (defined independently of
the animal’s heading) that constitutes a kind of
place representation.’ A panorama therefore en-
compasses locally the geometry of the environ-
ment defined on the basis of the landmarks as
perceived from any specific place.

During exploration, the animal is assumed
to build up associations between the current pan-
orama and the panoramas experienced at neigh-
boring places, as well as associations between
the current panorama and an overall reference
direction provided primarily by vestibular and
other kinesthetic inputs (see section VI.C). The
first type of association allows the topology of
the environment to be taken into account locally,
while the second type allows the extraction of an
absolute angular reference from the local envi-
ronment. According to this model, the animal
would be able, after continuous exploration of
the environment, to determine its current posi-
tion (location and orientation) with respect to
the environment on the basis of any local view.
During navigation, the direction of the goal from
the current place is then estimated on the basis of
the distribution of the discrepancies between the
panoramas experienced from the neighboring
places of the current place and the panorama
memorized from the goal, with respect to the
overall reference direction. This model mainly
works step by step, based on continuing envi-
ronmental feedback. Nevertheless, it is possible
to directly derive the direction and distance to
the goal, even though the animal can no longer
see the landmarks, because both the local topol-
ogy embodied into the panorama associations
and the associated overall reference direction
provide enough information to thoroughly plan
the course to the goal location from the start
location. This model allows for better navigation
performance than pure topological models and is
more biologically plausible than pure metric
models. In particular, it accounts for poor navi-
gation performance when thorough exploration
of the entire environment is impeded.?*+-2



V. NEURAL MECHANISMS OF
SPATIAL COGNITION

Since there is strong evidence that rats re-
member various aspects of their spatial environ-
ment, it seems natural to look for the brain pro-
cesses that underlie this ability. This section
provides a brief overview of the neural mecha-
nisms of spatial cognition in the rat with an em-
phasis on the contribution of several brain struc-
tures. Although recent research has made
significant contributions to our understanding of
the brain, it is still a difficult task to understand
how adaptive spatial behavior is generated with
the brain. Part of this difficulty might lie in the
crucial role assigned to the hippocampus. In spite
of its importance, the hippocampus is certainly
not the only area involved. As described below,
other cortical structures are also critical in spatial
functioning. Another reason for this difficulty may
be that lesion or electrophysiological studies usu-
ally use confined situations as compared with
behavioral work. The outcome is that the under-
standing of the neural mechanisms relies on a
restricted view of spatial behavior. In that respect,
the development of specific behavioral procedures
such as the water maze navigation task?' has made
it possible to analyze in more detail the participa-
tion of several neural systems in various aspects
of spatial processing.

A. Dissociation Between Egocentric and
Exocentric Information Processing

The first question that must be addressed is
whether the brain is organized so that the two
modes of spatial coding, namely, egocentric and
exocentric, are dissociated. In other words, is there
evidence for the specific involvement of brain
systems in processing of spatial information rela-
tive to the subject and relative to the environment,
respectively? The answer to this question is not so
straightforward because it is difficult to disen-
tangle the contribution of motion-related signals,
which provide the basis for egocentric coding, to
the exocentric processing of spatial information,
which likely involves movements in space.% In
spite of this difficulty, several studies have shown
that the two systems may be distinct. Potegal was
the first to propose that the caudate nucleus, which

is related to vestibular / proprioceptive functions,
could act as an egocentric localization system.5-
68 Specifically, he demonstrated that caudate
nucleus lesions in rats impair the performance of
an egocentric localization task, while leaving
unaffected the performance of an equally difficult
task that did not require egocentric localization.
Further work revealed that such lesions also dis-
rupt performance of a “return from passive trans-
port” task that could be solved only on the basis
of vestibular information whereas hippocampal
damage has little effect on the same task.5>7

Finally, the demonstration of functional dis-
sociations between the effects of lesions of the
dorsal striatum (which includes the caudate
nucleus) and lesions of the hippocampus on spa-
tial tasks that varied the involvement of egocen-
tric and .exocentric processing provided recent
and independent confirmation that these two brain
areas are involved in different systems that are
concerned with the processing of information
provided by the subject motor responses and
with the processing of information about the
environment, respectively.”’-’7 An additional
conclusion that stems from these studies is that,
in spite of the necessary contribution of motion-
related signals to exocentric processing, the abil-
ity of the rat to perform place navigation is rela-
tively insensitive to manipulations that affect
egocentric processing.

B. Contribution of the
Hippocampal Formation

As stated above, many accounts of hippoc-
ampal function have emphasized its role in spa-
tial processing.5'’87? Although the hippocampus
has been proposed to be involved in other func-
tions,3?8031 there are at least two lines of evi-
dence that support its primary involvement in
spatial processing.

The first line of evidence comes from lesion
studies showing that damage to the hippocam-
pus and virtually all its associated structures
(fornix, septum, entorhinal cortex, subiculum,
postsubiculum) induces severe and permanent
deficits in a wide variety of spatial abilities.%?
For example, rats with such lesions are impaired
in the spatial version (with a hidden goal plat-
form) of the water maze navigation task, but not
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in its nonspatial version (gbal platform visible or
signaled by a salient beacon).?*-%® [n addition,
hippocampal rats have an impaired spatial memory
in the radial maze.’9%-92 Exploration is also
strongly altered following damage to the hippoc-
ampal formation. In addition to their locomotor
hyperactivity and abnormal pattern of habitua-
tion,”*-% hippocampal rats have impaired reac-
tions to spatial novelty in that they fail to detect
discrete changes in the topographical arrange-
ment of an environment®-'% learned after the
lesion, yet their sensory discriminative abilities
are generally left intact.

Although hippocampal damage markedly af-
fects acquisition of new spatial information, re-
tention of well-learned spatial information is of-
ten spared. For instance, hippocampal rats are
able to navigate to a goal location learned before
the lesion was made while they are unable to
learn a new goal location.!!-193 The sparing of
place navigation performance is most evident
when there is a substantial delay between train-
ing and surgery.!%1%5 These results, which are
best described as a temporally graded impair-
ment of premorbid memory, suggest that the
hippocampus is not the long-term store of spatial
information,!% nor is it necessary for the kine-
matic aspects of place navigation at later stages.
In addition, some functional recovery of place
navigation ability is often observed. While hip-
pocampal rats are consistently found to be im-
paired relative to control rats, their performance
nevertheless may improve over time, resulting
in a bias toward the goal location after extensive
training.368% However, such recovery is observed
only when lesions are restricted to a specific
portion of the hippocampal formation. In con-
trast, it is not observed with larger lesions, in-
cluding portions of the entorhinal cortex and
subiculum.!%’” This suggests that the different
components of the hippocampal formation make
distinct contributions to place navigation, a con-
clusion further supported by the observation of
distinctive swimming patterns following each
type of lesion.36:87.89

The second and most crucial line of evidence
in favor of the spatial function of the hippocampal
formation is the existence of cells that carry a
spatial signal. For practical reasons, cell activity
is most commonly recorded in a “pellet-chasing”
task that requires the animal to move constantly
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in a walled arena. This task differs markedly from
the water maze navigation task in several respects
such as motivation (appetitive vs. aversive), task
requirements (no place has a specific valence vs.
there is an explicit goal), and locomotion mode
(walking vs. swimming). The assumption is that,
even under these circumstances where there is no
explicit goal, the animal must process spatial in-
formation. This procedure has the advantage that,
if a cell is found that fires with respect to some
aspect of space, the existence of this spatial signal
cannot be accounted for by the learning of a spe-
cific behavior but is likely to reflect some genuine
aspect of spatial processing.

Cells that carry a spatial signal are found in
the hippocampus proper and closely related struc-
tures and can roughly be classified as place cells
or-head direction cells (however, finer distinc-
tions can be drawn>!%). Place cells are hippocam-
pal pyramidal cells whose firing is strongly corre-
lated with the location of a freely moving rat in its
environment.*!1%%11© Each place cell is character-
ized by a stable, spatially limited “firing field.”
The cell fires rapidly when the rat’s head is inside
its field and is usually silent elsewhere in the
environment. Place cells show very similar prop-
erties whether the rat is engaged in a spatial learn-
ing task!'!-!!3 or during spontaneous locomotion
in an open field.!'1!8 Although place cell firing
may be modulated by nonspatial variables such as
motion speed,!’” its most consistent correlate is
the animal’s specific location.!’ In general, place
cells fire independently of head direction. For
example, in closed walled arenas, place cell dis-
charge is independent of the direction faced by
the rat and varies only with location.!'® However,
circumstances can be found under which place
cells are both locationally and directionally selec-
tive. Usually the directional selectivity of place
cells increases in apparatuses with well-defined
pathways, such as in linear mazes or radial
mazes.!12120.121 Ag shown by neural network simu-
lations, a possible explanation for increased di-
rectional selectivity of place cells in such appara-
tuses might lie in the mechanical constraints on
the possible directions faced by the animal at
specific locations.!*

Hippocampal place cells have well-charac-
terized properties. First, when rats are exposed to
a new stimulus situation in an open field, place
fields rapidly develop as the animal explores the



new environment.'?312¢ Once established, the lo-
cations of firing fields are stationary and specific.
Second, even though firing fields of hippocampal
cells are controlled by the environment (e.g., ro-
tating the cues around the open field induces a
corresponding rotation of the firing field loca-
tion), such a control is more complex than if
caused by a mere sensory triggering. When con-
trolled cues are removed, most place cells display
firing fields remarkably similar to those observed
when the cues were present. Such similarities
concern the size of firing fields, their shape and
their radial distance from the center of the appa-
ratus, but not their angular location, which be-
comes unpredictable.!'s This property suggests
that place cells encode information about loca-
tions in the environment rather than information
about sensory views of the environment. Thus
their firing is not triggered in a simple sensory
fashion.!!3:116 Only under specific circumstances,
place cells can retain all aspects of their original
characteristics in the absence of the controlling
cues, including their actual location of firing in
the environment. This occurs when the animal
samples the environment just before the cues are
removed, or the lights turned off. Under these
conditions, motion-related signals are used by the
hippocampal system to maintain the coherence of
place cell firing.!13.123.125-128 T astly, any change in
the firing characteristics of a given cell is accom-
panied by a similar change in the firing character-
istics of other simultaneously recorded cells. For
instance, if the cues are rotated, the firing fields of
all the cells will rotate the same extent and in the
same direction. This is true both for predictable
(i.e., under stimulus control) and unpredictable
changes (e.g., when cues are removed). There-
fore, place cells appear to form a tightly con-
nected functional neural network.

Head direction cells are primarily found in
the postsubiculum.!#-13! Recently, cells with simi-
lar properties have been found in the anterior!'3?
and lateral dorsal nuclei of the thalamus.!** On
anatomical grounds, all these regions have rela-
tively direct connections with the hippocam-
pus.!34133 Although the firing patterns of head
direction cells in all these areas depend on the
heading of the animal, independently of its loca-
tion, specific differences have also been reported.
One such interesting difference is that anterior
thalamic neurons shortly anticipate the future di-

rection of the head whereas postsubicular neurons
encode the current heading.!*$!37 This suggests
that the coding of head direction in the
postsubiculum would result from cooperative ac-
tivity in the anterior thalamus, this activity being
mediated by angular head motion (mainly vesti-
bular) signals.

Although much less studied, head direction
cells share many properties with place cells, in-
cluding being controlled by salient visual cues.!3!
If such cues are rotated around the open field, the
preferred direction of firing of head direction cells
is rotated to an equal extent in the same direction.
In addition, as place cells, head direction cells can
maintain their activity when the environmental
cues are removed, or the lights turned off, if the
rat has had immediately prior exposure to the
cues.!3! Head direction cell activity is therefore
not simply visually triggered, as appears to be
also the case of place cells. In the absence of
visual information, motion-related signals are used
to maintain coherent head direction cell activity.
An additional observation is that, in the presence
of conflicting motion-related signals, head direc-
tion cells primarily fire based on visual informa-
tion. 138139 T astly, head direction cells do not func-
tion independently of each other. As revealed by
simultaneous recordings, changes in activity of a
given cell are accompanied by corresponding
changes in activity of other cells, again suggest-
ing the existence of a tightly connected functional
neural network. Furthermore, a recent experiment
in which place cells and head direction cells were
simultaneously recorded revealed that the two
classes of cells reacted in concert to the same
manipulations of the environment.!*? The rotation
of the locations of place cell firing fields was
accompanied by a similar rotation of the preferred
directions of firing of head direction cells. This
result suggests that the two types of cells have
access to the same information and function co-
operatively to allow the rat to navigate efficiently
by using consistent location and direction infor-
mation about the relationship of the head position
to the environment. However, the extent to which
the coordinate systems of each class of cells would
be permanently coupled in more complex envi-
ronmental conditions is still an unsolved issue.

In addition to these two populations of cells,
the hippocampal formation contains neurons
whose spatial signals are more complex. For ex-
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ample, cells from the medial entorhinal cortex,'4!
dentate gyrus,'4? and subiculum!%-143 act like place
cells although their firing fields are usually less
specific and “noisier” than those of hippocampal
place cells. Lastly, cells found in the subiculum
have both location and direction correlates.!% The

resulting overall picture is that the hippocampus.

and related structures form a system where spatial
information is processed and coherently organized.
In summary, there is strong evidence that place
and head direction cells are part of a widespread
neural network concerned with the processing of
spatial information. Although current evidence
suggests that normal hippocampal function is
required for place navigation, its exact role is
still a matter for debate. In addition, it is not
clear how the information processed in the hip-
pocampus is passed onto other brain areas in-
volved in spatial processing.

C. Contribution of the Associative
Parietal Cortex

Several recent studies have reported signifi-
cant spatial deficits following damage to a num-
ber of neocortical areas. The most clear-cut defi-
cits are found after lesions of the associative
parietal cortex. On the basis of a study of its
corticocortical and thalamocortical connections,
Kolb and Walkey!** have delineated a cortical
area in the rat that is homologous to the primate
posterior parietal cortex. Note, however, that other
researchers have proposed a more anterior local-
ization of the associative parietal cortex!4%14 with
little overlapping between the two suggested loci.
In spite of the difficulty caused by this difference
in localization,!4-18 the general pattern of defi-
cits produced by damage to each associative
parietal cortex is consistent with its involvement
in the exocentric processing of spatial informa-
tion. Rats with such lesions are impaired in maze
learning,!4>-15! place navigation,!4146.152-155 gnd
spatial working memory,!44154-15 while having
no impairment in a visible goal platform water
maze task.'#!57 In addition, damage to the asso-
ciative parietal cortex does not usually result in
any gross deficit in motor behavior'44!® or simple
sensory discriminations if the lesions do not
extend too far into the posterior cortex.!47:15%160
Lastly, rats with associative parietal cortex dam-
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age have impaired reactions to spatial novelty.
Yet, their pattern of habituation as well as their
reactions to nonspatial changes are unchanged
relative to normal animals.!45161

Although rats with lesions of associative pa-
rietal cortex are impaired in place navigation, the
magnitude of their deficit relative to that pro-
duced by hippocampal damage remains contro-
versial. Whereas some studies report greater im-
pairments after parietal damage than after
hippocampal lesions,!4S the reverse pattern has
also been reported.!* It is likely that such varia-
tions can be accounted for by differences in local-
ization and extent of lesions. These differences
could also account for discrepant observations
about the qualitative aspects of the spatial deficits
in animals with damage to the associative parietal
cortex. For instance, while rats with damage to
the posterior region of the associative parietal
cortex fail to detect the topographical rearrange-
ment of a familiar arena, rats with damage to the
anterior region seem to notice the change but fail
to discriminate its exact locus.!4®

In spite of these inconsistencies, several ma-
jor conclusions can be drawn. First, damage to
the associative parietal cortex appears to affect
both initial acquisition and retention of spatial
information.!“¢ The paths of parietal rats are
always variable, even with extended training.'#
In contrast, hippocampal rats tested for reten-
tion of spatial information that was well learned
before surgery have spared spatial capabili-
ties.102-105.148,162 Thys, the involvement of pari-
etal cortex and hippocampus appears to follow a
distinct time course. The latter structure is useful
early in the course of spatial learning while the
former is useful in acquisition and performance
of the place navigation task.!43162

Second, differences in the swimming patterns
are observed in the rats with associative parietal
cortex lesions and with hippocampal lesions when
they are tested in the water maze task. While both
lesions impair place navigation, only hippocam-
pal animals are able to use a systematic strategy
to reach the hidden platform (that is, they swim in
circles at the appropriate distance from the pool
wall®) whereas parietal animals display random
swimming patterns.'4¢ This observation suggests
that, although both groups are impaired, the na-
ture of their impairment is different. There are
several, certainly not exclusive, possible explana-



tions of the cause of the differences. The first is
concerned with the format in which spatial infor-
mation is processed by each structure. As as-
sumed earlier, spatial representations can be both
topological (i.e., coding for the connectivity of
space) and metric (i.e., coding for distance and
angular relations). The observed navigational
patterns are not incompatible with the notion that
these two categories of information could be sepa-
rately processed by the hippocampus and the pa-
rietal cortex, respectively.>108.163 Following this
idea, the acquisition of metric information would
rely on motion-related signals during exploratory
movements within the environment and therefore
would proceed gradually.? Another related inter-
pretation assumes that the associative parietal
cortex would be involved in the computation of
the fine adjustments of trajectories based on the
spatial relationships between the landmarks. This
interpretation is supported by single-unit studies
showing that associative parietal cortical neurons
have motion-related activity that can be strongly
modulated by the animal’s location in the radial
maze.’'64165 This interpretation is not, however,
well supported since clear-cut spatial deficits can
be obtained in tasks that do not involve contin-
gent reinforcement or the production of specific
paths, such as in the exploration-reaction-to-
change task,!“®1¢! following damage to the asso-
ciative parietal cortex.

In summary, although there is a great deal of
evidence for the involvement of the associative
parietal cortex in spatial processing, its role re-
mains controversial. The respective contributions
of the associative parietal cortex and hippocam-
pal formation to spatial cognition are not yet un-
derstood. The situation is complicated because
other cortical areas have recently been shown
from lesion and electrophysiological studies to be
important in spatial processing. This is the case of
the posterior cingulate (retrosplenial) cortex whose
damage has been found to produce a severe spa-
tial deficit in place navigation,'®s even though
spatial memory does not seem to be affected.!s” In
addition, neuronal firing in the retrosplenial cor-
tex is often correlated with head direction. 6816
Lastly, lesions of the medial frontal cortex result
in spatial impairments.!’%!"! However, frontal rats
are not impaired in their behavioral reaction to
topographical rearrangements.”® There is some
evidence that the frontal rats’ spatial deficits can

be best explained as due to impaired working
memory, precluding them from appropriately plan-
ning complex sequences of actions such as those
required for accurate navigation.!’2173

VI. A FRAMEWORK FOR SPATIAL
INFORMATION PROCESSING

A. A Glance at Holistic Models

This review made it clear that both the hip-
pocampal formation and associative parietal cor-
tex have a key role in encoding and storing
exocentric representations on the basis of egocen-
trically acquired information. This network of
neural structures forms an integrated system im-
portant for spatial processing in which each com-
ponent has its own specific role. In addition to
lesion and electrophysiological evidence, the re-
ciprocal anatomical connections among the hip-
pocampal formation, the associative parietal cor-
tex, and the retrosplenial cortex provide support
for the contribution of these distinct brain areas to
such a system. Although the current data make it
difficult to draw definitive conclusions about their
exact contributory role, general models that em-
phasize the existence of an integrated spatial in-
formation-processing system including the hip-
pocampal formation and the associative parietal
cortex are worth briefly mentioning here.

A very influential, previous model empha-
sized the possible role of the hippocampus acting
as a device that would build an index of cortical
addresses where memory engrams would be stored
in long-term memory.'’ In this model, the corti-
cal memory engram would be easily accessible
via hippocampal addressing. However, “old” en-
grams could still be accessed in the absence of the
hippocampus. In related models,!**'7 the hippoc-
ampus and associative parietal cortex are thought
to respectively mediate new incoming informa-
tion via a data-based spatial memory system and
existing spatial knowledge via an expectancy-
based spatial memory system. Although such
models predict the pattern of spared and lost spa-
tial abilities in acquisition and retention of place
navigation following damage to hippocampal and
neocortical sites, they fail to account for the quali-
tatively different navigational strategies observed
after hippocampal and associative parietal corti-
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cal lesions (section V.C). In contrast, a possible
explanation of these different strategies considers
the associative parietal cortex as an interface that
would perform coordinate transformations allow-
ing for integration of egocentrically collected in-
formation into an exocentric spatial reference frame-
work'®® (a similar hypothesis has been proposed in
humans!’¢). Nevertheless, it is not clear how this
model explains the different pattens of impair-
ments in retention of spatial information learned
before the lesion. Although the associative parietal
cortex is certainly important for the transformation
of egocentric to exocentric spatial information, it
probably includes abstract processing of the trans-
formed information. It could be involved in the
storage of such information as well.

Another model, proposed by Poucet,? is that
the hippocampus creates a topological represen-
tation that specifies the connectivity of space (that
is, the neighborhood relationships between places),
while the associative parietal cortex creates a
metric representation largely based on informa-
tion collected during movements in space. In this
view, the hippocampus is required for the buildup
of the spatial representation because of its central
role in the processing of place and topological
information, but its importance should decrease
as the organism’s experience with the environ-
ment increases. That hippocampal rats are able to
navigate efficiently toward a goal well learned
before the lesion!0!103-19 supports the idea that
the hippocampus is critical in early stages of spa-
tial information processing but not at later stages,
and additionally suggests that it might not be
essential for the kinematic (metric) aspects of
navigation. These abilities would definitely be
disrupted by damage to the associative parietal
cortex. Because of its central role in concurrent
representations of the movements and sensory
environment and because of the reliance of such
representations on exploration, the parietal cortex
spatial representation would be necessary in both
early and late stages of spatial processing. Al-
though speculative, this model has the advantage
that it fits the existing experimental data (see
section V.C). In addition, it is supported by the
existence of well-acknowledged anatomical con-
nections between the hippocampus and the pari-
etal cortex.? It is clear, however, that further work
is required for explicitly testing some of the
model’s predictions, such as the experience-de-
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pendent decreasing role of the hippocampus in
place navigation. Furthermore, it will be impor-
tant to establish whether the information that is
permanently stored in the rat’s spatial representa-
tion is primarily metric and is held by the associa-
tive parietal cortex. At this stage, it seems useful
to look for a more specific conceptualization of
how spatial information might be processed to
provide the animal with spatial representations.

B. Preliminary Remarks on the
Flow of Information

The buildup of a spatial representation of the
environment entails that sensory information, se-
quentially acquired as a result of the animal’s
movements, be integrated so as to allow the si-
multaneous access to relevant represented infor-
mation. The sensory information consists of dy-
namic (route-based) and static (location-based)
information. Dynamic information is provided by
motion-related signals about translations (straight
movements) and rotations (changes of direction)
and stems mainly from the vestibular and prop-
rioceptive/kinesthetic systems, and possibly from
the visual flow. Static information about the envi-
ronment (usually referred to as local views) is
mainly visual but possibly involves both audition
and olfaction as well. Efficient navigation requires
that the goal location and the animal’s current
position be expressed with respect to the same
frame of reference. Consequently, spatial informa-
tion is differently processed in vector navigation
and place navigation. Indeed, while both sensory
inputs and motor outputs are necessarily defined
egocentrically, the memory of the goal location is
defined egocentrically in vector navigation and
exocentrically in place navigation. Contrary to
vector navigation, place navigation therefore re-
quires spatial information to be processed through
a “two-way converter” of frames of reference.’!

In vector navigation, the egocentric coding of
the goal location makes information processing
straightforward. Only dynamic information is used.
By means of a path integration mechanism that
combines information about translations and rota-
tions, the goal location is dynamically memorized as
an updated egocentric coding that directly provides
both the head-referred direction and distance to the
goal. One neural system that is a good candidate as



the neuroanatomical locus for such dynamic infor-
“ mation processing is the caudate nucleus.%” The limi-
tation of path integration is its high sensitivity to
random noise generated during rotations. Hence, a
rat can rely on vector navigation only when the
initial path involves a few rotations. The advantage
of vector navigation is that, contrary to place navi-
gation, it does not require prior exploration of the
environment. Thus, it can be used during initial
exploration of a new environment to keep track
egocentrically of some arbitrary points from which
further investigation gradually proceeds.!”!”8 In place
navigation, both dynamic and static information are
used,'63117 and the exocentric coding of the goal
location makes information processing more com-
plex. In the remaining sections of this paper, we
attempt to provide a tentative explanatory frame-
work for the neural processes that underlie the
exocentric coding process.

Before tuming to this issue, however, a brief
note of caution must be made. As a matter of fact,
that dynamic information is used in both place
and vector navigation has led some authors to
stress that place navigation would rely on a dead
reckoning or path integration process. This claim
has resulted in some confusion in terminology.
For clarity’s sake, the terms dead reckoning and
path integration should refer exclusively to the
specific use of dynamic information in vector
navigation, i.e., to the combination of rotation
and translation information that enables the ani-
mal to update the relative location (with respect to
the animal’s position) of its starting point during
its movements. Instead, these terms have been
misleadingly employed to refer to various pos-
sible uses of dynamic information in place navi-
gation. Thus, dead reckoning was used to refer to
a simple heading monitoring involving only rota-
tion information.'® On the other hand, path inte-
gration was used to refer to the high-level repre-
sentation of the path onto a survey map.?* To our
knowledge, such a path representation has been
demontrated unambiguously only in humans.'®¢

C. Extracting Spatial Invariants in the
Hippocampal Formation

Because of the lack of electrophysiological
data, it is still a difficult task to assign a specific
spatial function to the parietal cortex. In contrast,

much more is known about the hippocampal
formation, and many neural models have re-
cently focused on its involvement in spatial pro-
cessing. While it is beyond the scope of this
article to detail these models (reviews can be
found elsewhere3261.108.181) we provide here a
brief synthesis aimed at examining how the hip-
pocampal formation can extract spatial invari-
ants. In doing so, we refer only to the known
properties of the two cell populations (i.e., place
cells and head direction cells) found in the hip-
pocampal formation. One such property we
emphasize is that neither place cells nor head
direction cells are simply sensorially triggered.
Rather, they are part of a neural network that
enables a rat to determine its current position
(location and orientation) in the exocentric frame
of reference provided by the environment on the
basis of information collected through egocen-
trically organized perceptual systems.

Our proposal emphasizes the joint use of the
two types of spatial information, namely, static
(i.e., local views) and dynamic (i.e., about rota-
tions and translations) information, which pro-
vide the animal with a dynamic knowledge of its
environment. We assume that the various local
views seen from a single location are interlinked
into a panorama, via the processing of rotation
information from movements of eyes, head, and
whole body “on the spot.” Since the firing of
many hippocampal neurons is highly correlated
with the rat’s current location, a panorama there-
fore constitutes a place representation whose neu-
ral correlate is a specific hippocampal firing pat-
tem. After exploration, the rat can, on the basis of
a given local view, free itself from its current
orientation and extract information about its cur-
rent location with respect to the environment.
Translation information is also important by in-
troducing a sort of basic individual-scaled metrics
from the minimal amount of translation resulting
in a meaningful change of panorama (i.e., result-
ing in a change in the hippocampal firing pattern).
This information processing could be further
mediated by hippocampal theta cells whose firing
depends on motion speed.®"'#2 An additional as-
sumption is that the firing of hippocampal place
cell assemblies stores topological information in
the form of synaptic strengths.!%!63 Briefly, the
long-term-potentiation modifiable connections
between place cells with fields that are close to
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each other would be strengthened as a result of
firing in close temporal contiguity. In contrast,
connections between place cells that have widely
separated fields stay weak because such cells can-
not fire in close temporal contiguity. If this as-
sumption is correct, then the rat’s current place
could come to be associated with neighboring
places in various directions®! (see section IV.C).
These associations could be used by the animal to
infer how the environmental perspective changes
in the immediate surroundings.

On the other hand, the firing of many
postsubicular cells is highly correlated with the
head direction of the animal. These cells produce
the same specific firing pattern whenever the ani-
mal faces the same absolute direction, no matter
its specific location. There is clear evidence that
the preferred direction of firing of postsubicular
head direction cells is controlled by the environ-
ment.!*! Since local views depend on both the
rat’s location and heading, there is necessarily a
process that enables the rat to free itself from its
current location and extract information about its
current orientation with respect to the environ-
ment. A simple solution consists of associating a
common overall reference direction with each
panorama.’! This association would be established
during exploration by processing rotation infor-
mation (e.g., vestibular inputs) that primarily sup-
plies the animal with the means to know which
direction it faces.!%!3617 This association would
thereafter be encoded in the functional relation-
ships between the hippocampal place cells and
the postsubicular head direction cells. The idea
that the postsubiculum could serve as an inertial
compass directly fed by rotation information re-
ceives some support from the observation of un-
changed firing patterns of head direction cells
when the lights are tumed off while the animal is
moving in the recording arena.!'?!

Once exploration is complete, static informa-
tion enables the animal to extract its position with
respect to the environment, while dynamic infor-
mation enables it to infer the changes of location
and orientation that result from its movement, and
thereby to anticipate its future position. On the
basis of the known properties of place and head
direction cells, we propose that the hippocampal
formation stores topological (rather than metric)
information about the neighboring relations be-
tween the places of the current environment. In

114

this view, the animal’s current location is coded
by the subset of place cells firing maximally while
neighboring places are coded by the subsets of
place cells that fire at a high rate, but less than
maximally. As the animal moves in the environ-
ment, the subset of place cells corresponding to
the animal’s new current location becomes maxi-
mally active. Thus, movements within space gen-
erate dynamic information and are accompanied
by moment-to-moment shifts in the active subsets
of place cells. Therefore, one function of the hip-
pocampus, besides generating place representa-
tions, would be to associate any place with its
direct neighbors. Such associations would allow
for anticipation of the next place knowing the
current place and the direction of movement. Head
direction cells would provide a directional refer-
ence that comes to be associated with place rep-
resentations endorsed by place cells.

Our proposal is supported by both electro-
physiological and behavioral data. The persistence
of spatially selective place cell firing after the lights
have been turned off or the visual cues re-
moved!13123125-128 provides evidence that transla-
tion information, presumably mediated by hippoc-
ampal theta cells,®"'#2 and rotation information,
presumably mediated by the anterior thalamus!36137
and the postsubiculum,'! can be used by the hip-
pocampus to recall the panorama associated with
the rat’s current place (yielded by a specific firing
pattern) based on the panorama associated with its
previous, neighboring, place (yielded by another
specific firing pattern). As a result, the animal can
keep track of its position in the dark provided it
moves along a fairly short straight path (otherwise,
the rat gets lost because of accumulated random
errors). This ability is confirmed at the behavioral
level in a place navigation task? (see section IIL.A).
Other behavioral studies reveal that the ability to
perform efficient place navigation based only on
dynamic information requires that the rat has had
extensive visual and locomotor experience of the
environment.?4?> The latter observation stresses
the importance of visual information in the early
stages (i.e., during exploration) of the buildup of
place representations. Overall, our proposal sug-
gests that at least part of the place navigation
process can be plausibly accounted for by asso-
ciative memory processes rather than by a mecha-
nism of path representation onto a survey map of
the environment.26-31,183.184



VIl. CONCLUSION

The influential book by O’Keefe and Nadel®!
looked for the locus of a cognitive map in the
hippocampus and has resulted in a growing inter-
est into the neural basis of animal spatial cogni-
tion. Although the present review certainly has
not examined exhaustively all the neural systems
likely to be involved in spatial processing, it has
emphasized the complexity of the phenomena that
are usually embraced under the single concept of
cognitive map. Besides the nontrivial problems
posed by inconsistent terminology, it is clear that
the behavioral processes involved in place navi-
gation are still a matter of controversy. The cru-
cial empirical evidence that will determine
whether rats are able to build up survey maps of
their environment remains lacking. Instead, cur-
rent evidence suggests that the spatial represen-
tation of the rat is strongly dependent on the
possibility of the animal’s collecting relevant
information during exploration, serving to the
buildup of spatial associations. The current limi-
tation of behavioral models of spatial cognition
in the rat is all the more disappointing since data
on the neural mechanisms potentially associated
with the processing of spatial information are
accumulating rapidly. We currently know many
pieces of the puzzle but are still far from under-
standing how they are put together. On the other
hand, the recent finding of neurons in the pri-
mate hippocampus that have strong visuospatial
correlates!#5-187 supports the hypothesis that the
role of the hippocampal formation in spatial pro-
cessing should be extended to other mammal spe-
cies. The study of the neuropsychological mecha-
nisms of spatial cognition in the rat as a model of
spatial cognition in mammals will make signifi-
cant progress only if it is conceived of as a single
object for research with two nondissociated as-
pects, corresponding respectively to behavioral
and neural studies.
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