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Spatial Memory and Hippocampal Function: Where
are we now?

Mark Good*

Cardiff University

The main aim of this paper is to provide an overview of current debates
concerning the role of the mammalian hippocampus in learning with a
particular emphasis on spatial learning.  The review discusses recent debates
on (1) the role of the primate hippocampus in recognition memory and
object-in-place memory, (2) the role of the hippocampus in spatial
navigation in both rats and humans, and (3) the effects of hippocampal
damage on processing contextual information. Evidence from these lines of
research have led many current theories to posit a function for the
hippocampus that has as its organizing principle the association or binding
of stimulus representations. Based on this principle, recent theories of
hippocampal function have extended their application beyond the spatial
domain to capture features of declarative and episodic memory processes.

The hippocampus has maintained a central position in the development
of psychological theories of normal and abnormal human and animal memory
for the last 40 years or so.  In 1984, Nestor Schmajuk provided a
comprehensive review of then current psychological theories of hippocampal
function and highlighted over 20 theories. A theme that emerged from
Schmajuk’s review was that the hippocampus contributed to memory
processes and particularly to spatial memory. The aim of this paper is to
examine what progress has been made in understanding the contributions of
the hippocampus to learning and memory and to spatial learning in particular.
An examination of the role of the hippocampus in memory is best appreciated
in its historical context. Therefore, the first section of the paper provides a
summary of findings from studies of human temporal lobe amnesia, and is
then followed in the second section by an overview of recent primate studies
of memory. The third section summarises recent research concerning the role
of the hippocampus in spatial navigation and refers to both animal and human
studies of navigation. The fourth section summarises recent animal work
examining the role of the hippocampus in processing contextual information.
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The last section briefly describes two recent theories of hippocampal function
that represent recent attempts to bridge the gap between theories of human
temporal lobe amnesia and the spatial processing functions of the
hippocampus in animals.

1. The development of a neural theory of memory  
In  1957 Scoville and Milner presented the case of HM who had severe

anterograde amnesia following bilateral medial temporal lobe resection. The
lesion in HM included the anterior two thirds of the hippocampus, the
hippocampal gyrus, amygdala and periamygdaloid cortex. Formal memory
testing of HM and 9 other patients with less extensive bilateral medial
temporal lobe removal led to the view that damage to the hippocampus was
responsible for the amnesia. That is, memory impairments were observed
whenever the hippocampus and the hippocampal gyrus were damaged
bilaterally (Milner, 1972). While he was severely amnesic for every day
events, HM was able to recall certain types of material. For example, HM
possessed normal perceptual, cognitive and linguistic abilities. HM could
remember remote biographical details of his childhood and showed normal
primary or short-term memory, unless he was distracted from rehearsing the
information (Sidman et al., 1968; Cohen 1984)

 The pattern of impaired and spared memory functions displayed by
HM prompted a now commonly acknowledged characterisation of the
temporal lobe amnesic syndrome. A general consensus is that damage to the
medial temporal lobe in humans disrupts declarative memory processes and
more specifically episodic memory functions (e.g., Tulving, 1972; Kinsbourne
& Wood, 1975; Eichenbaum, Otto and Cohen, 1992; Squire, 1992; Mishkin
et al., 1997; Tulving & Markowitsch, 1998; Tulving 2002). Declarative
memories are those available to conscious recollection as information about
facts, events or specific stimuli. Declarative memories have been further
divided into episodic and semantic components. Episodic memory is
concerned with conscious recall of specific episodes, and semantic memory
with the storage of factual information. The contribution of the hippocampus
and related cortical temporal lobe structures to semantic memory remains
controversial but there is general agreement that the hippocampus contributes
to the encoding and storage of episodic memories (see Griffiths et al., 1999;
Mishkin et al., 1997; Tulving & Markowitsch1998 for further discussion).
The memory functions that are spared in temporal lobe amnesia have been
referred to collectively as nondeclarative (Squire, 1992) or procedural
memories (Cohen & Eichenbaum, 1993). Examples of procedural memories
include associative learning, word priming, perceptual learning, stimulus-
response habits and motor learning (Squire & Zola, 1996). Nondeclarative or
procedural memory processes are thought to operate automatically and do not
include information about where or when an event or learning experience took
place. As well as receiving support from lesion studies in humans, the
declarative/nondeclarative distinction has also received support from recent
neuroimaging studies of hippocampal activation (for recent reviews see
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Schacter & Wagner, 1999; Cohen et al., 1999; Tulving et al., 1999; Maguire,
2001; Mayes & Montaldi, 2001; see also Tulving 2002). Beyond this basic
distinction between impaired and spared memory systems in human temporal
lobe amnesia, however, there remain a number of controversies, e.g., the
involvement of the hippocampus in (1) semantic memory (see for example
Squire, 1992; Vargha-Khadem, et al., 2001), (2) familiarity – versus context-
based recognition memory (Reed & Squire, 1997; Duzel, Varga-Khadem,
Heinze & Mishkin, 2001) and the extent of retrograde amnesia following
temporal lobe damage (e.g Clark et al., 2002; Spiers et al., 2001). A
discussion of these issues is, however, beyond the scope of the present paper
(the reader is referred to Spiers et al., 2001, for further information).

From a historical perspective, the pattern of memory deficits in humans
with temporal lobe damage prompted two questions: (1) What were the
temporal lobe regions involved in the amnesic syndrome and (2) what role did
the hippocampus play in memory? The first question instigated research with
non-human primates with the specific aim of identifying medial temporal lobe
brain structures responsible for amnesia. As we shall see, the central issue in
primate research has changed over recent years from understanding the
anatomical locus of amnesia to examining the role of the hippocampus in
recognition memory processes.

2. Primate models of human amnesia
To address the question of which temporal lobe brain structures were

important for memory in monkeys, behavioural tasks were required that were
similar to tasks used with amnesic patients. Early psychological
characterisation of the human amnesic syndrome (Talland, 1965; Warrington
and Weiskrantz, 1970) suggested that amnesic patients were deficient
specifically in recognition memory (a component of the declarative/episodic
memory system)--- that is, “the ability to assign to a certain action in a certain
context a value of familiarity-unfamiliarity” (Gaffan, 1972, p 328). Gaffan
(1974) examined recognition memory in monkeys using a matching-to-
sample procedure (DMTS). In this task, a trial was compromised of two
stages. In the first stage, the monkey was shown a junk object (the sample
stimulus) and was rewarded for displacing the object. In the subsequent,
comparison, trial, the same (previously rewarded) object was presented again
together with a novel object. The monkey was rewarded for displacing the
familiar object. Animals with fornix lesions (a major input/output pathway of
the hippocampus) performed as well as control animals when a short delay
(10 sec) was interpolated between the sample and comparison stimuli, but
were impaired when longer delays (70 and 130 sec) were used. The results
seemed to support the view that the hippocampus in primates was important
for recognition memory. A view that was reinforced by evidence that human
amnesic patients showed a similar deficit on a DMTS task (e.g., Sidman et al.,
1968).

 Subsequent developments of this task included a delayed non-
matching-to-sample (DNMTS) version of the procedure (Mishkin, Prockop
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and Rosvold, 1962; Mishkin and Delacour, 1975). In this version of the task,
the animal was rewarded for choosing the novel stimulus in the comparison
stage of a trial. The first indication that temporal structures were important for
DNMTS was provided by a study conducted by Mishkin (1978). Monkeys
with damage to the hippocampus (H), the amygdala (A) and the surrounding
cortex (referred to as the H+ A+ lesion) were severely impaired on the
DNMTS task. This finding appeared to confirm that conjoint damage to the
hippocampus and amygdala was sufficient to produce an amnesic syndrome
in monkeys (e.g., Zola-Morgan et al., 1982). However, this conclusion was
limited by the fact that additional damage to adjacent cortical tissue was
caused by the surgical approach (i.e., damage extended to the entorhinal and
perirhinal cortex). Further refinement of the hippocampal lesion procedure
resulted in a reduction of the damage to the  adjacent cortex (e.g., Mahut,
Zola-Morgan & Moss, 1982; Alvarez-Royo, Clower, Zola-Morgan & Squire,
1991; Alvarez et al., 1995). More recently, selective neurotoxins (such as
ibotenic acid) have been used to produce fibre-sparing lesions in which cell
loss is limited to the hippocampal formation (Murray & Mishkin, 1998,
Beason-Held et al., 1999; Zola et al., 2000). As lesions of the hippocampus
have become more selective, however, the magnitude of the deficits on
DNMTS task in lesioned monkeys has become smaller. Although cell loss
limited to the hippocampal formation in monkeys has revealed memory
impairments in the majority of studies, the DNMTS deficit is unmistakably
greater following bilateral damage to cortical regions adjacent to the
hippocampus (Squire & Zola-Morgan, 1991; Zola-Morgan et al., 1989; see
also Suzuki, et al., 1993; Malkova et al., 2001). Furthermore, recent studies
have shown striking DNMTS deficits in monkeys with lesions restricted to
the perirhinal/ entorhinal cortex that leave the hippocampus intact (Meunier et
al., 1993; Malkova et al., 2001, see Aggleton, 1999; Aggleton & Brown, 1999,
for discussion). A similar pattern of results has also been revealed in studies
of object recognition memory in rats (see Mumby, 2001 for a review).

Although it is widely accepted that that the entorhinal and perirhinal
cortices are important for recognition memory, the role of the hippocampus in
this type of memory remains controversial (see, Clark, West, Zola & Squire,
2001; Dudchenko et al, 2000; Wan et al., 1999). One proposal for resolving
the controversy has been put forward recently by Aggleton & Brown (1999).
These authors suggested that the DNMTS task can be solved in at least two
ways – either by recollecting the stimulus or the event (i.e., by episodic
recognition memory) or by detecting stimulus familiarity. According to
Aggleton & Brown, the hippocampus supports episodic recognition (i.e.
context dependent aspects of recognition) and the surrounding cortex
(entorhinal and perirhinal cortex) supports familiarity-based recognition. This
hypothesis has received some support from studies of scene-specific memory
in primates. Gaffan (1994) developed an analogue of human memory tests for
monkey in which the animal remembered the unique context (an artificial
scene constructed on a computer-driven visual display) in which an object was
rewarded. Gaffan has argued that many of the tasks that revealed deficits in
human amnesic patient involved episodic memory about a complex event –
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that is the memory included information about the scene or context in which
an event took place.  Standard tests of object recognition memory in monkeys
(i.e., the DNMTS procedure), in contrast, had previously used apparatus with
only a single background scene or context. Memory for the context in which
an object was seen was therefore irrelevant. Consistent with previous research
using overtly spatial tasks (e.g., Mahut, 1972; Murray et al., 1989) Gaffan
reported that monkeys with hippocampal lesions were impaired in learning
place discriminations in scenes and were severely impaired in learning an
object-in-place memory task in which each unique scene contained a correct
and incorrect object (typographic characters). In contrast, monkeys with
hippocampal lesions were as accurate as control animals in learning object
discriminations when the background scenes varied between trials. Under
these conditions scene-specific object memory was irrelevant. The object-in-
place test may represent a more accurate analogue of episodic memory tests in
humans Gaffan (Gaffan, 1991,1994; see also Gaffan & Parker, 1996). These
findings suggest that a fundamental role for the hippocampus in forming a
representation of the spatial organization of a scene that may be critical for
episodic memory processes.

 A critical role of the hippocampus in forming object-in-place
representations has also been revealed in studies with rats and humans. For
example Mumbey et al. (2002) reported that rats with hippocampal lesions
explored a novel object in an open-field arena to the same degree as control
animals, but failed to explore a familiar object when it was presented either in
a novel place in a familiar test arena or in a different context. Control rats, on
the other hand, showed a preference for exploring a familiar object when it
was presented in a novel place or in a novel context.  A similar finding has
been reported in a patient with selective hippocampal damage. Holdstock et al.,
(2002) reported that a patient with restricted hippocampal damage showed
normal forced-choice object recognition performance but impaired forced-
choice object-location associations (see also Mayes et al., 2002; Manns &
Squire, 1999). Taken together these results indicate that hippocampal damage
in rats, primates and humans disrupts the memory for the spatial layout of a
context where an object was recently experienced.

 In summary, recent evidence indicates that the contribution of the
primate hippocampus to the standard DNMTS test of recognition memory is
limited and that damage to underlying cortical regions (entorhinal/perirhinal
cortex) results in a severe impairment on this task. However, these findings do
not rule out the possibility that the hippocampus may contribute to recognition
memory processes. More specifically, recent research has suggested that the
hippocampus is important for scene or context-specific object memories. The
evidence that the hippocampus in non-human mammals encodes information
about the place or context in which an object is experienced provides an
apposite link between deficits in overtly spatial navigation tasks in animals and
impairments in declarative/episodic memory in humans. However, we shall
return to the issue of whether the hippocampus contributes to forming a
representation of the spatial layout of a scene/context or to context-dependent
memory retrieval in a discussion of context processing in rats. Before doing
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so, the next section will consider recent evidence that suggests that rats with
hippocampal lesions are able to learn place information.

3. Spatial learning and hippocampal lesions in rodents
One of the most important theories of hippocampal function to emerge

over the last 20 years or so has been the cognitive mapping theory proposed
by O’Keefe & Nadel (1978). The primary impetus for the cognitive mapping
theory was the discovery that the firing rate of hippocampal neurons was
correlated with the location of the animal in a test environment (these cells are
referred to as place cells; O’Keefe & Dostrovsky, 1971; O’Keefe, 1976;
O’Keefe & Conway, 1978) and the wealth of lesion data at the time that
revealed spatial learning deficits in animals with hippocampal damage
(O’Keefe & Nadel, 1978, for a review). In brief, O’Keefe and Nadel
proposed that learning and memory was be supported by two systems. The
locale system was dependent upon an intact hippocampus and supported
cognitive mapping. Cognitive mapping refers to learning about the spatial
relationships between cues. The second learning system (referred to as the
taxon system) was not reliant upon the hippocampus and supported stimulus-
response learning or habit learning. Over the years since its inception, there
has been considerable support for the cognitive mapping theory from lesion
studies and unit recording studies. For example, rats with hippocampal lesions
are impaired in learning the radial arm (Olton et al., 1979; Jarrard 1983), the T-
maze (e.g., Rawlins and Olton, 1982; Bannerman et al., 2001; see also, Murray
et al., 1989).) and the Morris water maze, where lesioned rats are impaired in
swimming to a hidden, but not to a visible, platform (Morris et al., 1982;
Morris et al., 1986; see also Pearce et al., 1998). There is a large body of
evidence showing that the activity of hippocampal neurons in both rats and
primates reflects information about the spatial organisation of an animal’s
environment (for a recent review of hippocampal unit recording studies see
Hippocampus 9, 1999: Special issue on Place Cells). A role for the
hippocampus in spatial learning appears to generalize across species. For
example, damage to the anatomical homologue of the hippocampus in birds
(the hippocampus and area parahippocampalis; see Macphail current volume)
and the hippocampus in humans disrupts spatial learning. Indeed, recent
neuroimaging studies in humans have provided evidence that the hippocampus
becomes active during spatial navigation and that hippocampal morphology
can be affected by reliance upon spatial navigation skills. Before briefly
discussing recent studies of spatial navigation in humans, the next section will
consider current research that suggests the hippocampus in rats may
contribute to more than one type of spatial navigation.

 Hippocampus and spatial learning: Knowing where or getting there?
 Path integration is a form of navigation in which an animal integrates

self-movement cues (i.e., vestibular information) to locate its present position
or to return to a starting location.  This ability has been shown in different
species including gerbils (Mittelstaedt and Mittelstaedt, 1980), house mice
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(Alyan and Javander, 1994), rats (e.g., Maaswinkel et al., 1999), insects
(Wehner and Srinvasan, 1981) and humans (Mittelstaedt and Mittelstaedt,
2001). A view that has emerged recently is that the hippocampus may
contribute to path integration processes – according to one class of theory the
path integrator lies within the hippocampus ( McNaughton et al., 1996;
Whishaw, 1998) and according to a second class of theory the path integrator
lies outside the hippocampus (see, O’Keefe, 1976; Redish and Touretzky,
1997, Redish, 2001; Cho & Sharp, 2001; Sharp et al., 2001).

 Support for the role of the hippocampus in path integration comes
from both electrophysiological and lesion studies in rats. Electrophysiological
evidence indicates that hippocampal place cells in rats are sensitive to
vestibular and visual motion cues (Sharp et al., 1995) and that the subiculum
(a region adjacent to the hippocampus) contains cells that are sensitive to the
direction of the animals’ head (Taube, 1998). Furthermore, recent research
has shown that temporary inactivation of the vestibular inputs to the
hippocampus disrupts the location-specific firing of place cells and the
direction specific discharge of subicular head direction cells (Stackman et al.,
2002). The electrophysiological data suggest, therefore, that the hippocampal
neuronal representation of space is strongly influenced by vestibular
information.

The principal behavioural evidence in support of a role for the
hippocampus in path integration comes from lesions studies carried out by
Whishaw and colleagues. Whishaw (1998) proposed that the hippocampus is
“dedicated to monitoring cues generated by self-movement and that it is part
of a directional system that provides information to an extrinsic location
system.” (P. 218). That is, the hippocampus was thought to support path
integration and other brain regions supported place learning. One source of
evidence in favour of this proposal comes from studies that purport to show
that rats with hippocampal damage are able to acquire place responses. For
example, Whishaw et al., (1995) reported that, like control animals, lesioned
rats were able to reduce swim speeds as they approached the spatial location
of a submerged platform in a watermaze. Whishaw et al., interpreted this as
evidence that control rats and rats with damage to the fornix anticipated the
location of the platform.  In contrast, however, Hollup et al., (2001) reported
that rats with hippocampal lesions failed to slow down their approach to a
platform in an annular watermaze when its location was specified by
extramaze cues. When a salient intramaze landmark identified the position of
the platform, rats with hippocampal lesions reduced the speed of their
approach to the platform as effectively as control animals. The reasons for the
discrepancy between these two studies are unclear, but may reflect differences
in the apparatus, type and/or extent of pretraining or lesion technique.
Nevertheless, it would seem that rats with hippocampal lesions are able to
identify the location of the platform using extramaze cues under some
conditions. However, this could reflect an ability of lesioned rats to use an
individual (salient) cue to modify their behaviour.

 Subsequent studies by Whishaw and colleagues have provided a more
direct test of the role of the hippocampus in path integration. Whishaw and



M. Good116

Maaswinkle (1998) studied path integration using a foraging task on an
elevated circular maze. The rats were trained to climb out on to the maze from
a home cage that was located beneath the table at the periphery of the maze.
The rats were trained to find a food pellet and to then return with the food
pellet to the home cage beneath the table to consume the reward. In the first
experiment, the rats were pretrained as normal animals to forage for food and
to return to a fixed home cage start location. Following pretraining, the rats
received either a lesion to the fimbria-fornix (hippocampus) or a sham
operation.  During post-operative testing, in which a novel home cage location
was used, control animals initially returned to the old home cage location used
during pretraining. However, as training continued, control rats were
increasingly more likely to return to the new location from which they had
recently emerged. Rats with fimbria fornix lesions, however, adopted a very
strong perseverative strategy and returned to the pretrained home cage
location.

 In a second experiment, Whishaw and Maaswinkle (1998) trained rats
postoperatively on the table top foraging task. Following acquisition, the rats
received two types of probe trials, both using a novel home cage start location.
In Probe 1, the rats were tested with access to the visual cues around the maze.
In Probe 2, the rats were blindfolded, thus excluding the visual extramaze
cues. The removal of the visual extramaze cues in Probe 2 was designed to
force the animals to rely upon a path integration strategy to return to the home
cage. During acquisition training, when the visual extramaze cues were
available, rats with fimbria fornix lesions learned the foraging task as
effectively as control animals. On the first probe trial, in which the extramaze
cues were available, the control rats initially returned with their food reward to
the old training location. When they discovered that the home cage location
had been changed, all of the control rats went to the new home cage location.
The rats with lesions of the hippocampus, however, continued to return to the
old home cage location. In Probe 2, the blindfold probe trial, significantly
more of the control rats returned to the new home cage location than rats with
hippocampal lesions. When naïve control and hippocampal lesioned rats were
trained on the foraging task wearing blindfolds, lesioned rats failed to return
to their home cage as accurately as control animals. Two conclusions can be
drawn from these results. First, rats with hippocampal lesions were able to use
a cue or cues outside the maze to guide their return journeys to the home cage,
second, in the absence of visual extramaze cues rats with hippocampal damage
were impaired in navigating by path integration (see also Whishaw & Gorny,
1999; Whishaw et al., 2001; Wallace et al., 2002).

The pattern of results from these (and other) studies supports Whishaw
and colleagues view that rats with hippocampal lesions are able to use
extramaze cues but are impaired in adopting a path integration strategy.
However, it is not clear from these studies how rats with hippocampal lesions
are using extramaze cues. It is not clear whether the representation of
extramaze cues formed by lesioned rats differed from that formed by control
animals. For example, rats with hippocampal lesions are able to find a hidden
platform in the watermaze if they are always started from the same location



Spatial memory and hippocampal function 117

(Eichenbaum et al., 1990), or if they are trained with a platform that reduces in
size over the course of training (Day et al., 1999) or if a cue is available from
which they can generate a heading vector (Pearce et al., 1998). Such examples
of apparent place learning may be supported by a number of different
strategies, for example simple conditioned approaches to a salient landmark.
Thus these results do not provide conclusive evidence that rats with
hippocampal lesions are able to encode the spatial relationship between
extramaze cues. Nevertheless, the results from Whishaw and colleagues are
certainly consistent with the view that the hippocampus contributes to
navigation by path integration

An alternative view to Whishaw and colleagues path integration
hypothesis of hippocampal function is that the path integration system lies
outside the hippocampus (see Redish 2001, and Redish & Turetzky, 1997).
Evidence in support of view is that rats with hippocampal lesions are able to
navigate by path integration at least under some conditions. Alyan and
McNaughton (1999) showed that rats with hippocampal lesions navigated as
accurately as control animals in the dark on a circular table top task, similar to
that used by Whishaw and colleagues. Furthermore, Alyan & McNaughton
also showed that various manipulations that disrupted path integration in
control rats, also disrupted performance in rats with hippocampal lesions (for
discussion of these finding see Maaswinkel et al., 1999). If the path
integration system lies outside the hippocampus then what are the likely brain
areas that might support such a navigation system? There are several candidate
regions. McNaughton et al., (1996) suggested that the posterior parietal and
retrosplenial cortex may contribute to path integration and an idea supported
recently by Cooper and Mizumori (2001). Sharp (2001) has proposed a role
for the mammillary bodies, dorsal tegmental nuclei and subiculum in path
integration. Redish and Touretzky (1997) have suggested that the path
integration is accomplished by an anatomical loop that includes the
hippocampus, the subiculum, the parasubiculum and the entorhinal cortex.

  As described earlier, place cell activity is clearly influenced both by
extramaze landmarks and vestibular information (for a recent review see Best
et al., 2001). What role might the interaction between these two types of
information in the hippocampus play in spatial navigation? One proposal (e.g.,
Stackman et al., 2002) is that vestibular information is used to accurately
represent the animals’ moment-to-moment spatial location in a familiar
environment and its directional heading. Thus, the hippocampus may associate
information from internal (path integration) and external, i.e., landmark–based,
sources. An interaction of this type could provide an error correction
mechanism during navigation, by using external cues that have been
associated with the internal navigation system, to accurately update
representations of the animals’ location in a familiar environment (see also,
McNaughton et al., 1996).

In summary recent evidence has shown that the hippocampus receives
vestibular information that may be important for navigation by path
integration. One of the key issues that remains to be resolved is the precise
contribution of the hippocampus to path integration and what role other
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closely-related brain regions, such as the subiculum, play in path integration.
In addition, if the hippocampus does contribute to navigation by path
integration, then further work is required to understand how this function may
be related to (episodic) memory processes supported by this structured (for
recent discussions on this issue see Gaffan, 1998; Redish, 2001).

The human hippocampus and spatial learning
The important role assigned to the hippocampus in spatial learning in

animals has prompted examination of the role played by the human
hippocampus in spatial navigation. Along with traditional studies of brain
damaged patient, insights into the role of the human hippocampus in spatial
learning has been greatly enhanced by the development of neuroimaging
techniques such as positron emission tomography (PET) and functional
magnetic resonance imaging (fMRI). This next section will consider review
recent findings from neuroimaging studies of human navigation.

Maguire et al., (1996) measured regional cerebral blood flow while
subjects watched and memorised film footage depicting navigation in an urban
area (referred to as topographical memory). In a control condition, subjects
were exposed to similar footage, but the camera remained stationary while
people and cars moved past the viewer. Maguire et al., argued that in the latter
condition it was not possible for the subject to construct an internal spatial
map of the environment.  An analysis of the changes in rCBF between the two
conditions showed increased activation of the right medial parietal region,
parahippocampal cortex and hippocampus on and the left parahippocampal
cortex during topographical navigation. Aguirre et al., (1996) used fMRI and
a computer simulation of a maze-like environment to examine topographical
learning. These authors also reported activation of the hippocampal formation
(parahippocampus), the medial parietal region and cingulate cortex. Other
studies, however, have failed to find activation of the hippocampus using
relatively simple computer generated environments (Maguire et al., 1998).
Maguire has argued, however, that navigation in simple environments may be
insufficient to detect activation of the hippocampus against background noise
and that more complex, large-scale environments may be more likely to reveal
hippocampal activation. In support of this idea, increased hippocampal
activation has been observed when participants navigate through more
complex virtual environments (Maguire et al., 1996; Maguire et al., 1997; see
Aguirre and D’Esposito 1999; Maguire, 1999,  for further discussion).

Maguire et al., (1997) examined the neural substrates of long-term
topographical memory using official London taxi drivers.  The aim of the
study was to test subjects on their knowledge of complex routes, where all
subjects were tested on the same familiar stimuli, and where no encoding of
new environmental information occurred during performance of the task. To
provide a comparison condition, Maguire et al., examined subjects during the
retrieval of landmark knowledge per se,  that is, landmark information that did
not include knowledge about the large scale spatial context of the landmarks.
Comparison of PET scans made during route recall with scans taken during
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landmark recall revealed activation of the parietal lobe, cingulate cortex,
parahippocampal region and activation of the right hippocampal formation.
Comparison of the landmark task with baseline scans revealed no activation of
the right hippocampus. The results from this study again confirmed activation
of the right hippocampus during retrieval of spatial memories.

The main conclusion that can be drawn from these studies is that the
right hippocampus in humans appears to participate in both the encoding and
the retrieval of topographical memory (Maguire et al., 1998). A number of
lesion studies have also provided support for the view that structures within
the right temporal lobe support spatial or topographical memory. For example,
patients with right temporal lobe damage are impaired in their ability to
remember the location of objects on a table top (Smith & Milner, 1981, 1989,
Nunn et al., 1999), in a scene (Pigott & Milner, 1993), and spatial information
in a virtual town  (Spiers et al., 2001). Interestingly, right temporal lobe
damage has been shown to affect performance on procedures that mimic
rodent spatial learning tasks, e.g., navigation in a room (Bohbot et al., 1998;
Worsley et al., 1999). In many of these studies, patients with left temporal
damage performed at levels that were similar to control subjects. This begs the
question of what role the left temporal lobe (hippocampal) region might play
in memory? One interesting suggestion that requires further investigation is
that the context-dependent aspects of episodic memory may be preferentially
mediated by left medial temporal lobe structures (see Spiers et al., 2001;
Maguire, 2001, and Aguirre and D’Esposito, 1999  for discussion).

Increased hippocampal volume relative to brain and body size has been
reported in birds that engage in spatial behaviour, e.g., in food storing birds
(Lee et al., 1998, see also Lee et al., 2001).  A recent study by Maguire et al.,
(2000) investigated whether morphological changes could be detected in
human brain with participants whose work was associated with extensive
experience of spatial navigation. Intriguingly, Maguire et al., (2000) found that
the posterior hippocampi of experienced official London taxi drivers were
significantly larger relative to control subjects. Furthermore, hippocampal
volume was positively correlated with the amount of time spent as a taxi
driver. One interpretation of this study is that morphological changes may
take place in the posterior region of the hippocampus in people with a high
dependence on spatial navigational skills. Whether other types of navigation
skills, e.g., those that might rely more on path integration, result in similar
changes in hippocampal volume has yet to be addressed.

In conclusion, there is a growing body of evidence to suggest that the
hippocampal formation in humans contributes to the encoding and retrieval of
spatial (topographical) information. The findings from imaging and lesion
studies of navigation in humans correspond well with rat and primate studies
in showing that a robust and enduring deficit in spatial navigation results from
hippocampal damage. Although the role of the human hippocampus in
navigation by path integration processes has not been studied extensively, a
recent report by Worsley et al., (2001) showed that humans with right
temporal lobectomy (i.e. damage that included the hippocampus) were
impaired in navigating by path integration. However, the precise anatomical
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substrate of the temporal lobe impairment in path integration in humans needs
to be examined further before a role in path integration can be ascribed to the
human hippocampus. In general, however, the results from navigation studies
in humans are in broad agreement with animal studies and suggest an
important role for the hippocampus in processing landmark and perhaps self-
movement related spatial information.

4. Place learning revisited: the role of the hippocampus in
processing contextual cues.

One of the distinguishing features of episodic memory processes is the
ability to encode and retrieve the rich temporal and spatial context of an event.
Recent studies with primates have suggested that the hippocampus may
encode the spatial relationship between components of a scene or context and
that in the absence of this representation, animals with hippocampal lesions
are unable to form object-place configurations important for episodic memory
(e.g., Gaffan, 1998; Mizumori et al., 1999).  The term context refers to the
ambient cues that together define the place, situation or location in which an
organism is present and in which learning occurs. As described above there is
a wealth of evidence from rats and primates that the activity of hippocampal
neurons reflects spatial information about the animal’s environment (e.g., Best
et al., 2001; Rolls, 1999; see also de Araujo et al, 2001). This section will
consider recent controversies concerning the role of the rodent hippocampus
in processing contextual information and will focus on two main questions:
(1) Does the hippocampus contribute to the formation of a representation of
context? (2) Is the hippocampus involved in the contextual retrieval of
information?

Before addressing these questions, I will first consider the role of
context in learning from the perspective of animal learning theory. Learning
theorists have proposed that context may influence learning and performance
of animals in a number of ways. One view of context is that, like any other
conditioned stimulus (or CS), a representation of context cues can enter into
direct associations with reinforcement (unconditioned stimulus or US;
Rescorla & Wagner, 1972) and other discrete CSs, such as a tone (Wagner,
1981). An alternative view is that the context may set the occasion for
relationships between other (CS and US) events that occur within them
(referred to as occasion setting; Holland 1993). There is considerable
evidence to support this view (see, Holland 1993). For example, Bouton
(1993) has reviewed evidence showing that several associative learning
phenomena rely at least in part upon contextual cues to select or retrieve
appropriate CS-US relationship. Bouton concludes that retrieval function of
the context appears is most readily apparent when contextual cues
disambiguate the meaning of a stimulus.

  Research concerning the role of the hippocampus in processing
contextual information has revolved around the issue of whether damage to
this structure disrupts the formation of a context representation (c.f.,
Anagnostaras, Gale and Fanselow 2001; Gaffan, 1994) or the contextual
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retrieval of information (c.f., Hirsh, 1974; Honey & Good, 1993;  Maren &
Holt, 2000). These views will be considered in the following section.

The hippocampus and context memories.
A commonly held view is that the formation of a representation of a

context requires the integration of the multiple cues that comprise a context
into a unified (often referred to as configural or conjunctive) representation --
a process that has been allied to the formation of a spatial memory (Nadel, &
Willner, 1980; Gaffan, 1994; Sutherland & Rudy, 1989; Anagnostraras et al.,
2001). During conditioning a configural context representation can enter into
direct associations with other stimuli and/or act as a retrieval cue for other
associative relationships. Context fear conditioning has become a popular task
to evaluate the effects of lesions (including genetic manipulations; e.g.,
Crawley, 1999) on context memories. In the basic procedure, animals are
exposed to a novel conditioning context and then presented with either
signalled (e.g., a tone) or unsignalled footshock. As result of these pairings,
control animals display a well-characterised freezing response to presentations
of the context and/or the conditioned stimulus (CS). Several studies have
reported that animals with lesions of the hippocampus showed impaired
freezing elicited by contextual cues but displayed normal levels of freezing to
a standard CS e.g., a tone (for a review see Maren et al., 1998). This pattern of
results has been taken to indicate that the hippocampus is required for the
formation of a context representation. Other evidence is also consistent with
this view. For example, prior exposure to a context before hippocampal
surgery protects the animals against a contextual freezing deficit (Young et al.,
1994). According to Young et al., the exposure to a context before the
hippocampus is damaged allows the context representation to be formed in the
hippocampus and then stored elsewhere (e.g., cortex). After a hippocampal
lesion, the intact context representation is then able to enter in to an
association with a US. Consistent with this view, other studies have shown
that the role of the hippocampus in context processing is temporally graded.
Rats that have received pairings of a context with shock,  either 1, 7, 28, or 100
days prior to hippocampal surgery show impaired context freezing when
surgery was conducted 1 day after training. In contrast, freezing elicited by a
context in rats with hippocampal lesions was comparable to control animals
when the surgery was conducted 28 days after training (Kim & Fanselow,
1992; or 100 days after training, (Maren et al., 1997).

Although evidence in favour of the context representation account
appears compelling, there are reports of normal context learning in rats with
hippocampal lesions. For example, Maren et al., (1997) found that neurotoxic
lesions of the dorsal hippocampus did not disrupt the acquisition of
contextual fear (see also Phillips and LeDoux, 1994; Cho et al. 1999). A
recent report by Richmond et al (1999) has suggested that contextual fear
conditioning and spatial navigation may have different neural substrates.
These authors reported that lesions to the ventral hippocampus, but not the
dorsal hippocampus, disrupted fear conditioning. In contrast, it is reasonably
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well established that damage to the dorsal, but not to the ventral, hippocampus
disrupts navigation in the Morris watermaze (Moser et al., 1995; Hock &
Bunsey, 1998; see also Cho et al., 1999). One explanation that has been
offered for those instances in which hippocampal damage does not influence
contextual fear conditioning is that lesioned animals may have formed
associations between individual salient features (or elements) of the context
and shock (see Anagnostaras, et al., 2001). At the very least what this
explanation suggests, however, is that a better test of context memory is
required. This is further illustrated by a performance account of the contextual
freezing impairment in rats with hippocampal lesions.

According to the performance account, hippocampal lesions in rats
result in hyperactivity (Teitelbaum & Milner, 1963 Douglas & Isaacson,
1964; Good & Honey, 1997). Rats with lesions of the hippocampus may fail
to exhibit normal freezing simply because the tendency to be active interferes
with the expression of contextual fear (Good & Honey, 1997; McNish et al.,
1997). In addition, the performance account assumes that stimuli, such as a
tone conditioned stimulus, that usually elicit higher levels of fear, are less
susceptible to the activity-related disruption in performance. One issue that
remains to be addressed is whether the lesion-induced changes in activity level
can explain the time-limited retrograde amnesia for context fear in
hippocampal rats.

At the very least, the performance account has raised an important issue
concerning the impact of changes in activity levels following hippocampal
lesions on conditioned freezing. Do alternative measures of context learning
support the context memory theory of hippocampal function? Mc Nish et al
(1997) reported that rats with hippocampal lesions acquired a context fear-
potentiated startle response as well as control rats. Interestingly, the same
lesioned animals, nevertheless, showed impaired freezing to contextual cues.
Similarly McNish et al., (2000) showed that blocking (Kamin, 1969) by a
context of conditioning to a CS was intact in rats with hippocampal lesions.
These studies show that, at least some, alternative measures of context learning
do not support the proposal that the hippocampus contributes to forming  a
representation of a context.

 In summary, contextual fear conditioning paradigms alone are not
sufficient to demonstrate a role for the rodent hippocampus in forming a
representation of a context (see Holland & Bouton, 1999; Gewirtz et al., 2000,
Anaganostaras et al., 2001, for further discussion).  What is required is a
more direct test of the nature of the representations that are formed during
exposure to a context. The development of behavioural tests that reveal
whether a configural or elemental process has been used to encode
information about a context will advance our understanding of the role of the
rodent hippocampus in context learning.



Spatial memory and hippocampal function 123

The contextual retrieval of memories.
 There is a long history of research showing that the expression of

memories depends upon the context in which a memory is retrieved (Tulving
& Thomson, 1973; Spear, 1973; Bouton, 1993). In 1974, Richard Hirsh
proposed that the hippocampus participated in a process of contextual retrieval
of information. Hirsh proposed two learning system, a contextual retrieval
system, that was dependent upon the hippocampus, and a performance line
system that was independent of the hippocampus. Hirsh’s view of context
included the ambient cues of the environment and interoceptive cues that were
associated with hunger, thirst, etc. According to Hirsh, contextual cues can
“refer to but are not described within the information to be retrieved” (Hirsh,
1974). Examples of procedures that encourage contextual retrieval include
conditional learning such as occasion setting. According tom Hirsh,
information that is retrieved from memory by contextual stimuli is placed into
a performance system referred to as the “performance line”. When
independent of contextual retrieval processes, the learning supported by the
performance line system reflected simple stimulus-response associations and
was relatively inflexible. According to Hirsh, learning supported by the
contextual retrieval system was much more flexible. For example, intact rats
could use contextual retrieval cues to rapidly store and adjust to changes in the
reinforcement contingencies experienced in an environment. Rather than
overwriting a learning experience, an animal could store an experience using a
unique contextual tag for later retrieval, should similar environmental events be
encountered in the future. In the absence of the contextual retrieval system
(following hippocampal damage), Hirsh proposed that performance was
governed simply by the summation of the current and previous reinforcement
history of stimuli. More specifically, Hirsh (1974) proposed that animals with
hippocampal lesions were unable to apply different contextual labels to
different sets of reinforcement contingencies. One consequence of
hippocampal damage, according to Hirsh’s view, is that lesioned rats should
be impaired in learning conditional discriminations.

Although there is now evidence that hippocampal lesion do not severely
disrupt conditional learning of the type predicted by Hirsh (e.g., Deacon et al.,
2001), there is evidence that hippocampal lesions may disrupt contextual
retrieval of associative information under some conditions (see also O’Reilly
& Rudy, 2001).  For example, rats with hippocampal lesions fail to show
contextual specificity of some forms of learning, e.g., latent inhibition. Latent
inhibition refers to the retardation in conditioning that is associated with non-
reinforced exposure to a CS (Lubow, 1973). A hallmark of latent inhibition is
that it is reduced or abolished if the exposure and conditioning stages of latent
inhibition are carried out in different contexts. In addition, latent inhibition can
be renewed after the CS has been exposed and conditioned in different
contexts, if the CS is tested in the preexposure context (see, Maren and Holt,
2000). One account of latent inhibition is that the poorer conditioned
responding to a preexposed CS results from the (contextual) retrieval of
conflicting memories of the CS. For example, when preexposure and
conditioning occur in the same context, the context may activate conflicting
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memories of the CS – a memory of the CS paired with nothing and another of
the CS paired with reinforcement. However, changing the context between the
preexposure and conditioning phases of LI will reduce the impact of the
preexposure memory on performance to the CS during conditioning (see,
Holland & Bouton 1999).

To examine the effects of hippocampal lesion on contextual specificity
of latent inhibition, Honey and Good (1993) exposed rats to two different
CSs, each CS in a different context (e.g., stimulus x in context A and stimulus
y in context B).  Both stimuli were then paired with food in the same context
(i.e., stimulus x and stimulus y were paired with food separately in context A).
For control animals, the CS that was conditioned in the same context as
exposure (e.g., stimulus x in context A in our example) acquired conditioned
responding at a slower rate than the CS exposed and conditioned in a different
context (stimulus y in context A). However, rats with hippocampal lesions did
not show this pattern of responding. They responded at a lower rate to both of
the stimuli, that is they showed latent inhibition to both CSs regardless of the
context in which they were conditioned. Honey and Good (1993) also showed
that rats with hippocampal lesions were able to discriminate as quickly as
control animals between the two contexts when free-food was presented in
one context but not the other. This pattern of results along with other studies
(e.g., Good & Honey, 1991; Good and Bannerman, 1997; Good et al., 1998;
but see, Fox and Holland, 1998 and Frohardt et al., 2000) support the view,
first proposed by Hirsh (1974), that the hippocampus contributes to the
contextual retrieval of associative information.

One limitation of the lesion method is that the disruption to
hippocampal function is present throughout training and is not confined only
to the retrieval stage of testing. A recent study by Holt and Maren (1999) has
over come this limitation by using a drug (muscimol) that, when injected
directly in to the hippocampus, temporally suspends neural transmission. Holt
and Maren (1999) examined the context specificity of the expression of latent
inhibition using a fearconditioning paradigm. They first exposed rats to a tone
CS in one context and simply the animal to a second context (i.e., stimulus x
in context A; nothing in context B). After exposure, rats then received
conditioning trials in which the CS was followed by foot shock in a third
novel context (stimulus x paired with shock in context C). Before testing, sub-
groups of animals were infused either with muscimol or saline into the dorsal
hippocampus. During testing, rats infused with saline showed lower levels of
freezing to the tone when it was tested in the same context as exposure (i.e.,
stimulus x in context A), that is they expressed latent inhibition. However, rats
that had received infusion of muscimol into the hippocampus during testing,
showed the same low levels of freezing to the CS regardless of whether it was
tested in the same or a different context to that of exposure. That is, rats with a
temporary inactivation of the hippocampus during retrieval showed latent
inhibition regardless of the context in which the CS was tested. Holt and
Maren, excluded the possibility that rats treated with muscimol were unable to
discriminate between the contexts at test. Rats first received unsignalled
footshock in one context and no shock in a second context. The rats then
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received an extinction test following infusion of either saline or muscimol into
the dorsal hippocampus. The infusion of muscimol into the dorsal
hippocampus had no detrimental effect on the context discrimination. More
recently, Corcoran and Maren (2001) have also shown that that the context
specific expression of extinction is also disrupted by infusion of muscimol
into the dorsal hippocampus. Taken together these studies provide compelling
evidence that hippocampal inactivation impairs the contextual retrieval of
associative information.

In summary, the contribution of the rodent hippocampus to forming a
representation of the context remains controversial. Even if one acknowledges
that rats with hippocampal lesions are able to form only elemental
representations of a context, it nevertheless remains the case that a high-order
retrieval process is impaired by hippocampal dysfunction in rats. In order to
resolve the debate between the contextual representation and contextual
retrieval views of hippocampal function in rats, new behavioural tests are
required that reveal the nature of representations formed during context
learning (see also, O’Reilly  & Rudy, 2001). Nevertheless, there is converging
evidence from studies using rats and primates that the hippocampus
contributes to processing information about contexts and the events that are
associated with them.

5. Events, contexts, space and the hippocampus.
The evidence reviewed above has shown that the hippocampus

contributes to processes supporting episodic recognition memory, spatial
navigation and context dependent retrieval processes. In attempting to capture
the mechanism(s) that might be central to these forms of learning, a common
principle has emerged in many recent theories of hippocampal function. That
is, that the hippocampus plays a fundamental role in integrating
representations.  This view is prevalent in many psychological and
computation theories of hippocampal function (e.g., Burgess et al., 2001;
Eichenbaum, 2001; Gluck & Myers, 1993; Morris, 2001). Thus, the majority
of recent theories of hippocampal function have at their core the organizing
principle that representations of objects/ events and their spatiotemporal
context are integrated together (or indeed separated) from each other in a
neural network instantiated in the hippocampal formation. A comprehensive
review of all these theories is beyond the scope of this paper (for a recent
summary of computational models, see Hippocampus, 6, 1996, Special Issue:
Computational Models of Hippocampal Function in Memory, and Gluck &
Myers, 1997). Instead I will conclude with a brief overview of two recent
theories that have stimulated a great deal of empirical interest and that
represent the organising principles of several recent theories of hippocampal
function.
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The hippocampus and configural representations.
One of the most influential non-spatial psychological theories of

hippocampal is the configural learning theory proposed by Sutherland &
Rudy (1989; see also Rudy and Sutherland, 1995). According to the
configural theory, learning is supported by two separate systems. One system,
that is independent of the hippocampus, forms association between simple or
elemental stimuli, e.g., a CS and reward. An elemental association is one that
develops between cue elements of one stimulus and cue elements of another
stimulus. The ability of a CS to activate a representation of another event
depends upon the associative strengths of the individual elements of the
stimulus and the associative strength of other stimuli present on a trial. The
second learning system proposed by Sutherland and Rudy, is the configural
learning system and is dependent upon the hippocampus. A configural
representation is a unique representation of the joint occurrence or
conjunction of two or more stimuli. Sutherland & Rudy (1989) proposed that
rats with hippocampal damage are unable to learn non-linear conditional
problems, such as negative patterning (stimulus x and stimulus y are followed
by food but the compound cue comprising of x and y is non reinforced) that
require configural representations. An important feature of these
discriminations is that they cannot be solved by the combination of the
individual associative strengths of the component stimuli. Unfortunately, a
large literature has amassed that shows that rats with hippocampal lesions are
able to acquire at least some nonlinear discriminations, such as negative
patterning (e.g., Davidson et al., 1993; see also Good et al., 1998).

 In response to these negative findings, O’Reilly and Rudy (2001)
reconfigured the configural theory and suggested that two separate systems
contribute to forming conjunctive (i.e., configural) representations. The first is
a cortical system that can form configural representations and thus support the
learning of nonlinear discriminations, such as negative patterning, and the
second is a hippocampal system that is capable of rapidly forming conjunctive
representations during incidental learning tasks. A characteristic of the cortical
learning system is that it develops conjunctive representations over a relatively
large number of trials when conjunctive representations are explicitly required
for the solution of the task.  The cortical system is therefore driven by task
contingencies and is capable of forming complex representations when given
sufficient training. O’Reilly and Rudy suggest that non-linear discriminations
such as negative patterning (or ambiguous cue problems) are not ideal tasks to
reveal the contribution of the hippocampus to configural learning. Instead, it is
suggested that the hippocampus contributes to processing incidental
configural or conjunctive representations. Examples of tasks in which
hippocampal incidental conjunctive representations contribute to performance
include, spatial learning, habituation (Save t al., 1992), the contextual
specificity of conditioning and latent inhibition (Good & Honey, 1991; Good
& Bannerman, 1997; Honey & Good, 1993; Good et al., 1998), contextual
fear conditioning (Phillips & LeDoux, 1994) and the detection of associative
mismatches (Honey et al., 1998; Honey & Good 2000). Interestingly,
O’Reilly and Rudy also predict that rats with hippocampal lesions should be
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unable to form incidental sensory-sensory associations. However, Honey &
Good (2000; see also Good et al., 1998) and Ward-Robinson et al (2001)
have shown recently that rats with hippocampal lesions are able to form
(incidental) sensory-sensory associations using serial habituation and sensory
preconditioning tasks, respectively. Nevertheless, the view that the
hippocampus processes or forms configural representations is expressed,
albeit in different ways, in a number of theories of hippocampal function (e.g.,
de Araujo et al., 2001; Anagnostaras et al., 2001; Gaffan, 1998; Gluck &
Myers, 1993;  McNaughton & Morris, 1987; Schmajuk & Buhusi, 1997)

Relational memory
 Eichenbaum and colleagues (e.g., Eichenbaum et al., 1992;

Eichenbaum, 2001) suggest that the hippocampus plays a critical role in
declarative memory for both episodic and semantic information. More
specifically, Eichenbaum and colleagues propose that declarative memories are
expressed through conscious recollection of events and may be used to solve
novel problems by making inferences based upon retrieval of declarative
memories. Thus, relationships between items or events that have never been
directly trained or experienced together can be inferred by reference to the
hippocampal relational network.

Eichenbaum and colleagues have examined the effects of hippocampal
lesions on relational learning using a number of non-navigation tasks, such as
transitive inference. For example, Dusek & Eichenbaum (1997) trained rats
on a series of pair-wise odour discrimination problems; e.g., stimulus A was
followed by food when paired with stimulus B, stimulus B was followed by
food when paired with stimulus C, stimulus C was followed by food when
paired with D, and finally stimulus D was followed by food when paired
stimulus E. The test for transitive inference examined the preference for items
that had never been directly paired together i.e., B and D. Rats with fornix
lesions or lesions of the entorhinal cortex acquired the initial discrimination of
the odour stimuli at the same rate as control animals. During the transitive
inference test control animals selected B over D. This preference was thought
to reflect a representation of the orderly relationships amongst the stimuli, i.e.,
stimulus B was preferred over stimulus C and C preferred over stimulus D,
the preference for stimulus B should be greater than for stimulus D. In
contrast, rats with hippocampal lesions did not show this pattern of results.
The rats also received a test with stimulus A and stimulus E. In this case,
stimulus E had never been paired directly with food and should therefore
possess lower associative strength than stimulus A. Control rats and rats with
hippocampal lesions both preferred stimulus A over stimulus E. Thus, while
rats with hippocampal lesions were able to acquire stimulus-stimulus
associations, Eichenbaum argues that these associations are hyper specific to
the trained events. According to Eichenbaum (2001), the control rats in Dusek
& Eichenbaum study were able to encode the odour discrimination as
distinctive experiences and flexibly express the orderly relations among the
items during the test of stimulus B and D.
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Eichenbaum has extended the relational model to capture certain
features of spatial learning. In the Morris watermaze for example, training
involves releasing the animal from different start locations at the periphery of
the pool and encourages the rat to adopt different routes to the hidden
platform. According to Eichenbaum (2001), the training trials can be viewed
as different trial episodes containing common information, e.g., the landmarks
the location of the platform. However, individual landmarks may be used
differently on any given trial (e.g., on some trials a rat will swim to the left of a
landmark on another it may swim away from a landmark). According to
Eichenbaum (2001), the differences in the distinct views that a rat is exposed
to during learning is reconciled by “constructing a spatial organization.” (p
204) of trial events. Control rats are then able to use the spatial organization of
trial episodes to make spatial inferences to navigate to the hidden platform
from novel start locations. The central principle in Eichenbaum and colleagues
theory, in common with other theories, is the linking or binding of episodic
memories by their common events and places that results in a capacity to
move among related memories in a network.

 Although the studies carried out by Eichenbaum and his colleagues
have succeeded in drawing attention to the contribution of the hippocampus to
non-spatial learning, some of their behavioural findings are open to alternative
interpretation. For example, an alternative explanation for the performance
shown by control animals on the B vs. D test in the transitive inference
paradigm described above is that the associative strength of B is simply
greater than that of D. The associative strength of B may be greater than that
of D by nature of its own association with food and by its association with A
(see Couvillon & Bitterman, 1992; Hall,1996;  and  Zentall, 2001, for
discussion). If this analysis were correct then it would suggest that damage to
the hippocampus disrupts a higher-order associative learning process.

Where are we now?
The last 10-20 years have certainly seen important developments in

characterisation of the hippocampal damage in animals. Advances have been
made in understanding the contribution of (1) the primate hippocampus to
recognition memory, (2) the human hippocampus to spatial navigation (3) the
rodent hippocampus to different types of spatial navigation and context
processing. The current memory theories of hippocampal function possess a
common organizing principle -- that the hippocampus contributes to the
binding together of memories of events and their spatiotemporal context (see
O’Reilly and Rudy for discussion). This has led to a reinterpretation of a
range of behavioural deficits in animals with hippocampal damage in terms of
declarative/episodic versus procedural memory processes (e.g., Gaffan, 1998;
Eichenbaum 2001; O’Reilly & Rudy 2001). However, there is a danger in
over generalising the performance of animals (in both spatial and non-spatial
tasks) to episodic or declarative memory processes. Many tasks that are
claimed to capture aspects of episodic (or episodic-like) memory processes
are open to interpretation in terms of simpler (associative and non-associative)



Spatial memory and hippocampal function 129

processes (see Honey & Good, 2000; Griffiths et al., 1999 for discussion).
As Tulving (2001) has noted “evolution is an exceedingly clever tinkerer who
can make its creatures perform spectacular feats without necessarily endowing
them with sophisticated powers of conscious awareness.” (p1513). A goal for
the future is to develop more sophisticated behavioural tasks for animals that
engage specific processes that are thought to underlie episodic memory, e.g.,
what, where and when an event took place, and that permit evaluation of
hippocampal cell loss on memory processes in a tractable fashion (see Morris,
2001 for further discussion).

There remains one indisputable fact concerning hippocampal function –
the hippocampus clearly plays an important role in spatial navigation. The
advocates of the spatial mapping theory continue to press home this fact and,
further, propose that this characterisation remains the best explanation for
both experience-dependent patterns of hippocampal neuronal activity and the
outcomes of lesions studies (O’Keefe, 1999). Perhaps one way to approach
the issue of the memory functions of the hippocampus is to continue our
efforts to understand the principles governing spatial learning. A better
understanding of the conditions, the nature of the representations and the
mechanism(s) by which spatial learning (in all its forms) takes place
(Dickinson, 1980) will provide important clues to the role of the hippocampus
in memory.
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