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ABSTRACT:  Growing evidence suggests that the associative parietal cor-
tex (APC) of the rat is involved in the processing of spatial information. This
observation raises the issue of the respective functions of the APC and the
hippocampus in spatial processing as well as of their possible interactions. In
this paper, we review neuroanatomical, electrophysiological, and behavioral
data that sup, the existence of such functional interactions, Our hypoth-
esis is that the APC is involved in the initial combination of visuospatial
information and self-motion information necessary for the integration of
egocentrically acquired information into allocentrically coded information,
the latter step being completed in the hippocampus. The dialogue between
the hippocampus and the APC is therefore crucial, particularly when the
elaboration and/or updating of an allocentric representation depends on
complex combinations of visuospatial and self-motion information.
Hippocampus 2000;10:491-499. & 2000 Wiley-Liss, Inc.
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For many years, studies of the neural bases of sparial cognition in animals
have focused on the role of the hippocampus. The dramatic effects of hip-
pocampal lesions in sparial tasks as well as the existence of place cells provide
strong evidence that the hippocampus is crucially involved in spatial pro-
cessing (O"Keefe and Nadel, 1978). Although it is acknowledged that the
hippocampus may not be involved in all types of spatial processing, the
possible contribution of other brain areas has been mostly neglected. In
particular, the idea thar the associative parietal cortex (APC) might be spe-
cifically implicated in spatial perception and cognition is relatively recent.

Early studies on the role of the APC in rodents were mainly morivated by the
issue of whether there is some functional homology between the posterior pari-
etal lobes in primates and the parietal cortex in rodents (Thomas and Weir,
1975; Boyd and Thomas, 1977). In humans, damage to the posterior parietal
lobes induces a complex syndrome made of a constellation of cognitive deficits in
numerous spatial abilities (reviewed in Lynch, 1980). Basically, investigators
were concerned with the possibility that the rat may provide a useful model of
some basic aspects of the primate parietal syndrome. The objective of rat studies
was thus to assess the effects of parietal lesions in spatial (maze learning) and
nonspatial (pactern discrimination) tasks. Significant dara have accumulated
over more than 10 years, but many aspects of the neuroanatomical and func-
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tional organization of this cortical area are still unknown.
Several hypotheses regarding the role of the APC in spatial
cognition have been proposed but, so far, none of them
accounts satisfactorily for the diversity of experimental find-
ings.

If the APC plays a specific role in spatial processing,
then it can be asked what are the respective contributions
of the hippocampus and APC to spatial cognition, and
beyond thar, whar are their functional relationships? In-
deed, it is hard to imagine that these two structures might
play a role in the same processing domain withour inter-
acting, even if they contribute to different processing
systems. [n the present paper, we briefly examine how the
neuroanatomical and functional data support the exis-
tence of a functional interaction berween the hippocam-
pus and the APC. Because to some extent the nature of
the functional interactions can be inferred from observed
anatomical relationships, we first summarize the most
important connecting pathways involving the APC and
the hippocampus (see Corwin and Reep, 1998, for a
more extended review on the pattern of connections of
the APC). We then present some behavioral data on the
respective contributions of these two structures to sparial
processing, and we suggest that they do cooperate. On
the basis of these data, we propose a hypothesis in which
the APC performs associative processing berween visuo-
sparial and movement-related information. Such an as-
sociarive process would iniriate the incorporation of ego-
centric-coded sensory inputs into allocentric-coded
representations which are implemented in the hippocam-
pus. The parietal-hippocampus funcrional axis seems to
be particularly important when the elaboration of a rep-
resentation depends on complex combination between
visuospatial information and self-motion information.

NEUROANATOMICAL INTERACTIONS
BETWEEN THE APC AND THE

HIPPOCAMPUS

Uniil recently, lesion studies on APC function were
weakened because the existence of a specific parietal area
was still questioned.
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Neuroanatomical arguments supporting the existence of the
APC in the rar were first provided by Krieg (1946}, who analyzed
the cytoarchitecture of the rat neocortex. Krieg (1946) also sug-
gested that the APC (which he called “area 7”) could have an
associarive function between “somesthetic and visual sensations.”
This anatomical organization was confirmed much later by Kolb
and Walkey (1987) and Reep et al. (1994), who studied the
thalamo-corrical and cortico-cortical connections of the presumed
parietal cortex. Studies using retrograde degeneration or, more
recently, axonal tracing techniques provide a very consistent par-
tern of thalamic inputs. Thalamic afferents involve the lateral dor-
sal, lateral posterior, and posterior nuclei (McDaniel et al., 1978;
Chandler et al., 1992). In contrast with the visual areas or somato-
sensory areas, the APC does not receive projection from the ven-
trobasal and dorsal lateral geniculate nuclei (Chandler etal., 1992;
Recp etal., 1994). Most imporcantly, injections of retrograde trac-
ersin the parietal area and connected structures allowed researchers
10 determine the cortico-cortical connections of the APC and to
distinguish this area from the secondary visual areas (Kolb and
Walkey, 1987; Reep etal., 1994). As shown in Figure 1, the APC
has connections with frontal areas (Fr2), ventrolareral and medial
orbital areas (VLO and MO, respectively), somatosensory arcas
(Par] and Par2), secondary visual areas (Oc2M and Oc2L), tem-
poral auditory areas (Tel), and the retrosplenial cortex (nomencla-
ture according to Zilles, 1985). Norably, the connections with the
frontal, orbitofrontal, and visual areas are bilateral (Corwin and
Reep, 1998). From a functional point of view, the parterns of
thalamo-cortical and cortico-cortical connections strongly suggest
that the APC is a multimodal structure which performs associa-
tions berween visual and somatosensory information.

The issue of whether the APC receives vestibular inputs is in-
teénsely debated. Although to our knowledge there is no report
showing such connections in the rat, we know from cat and mon-
key work that vestibular information projects, via specific thalamic
nuclei, to the somatosensory and parietal cortices (reviewed in
Fukushima, 1997). In particular, vestibular responses have been
recorded in the posterior parietal cortex (area 7) in monkeys
(Kawano et al., 1980). In addition, Guldin et al. (1992, 1993)
showed in rats (and in monkeys) that there are monosynaptic
projections from several cortical areas, including the parietal cor-
tex, to the vestibular brainstem nuclei. The existence of direct
projections from the vestibular nuclei to the rat neocortex is still
questioned. Although the neurcanatomical organization of the rat
vestibular system needs qualification, these findings are compaible
with the hypothesis that the APC processes vestibular information
in addition to visual and somatosensory informarion. Function-
ally, this is consistent with a number of behavioral and electrophys-
iological results showing that parieral function is related to the
processing of idiothetic information (Save and Moghaddam,
1996; Chen et al., 1994a,b; see below). An attractive hypothesis is
that the APC would provide vestibular information to the hip-
pocampal formation (Smith, 1997).

Neuroanatomical relationships between the APC and the hip-
pocampus are indirect. They involve a number of intermediate
structures which participate in the processing of spatial informa-
tion. The APC is connected with the retrosplenial cortex (Reep et

al., 1994),which is itself interconnected with the subicular com-
plex of the hippocampal formation and projects to the entorhinal
cortex (Witeer, 1993). In addition, the retrosplenial area receives
projections from rostral thalamic nuclei such as the anteromedial,
laterodorsal, and lateroposterior nuclei, Visual information may
also be provided to this area via projections from the primary and
secondary visual areas (Wyss and Groen, 1992). The contribution
of the retrosplenial cortex to spatial processing in rodents has been
shown in a number of lesion studies (Sutherland et al., 1988;
Meunier et al., 1991; Cooper and Mizumori, 1999). Most inter-
estingly, this structure contains cells whose firing is correlated with
the rat head direction in space (Chen etal., 1994a) and is prnbably
pare of a functional nerwork including at least the APC, the hip-
pocampal formation (postsubiculum), and the thalamus (lareral
dorsal and anterior dorsal nuclei), where head direction cells have
been also recorded (Taube eral., 1996). In addition, the directional
signal provided by the head direction cells in these brain regions is
strongly influenced by vestibular inputs, as is the positional signal
provided by hippocampal place cells whose firing is location-spe-
cific (Sharp et al., 1995). This suggests thar one major component
of the hippocampal-cortical interaction is related to the processing
of vestibular informartion.

In summary, the organization of the neural circuitry berween
the APC and the hippocampus sheds some light on the nature of
their functional interactions. The pattern of cortico-cortical con-
nections suggests that the APC combines visual, somatosensory,
and probably vestibular information. Idiotheric information (ves-
tibular, sematosensory, but also proprioceptive information and
motor efference copy) is provided by the rat self-motion. Interest-
ingly, the retrosplenial cortex seems to perform the same type of
encoding as does the APC, i.e., the integration of visual and idio-
thetic cues. Further research may reveal some behavioral dissocia-
tion of lesion effects, suggesting that each structure participates in
a specific aspect of an overall process. According to this view, the
combination of visual and idiothetic information proceeds along
the parietal-retrosplenial axis and eventually reaches the hip-
pocampus. We hereafter examine how the behavioral and electro-
physiological results can be reinterpreted in the light of this hy-
pothesis.

BEHAVIORAL AND

ELECTROPHYSIOLOGICAL APPROACH TO
APC-HIPPOCAMPUS INTERACTIONS

Few studies have investigated the functional interactions be-
tween the APC and the hippocampus, ¢.g., by making simulra-
neous electrophysiological recordings in both structures as the an-
imal performs a behavioral task (Qin et al., 1997). Most often,
hypotheses on parietal-hippocampal interplay have to be deduced
from the direct (within the same study) or indirect (from separate
studies) comparisons of the effects of APC and hippocampal le-
sions in spatial rasks.
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Processing of Visual Information

The existence of cortico-cortical connections with the primary
and secondary visual areas strongly suggests that visual information
is 2 major component of APC function. Surprisingly, only a few
studies have focused on the nature of the visual information thar
would be processed by this structure. These studies provided very
contradictory results as to the effects of APC lesions in visual or
visuospatial processing abilities in rats (Boyd and Thomas, 1977;
McDaniel et al. 1979; Davis and McDaniel, 1993; McDaniel and
Skeel, 1993). However, it seems that rats with APC lesions do not
have gross visual disabilities. For instance, they are able to discrim-
inate among and recognize objects (Kolb, 1990; Kolb et al., 1994;
Save et al., 1992). Therefore, we speculate that the APC may
manage complex visual information, preprocessed by the visual
cortices, and including some of the sparial features of particular
views of the environment. Interestingly, 2 number of studies sug-
gest that the APC is not involved in the perception of relatively
elementary spatial features such as allocentric or egocentric dis-
rances (Long and Kesner, 1996, 1998). In contrast, APC lesions
affect the perceprion of mulriple object scenes (DeCoteau and

other cortical areas are also shown.

Kesner, 1998), particularly when familiar objects are displaced to a
new location or when new objects occupy a new location. This
suggests that the APC deals with complex visual features of the
environment, in particular those combining the stimuli and the
places. This view is consistent with the fact that in monkeys, single-
unit activity in posterior parietal area 7 is mainly influenced by the
location of stimuli in space rather than by their specific features
{Andersen et al., 1985). Accordingly, visuospatial processing could
involve the parietal pathway both in the rat and in primates (Un-
gerleider and Mishkin, 1982).

Although the hippocampus does not receive direct projections from
the visual cortices, there is a large body of data showing thar the
hippocampus incorporates visual information. In particular, place-cell
activity has been shown to be controlled by visual cues (reviewed in
Muller, 1996). However, unlike head direction cells, place cells fire
irrespective of the direction of the animal’s head, ie., they do not
respond to aspecific view of the environment. Instead, they respond to
the views available from a given viewpoint with a 360° rotarion angle.
Linking the successive local views via self-motion signals allows the
animal to elaborate a place represenration (Poucer, 1993).
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Processing of Idiothetic Information

The idea of a self-motion component in the APC function is less
well supported by neuraanatomical data than that of a visual com-
ponent. In a behavioral study, Save and Moghaddam (1996)
trained rats with APC lesions in the water maze navigation task
from a constant starting point and in total darkness. Performance
in this task, therefore, depended exclusively on the use of self-
motion cues. Postsurgery-trained APC rats were impaired in ac-
quisition bur, interestingly, presurgery-trained APC rats were not
significantly impaired in recention. Hippocampal rats have not
been tested in this situation. The ability of APC rats to use a
mororic response was also investigated by McDaniel at al. (1995).
Rats with APC lesions in either the lef or right hemisphere were
trained in a response learning task in the water maze. Both lesion
groups were deficient relative to control rats. Together, these re-
sults suggest that the APC contributes to the processing of self-
motion cues.

Self-motion cues, and in particular vestibular cues, have been
shown to be necessary for the “path integration” navigating system.
This system performs integrations of linear and angular accelera-
tion and allows the animal to track its position relarive to a starting
point in the absence of any external cues (Etienne er al,, 1996).
Although the deficit shown by Save and Moghaddam (1996) could
reflect a dysfunction of the path integration system, further exper-
iments aimed at specifically testing this ability are needed. Support
for an involvement of the APC in the processing of self-motion
information has arisen from electrophysiological data. Head direc-
tion cell activity, as reflected by the cells’ sparial tuning, has been
found to be modulated by idiothetic cues in the APC, retrosplenial
cortex (Chen et al., 1994a,b), and anterior thalamus (Blair and
Sharp, 1996). The properties of head direction cells strongly sug-
gest that they participate in the path integration processes (Mec-
Naughton etal., 1991; Blair etal., 1997; Golob and Taube, 1999).

The issue of the possible function of the APC in path integration
is crucial in pardcular with respect to the funccion of the hip-
pocampus. Indeed, several recent lesion studies support the hy-
pothesis thar the hippacampus is necessary for path integration
(Whishaw and Tomie, 1997; Whishaw and Maaswinkel, 1998).
However, another study (which differs from the above two studies
in terms of locus, extent of lesions, and nature of the tasks) reported
thar rats with hippocampal lesions are mostly unaffected in their
ability 1o path integrate (Alyan and McNaughton, 1999). Suppore
for the path integration hypothesis of hippocampal function also
comes from place-cell recording studics, which show that idio-
thetic cues can exert a control over place-cell acrivity (Knierim et
al., 1998; Sharp et al., 1995; Wiener er al., 1995). Markus et al.
(1994) found thar place fields of CAl cells remained stable in
darkness, although they were less reliable than under light.

In summary, both the APC and the hippocampus seem to share
similar funcrional properties. Both structures process idiothetic
information, and both are also influenced by visual information
provided by external landmarks. Altogether, these findings suggest
firstly chat idiothetic cues constitute one of the main sources of
spatial information for the animal, and secondly that the APC and
the hippocampus are part of a functional network devored to the

managing of self-mortion and external cues (see also Blair and
Sharp, 1996). The hypothesis of the involvement of these struc-
wres in a common processing system is further supported by
Golob and Taube (1999). They found that both hippocampal and
APC lesions prevent the head direction cells from maintaining a
similar preferred direction when moved from a familiar to a novel
environment.

Combination of Visual and Idiothetic
Information

The existence of several brain regions that cooperate in process-
ing visual and self-motion information suggests thar the combina-
tion of these two sensory sources of sparial information is at the
core of spatial processing. In particular, such a combination is
crucially involved when the animal explores a new environment. In
this situarion, a rat displays a variety of behavioral responses, sug-
gesting that it collects visual (bur also olfactory, auditory, and
tactile) information at particular viewpoints. The perception of
these panoramic views (also termed local views; see McNaughron
eral., 1991; Poucer, 1993) depends on the relative position of the
animal and therefore relies on an egocentric coding of space. Suc-
cessive local views are linked by the specific movements (and asso-
ciated optic flow} required to go from one viewpoint to another.
The redundancy of such process involving multiple viewpoints and
trajectories evenrually leads the animal to extract the spatial invari-
ants of the environment and therefore to claborate an allocentri-
cally coded representation of space. Accordingly, one expects that
both parictal and hippocampal lesions would elicit a deficit in such
a process. Using an exploratory dishabituation paradigm, we in-
vestigated the ability of lesioned and control rats to memorize and
recognize, through exploration, the spatial arrangement of a set of
objects (Save et al., 1992). Rats had to explore during successive
sessions a circular arena containing five distinct objects. Five ses-
sions were used for habituation and for the sixth session, the spatial
arrangement was modified and the exploratory reaction to the
spatial change was assessed (Fig, 2A).

Both hippocampal and parietal rats displayed a control-like ha-
bituation but were unable to detect the spatial change (Fig. 2B).
The hypothesis of a general memory deficit could be ruled our,
since all rats were able to identify a novel object replacing a familiar
one. Instead, the results suggest thar the hippocampal and parietal
rats were impaired in the elaboration and/or use of a spatial repre-
sentation of the environment. One possible interpretation is that
their ability to combine visual and idiothetic information during
the habituation phase was affected by the lesions. However, these
results may also be accounted for by a role-of the APC and hip-
pocampus in other stages of spatial information processing (e.g.,
comparison berween a stored representation and the actual envi-
ronment, or updating of a representation). In any case, the absence
of dissociable behavioral effects of hippocampal and APC lesions
suggests that these two structures have intricate functions.

The dishabituation procedure has been used likewise to study
the effects of hippocampal and APC lesions in the C57BL/6 (C57)
and DBA/2 (DBA) inbred strains of mice. These two strains con-
stitute a very interesting experimental tool. Indeed, behavioral and
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neurobiological data support the hypothesis that DBA mice pro-
vide 2 model of hippocampal dysfunction. Poor performance of
DBA mice in sparial tasks (Ammassari-Teule and Caprioli, 1985)
has been correlated with lower neuronal density in the CA1 field
(Wimer et al., 1976), a smaller number of mossy-fiber terminals in
the hippocampal region inferior (Schwegler and Crusio, 1995),
and lower hippocampal protein kinase C activity (Wehner et al.,
1990) as compared to C57 mice. We previously showed that DBA

change. Positive bars indicate that the rats explored the objects more
during the “spatial change” session than during the last “habituation”
sessions. Control rats displayed a significant renewal of object explo-
ration (asterisks) selectively directed at the displaced objects, whereas
the hippocampal and APC rass did not re-explore either kind of ob-
jects. They were not able to detect the spatial change (from Save et al.,
1992).

mice displayed a similar pattern of deficits as rats with dorsal hip-
pocampal lesions, whereas C57 mice performed like control rats
(Ammassari-Teule et al., 1995). A further study (Thinus-Blanc et
al., 1996) revealed that a dorsal hippocampal lesion abolished the
habituation and reaction to the spatial change in C57 mice,
whereas it induced a nonspecific decrease of object exploration in
DBA mice. APC lesions did not affect habituation in either group.
The lesions were found to abolish the reaction o spatial change in
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C57 mice, but they did not affect spatial performance and behavior
in DBA mice. The results confirm and extend previous findings
(Save et al., 1992) suggesting that in C57 mice, the hippocampus
and the APC cooperate in the elaboration and use of a sparial
representation through explorarory activiry. In conrtrast, in DBA
mice, the hippocampus but not the APC revealed some residual
function. This is consistent with the idea that the participation of
the APC depends on the degree of functionality of the hippocam-
pus. Interestingly, the opposite pattern of effects was found when
DBA and C57 mice with hippocampal and APC lesions were
tested in a radial eight-arm maze with all arms baited (Ammassari-
Teuleeral., 1998). APC lesions induced a more severe impairment
in DBA mice than in C57 mice.

The results of the two mice studies suggest that both the hip-
pocampus and APC participate in spatial processing, and that the
funcrion of the APC depends on the degree of functionality of the
hippocampus. It can also be concluded rthar the respective contri-
bution of these two strucrures varies as a funcrion of the rask.

Although both the exploratory situation and the radial maze rask
require the combination of visual and idiotheric information, the
complexity of such combinarion may differ berween the two tasks.
First, the shape and the structure of the environments used in each
task are clearly different, thus providing very different pieces of
spatial informarion to allow self-localization. Second, the explor-
atory situation requires the use of proximal cues (objects placed in
the circular arena), whereas the radial maze task requires the use of
distal cues (room cues).

Since the appearance and apparent topological relationship of im-
mediare three-dimensional objects may change considerably when the
animal moves across short distances, extracting the sparial invariants
using intramaze objects may require more intensive movements be-
tween various viewpoints than using distal cues. We therefore assume
thar elaborating a spatial representation on the basis of intramaze ob-
jects involves a more thorough combinarion of visual and idiothetic
information than when based on remote cues. This difference may
yield a dissociation of the effects of hippocampal and APC lesions. We
recently tested this hypothesis by training hippocampal, APC, and
control rats in three successive navigation tasks in the water maze (Save
and Poucert, 2000). In the first task (proximal condition, see Fig. 3A),
rats had to navigate toward a hidden platform by using intramaze
objects (the influence of extramaze cues was neutralized). In the sec-
ond task (distal condition), rats had ro locare the platform by using the
room cues. In the third task (beacon condition, see Fig. 3A), a salient
beacon was associated with the hidden pladform (distal cues were elim-
inated). Hippocampal rats displayed a deficit in both the proximal and
distal conditions (Fig. 3A,B), whereas APC rats were impaired mainly
in the proximal condition (Fig. 3A). In contrast, both lesioned groups
displayed control-like performance in the beacon condition. Once
again, the hippocampus and APC are jointly involved in a rask in
which combining visual and idiotheric information is made complex
(proximal condition). In contrast, the involvement of the APC seems
marginal when such associations are simpler (distal condition). Thisis
consistent with 2 number of studies showing that rats with APC le-
sions display a moderare defici in the water maze task with distal cues
(Kolb et al,, 1983; Kolb and Walkey, 1987; Save and Moghaddam,
1996).

Owerall, these behavioral results support the hypothesis that the
APC and the hippocampus interact in the processing of visuospa-
tial information provided by the location of cues in space and
idiothetic information provided by self-motion. They suggest, in
addition, that the APC is mostly involved when building up a
spatial representation that requires complex combinations berween
these two categories of sensory information. This hypothesis is
consistent with the results of McNaughton et al. (1989), showing
that the activity of some APC cells is selective for combinations of
spatial features and specific movements as the animal performs a
spatial rask in the radial eight-arm maze. For instance, a given cell
was active when the animal turned left at the end of a given arm
{but not when it turned right or at the center of the maze). In
addition, other cells were found to be selective only for specific
movements (McNaughton et al., 1994), suggesting that different
stages in the combination of visual and idiothetic informartion are
performed within the APC. In the hippocampus, place-cell spa-
tially selective firing depends on cooperation and balance berween
visuospatial and idiothetic cues (Sharp et al., 1995; Wiener et al.,
1995; Bures etal., 1997; Rotenberg and Mouller, 1997; Knierim et
al., 1998). In addition, when there is a conflict berween these two
categories of cues, the rat can rely appropriately on one or the other
category according to the magnitude of the conflict (Jeffery, 1998).

CONCLUSIONS

Although few studies have directly compared the effects of hip-
pocampal and APC lesions in spatial behaviors, the results are
consistent with the view that both structures contribute to the
combination of visual and idiotheric information, although the
question of their respective functions in such processing and of
their interactions remains open. The similarity of the behavioral
effects of hippocampal and parietal lesions observed in some stud-
ies may reflect a close funcrional relationship berween the hip-
pocampus and the APC. However, one has to envision the more
likely interpretation that the hippocampus and the APC play com-
plementary albeit distinct roles. Indeed, the combination of visual
and idiothetic information is a fundamental process which is prob-
ably distribured over several brain structures with different possible
levels of abstracrion, and which is necessary for different navigaring
systems.

As suggested above, one function of the APC might be to asso-
ciate visual and self-motion sensory inputs at early stages of spatial
processing, i.e., when new environmental information has to be
processed. This would eventually allow the construction of an
allocentric spatial representation in the hippocampus (see also Save
eral., 1998 for a previous statement of this hypothesis). As sug-
gested by electrophysiological data, the APC function could en-
compass several stages, reflecting the progressive combination of
visuospatial and self-motion cues, and thus resulting in a multiple
and redundant integration berween the ever-changing visual scene
and the rar's movements across the environment. Basically, the
visual and idiotheric inputs to the APC are coded in an egocentric
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FIGURE 3. A: Proximal landmark condition. Left: View from  the lesioned and control rats. B: Distal landmark condition. The rats

above of the water maze containing three distinct objects. The appa-
ratus was surrounded by opaque curtains to eliminate distal visual
cues, and the set of objects was rotated from one session to another.
Right: Mean escape latency across acquisition for control, hippocam-
pal, and APC rats. Asterisks indicate significant differences berween

frame of reference. This is supported by the fact that head direction
neurons code for head-centered space (Chen and Nakamura,
1998) and that their activation may be determined by the interac-
tion berween current head direction and angular movement as
estimated on the basis of idiothetic inputs (McNaughton et al.,
1991). The assumprion that the APC participates in the gradual
conversion of egocentrically coded information into allocentrically
coded informarion by combining visuospatial to idiotheric inpurs
raises a number of issues for further investigations. 1) Is the APC
absolutely necessary for the conversion process, or is it only par-

were allowed to use room cues to locate the hidden platform. Mean
escape latency across acquisition for control, hippocampal, and APC
rats. Only hippocampal rats were impaired with respect to control
rats. Asterisks indicate significant differences (from Save and Poucet,
2000).

tially involved? The results of lesion studies show that the behav-
ioral performance of rats in allocentric tasks is not systemarically
affected by APC lesions, suggesting that the APC is involved only
in some situations, perhaps when the visual-idiothetic association
requirements are very important (Save and Poucet, 2000). 2) To
what extent is this conversion performed in the APC? Do some
APC cells have allocentric funcrional correlates? This is a possibil-
ity, since recent work has revealed thar the activity of some neurons
reflects an allocentric component (Chen and Nakamura, 1998). 3)
What is the contriburion of other structures thar are intermediare
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berween the APC and the hippocampus, such as the retrosplenial
or entorhinal cortices? Do they participate in this conversion pro-
cess, or do they have other independent functions? The fact that
these structures also probably incorparate some visual or idiotheric
information (Cooper and Mizumori, 1999) is compatible with the
hypothesis that they contribute to the conversion process initiated
at the APC level. The outcome of successive processing via the
APC-retrosplenial-entorhinal axis may then reach the hippocam-
pus, where the formation of the allocentric representation is com-
pleted. 4) Does the hippocampus have an active role in the trans-
formation of egocentric to allocentric information, or does it only
store the ourcome of upstream processes? 5) Does the hippocam-
pus exert a control, even indirect, on APC function? This hypoth-
esis is suggested by neuroanaromical dara showing thar the APC
and the hippocampus, via intermediate structures, are intercon-
nected.

To date, the study of the funcrional relationship berween the
APC and the hippocampus is only at its beginning. We need not
only to improve our knowledge of the role of the APC, but also to
uncover the contribution of other structures belonging to this
funcrional network. In addition, we must take into account the
mnemonic and artentional aspects involved in spatial processing.
Finally, the investigation of the hippocampal-parietal relationship
may provide some basic theoretical clements in common with
other functional interactions berween subcortical and cortical
structures, and berween functional nerworks in the brain.
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