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During the past year, considerable progress has been made in
our understanding of the wide-ranging functions of the
hippocampus. Highlights include the development of new tasks
with which to assess spatial/topographic memory in humans
and monkeys, novel tests of relational memory in rats, and
episodic-like memory tasks in birds. In addition, novel theories
of hippocampal function have been developed that are notable
for their applicability to both humans and animal models.
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Introduction
Ever since the seminal description of the well-known
amnesic patient HM by Scoville and Milner [1], intense
research has focused on defining the role of the hippocam-
pus in declarative memory. Declarative memory refers to
the ability to remember personal past experiences — in
other words, the ‘what, where and when’ of an event
(episodic memory) — as well as the ability to acquire
knowledge and remember facts about the world that may
or may not have been acquired through such personal
experiences (semantic memory) [2]. Remembering getting
soaked in the London rain last Tuesday is an example of
episodic memory, but knowing that it often rains in
London is an example of semantic memory, because this
knowledge need not be acquired as a result of a personal
experience of getting wet.

Despite almost 50 years of research following the descrip-
tion of patient HM, a complete understanding of the role
of the hippocampus in declarative memory remains elu-
sive. Although it has often been difficult to compare the
findings and theories of hippocampal function across
species, the recent development of new tasks to probe hip-
pocampal function, as well as the development of new and
more inclusive theories of hippocampal function, have
served to facilitate cross-species comparisons. In humans
and monkeys, for example, new tasks of spatial/topograph-
ic memory have been developed using either real-world or
virtual environments. Some of the most significant
advances in the rat literature have been attributable to the

expansion of paradigms beyond the rich inventory of exist-
ing spatial memory tasks to include innovative new tasks
of olfactory recognition and relational memory that are also
sensitive to hippocampal damage. One of the most promis-
ing advances has been the development of episodic-like
memory tasks in birds; these tasks can also be adopted for
use in other species.

These recent findings are also of interest from a neu-
roethological point of view. A common theme of the new
developments is that many of these novel tasks take
advantage of the animal’s natural tendencies and behav-
iors. Designing tasks that are based on knowledge of the
ethology of a given species, or choosing experimental ani-
mals with a particularly strong, naturally evolved
dependence on certain types of memory, has proven to be
remarkably useful for revealing the dependence of these
forms of memory on the hippocampus. These new tasks,
together with ideas emerging from new theories of hip-
pocampal function, have begun to bridge the gap between
human and animal studies. In this review, we adopt a neu-
roethological perspective to demonstrate how the recent
advances in theoretical and empirical research have
expanded our understanding of the fundamental mnemon-
ic functions of the hippocampus. We also illustrate how
memory tasks of known ethological relevance to an animal
can more clearly reveal the fundamental mnemonic func-
tions of the hippocampus.

New theories of hippocampal function
The structures of the medial temporal lobe that are known
to be important for memory include the hippocampus and
the surrounding and strongly interconnected entorhinal,
perirhinal and parahippocampal cortices. Since the original
description of patient HM, there has been a multitude of
theories proposed describing the major function of the hip-
pocampus and its relationship with these other brain areas.
A common feature of these early theories is that they have
tended to focus on either animals or humans, but not on
both. An exciting recent development has been the
description of two new theories that have attempted to
describe a theoretical framework applicable to humans as
well as animal model systems. Although these theories
have taken very different approaches to defining hip-
pocampal functions, they share the common feature of
differentiating the mnemonic functions of the hippocam-
pus on the one hand, and the surrounding entorhinal,
perirhinal and parahippocampal cortices on the other. 

In the first of these new theories, Mishkin and colleagues
[3,4] argue that the hippocampus plays a selective role in
episodic memory whereas the surrounding cortical areas (i.e.
the entorhinal, perirhinal and parahippocampal cortices)
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play the major role in semantic memory. We will refer to this
and similar theories (see below) as the episodic theory of
hippocampal memory function. Evidence for this theory
comes from the results of testing three patients who sus-
tained hippocampal damage early in life. These patients are
described as exhibiting a clear impairment in episodic mem-
ory, with a relative sparing of semantic memory [3].
Moreover, using tasks modeled on those used in non-human
primates, Vargha-Khadem et al. [3] found that performance
on tasks of simple object recognition was spared in their hip-
pocampal patients, suggesting that these tasks may be
categorized as semantic-like and that they depend on the
surrounding cortical areas. In contrast, their patients were
impaired on an object–place association task as well as a
voice–face association task. Because monkeys with hip-
pocampal lesions (that also included the parahippocampal
cortex) are also impaired on an object–place association task
[5], this suggested that certain associative memory tasks
used in monkeys may have elements in common with hip-
pocampal-dependant episodic memory in humans.

Tulving and Markowitsch [6] propose a similar episodic
theory of hippocampal memory function, but in their ver-
sion, episodic memory is an extension of semantic
knowledge: memory about the context of when and where
the information was acquired is combined with the seman-
tic knowledge that was gained on that occasion. Thus,
according to the Tulving and Markowitsh theory, episodic
memory cannot exist without semantic knowledge.
According to both versions of the episodic theory of hip-
pocampal memory function, semantic knowledge can be
acquired by way of the surrounding cortex even in the face
of impaired episodic capabilities. Both theories also state
that damage to the hippocampus would result in a selec-
tive impairment of episodic memory, whereas damage to
the semantic (i.e. cortical) system would impair both
semantic and episodic memory.

In contrast to the episodic theory of hippocampal memory
function, the relational theory of Eichenbaum and col-
leagues [7••] suggests that the hippocampus supports the
formation of relational representations between all kinds of
stimuli. A key feature of hippocampal-dependent relation-
al representations is that they are quickly learned and
allow for inferential relationships between representations
that can be used in novel situations. Like the episodic the-
ory, this theory suggests that the hippocampus plays an
essential role in signaling the unique sets of relationships
that make up an episode. Unlike the episodic theory,
Eichenbaum and colleagues suggest that the hippocampus
is also important for extracting common features across
episodes and therefore plays a critical role in semantic
memory as well as in simpler forms of recognition and asso-
ciative memory. In contrast to the relational functions of
the hippocampus, the role of the surrounding cortices is
described as being important in maintaining the persis-
tence of individual stimuli in memory [8]. This idea is
supported by findings in both rats and monkeys showing

that damage to these cortical areas results in abnormally
rapid forgetting on various recognition memory tasks. Also
consistent with this idea is the finding in rats that cortical
neurons exhibit sustained stimulus-specific activity for 
to-be-remembered stimuli during the delay interval of var-
ious recognition memory tasks [8]. This relational view of
hippocampal function is reminiscent of the theory of
Squire and Zola [9], who argue that the individual struc-
tures of the medial temporal lobe contribute to many
aspects of declarative memory including both semantic
and episodic memory.

A key question in this review concerns whether these new
theories can be extended to a variety of non-human ani-
mals. Both the episodic and relational theories emphasize
the idea that the hippocampus is important for episodic
memory. While this idea is strongly supported by findings
in the human literature, recent developments in the bird
literature have begun to provide ways to test episodic-like
memories in other species. In contrast, only the relational
theory of Eichenbaum and colleagues suggests that the hip-
pocampus also plays an important role in other forms of
declarative memory, namely semantic memory, which
includes some forms of recognition and associative memo-
ry. According to the relational theory, spatial tasks may be
particularly good markers of hippocampal function because
their performance depends on the ability to form relational
representations between stimuli, even though they do not
necessarily require episodic recall (i.e. recall of what, where
and when). As we shall see in the following sections, empir-
ical evidence is most consistent with the relational theory.
Moreover, findings suggest that the dependence of a given
memory task on hippocampal function may be particularly
clear when the task is designed with an awareness of the
ethological relevance of the spatial, episodic, or relational
memory to the animal in question.

Empirical findings
Recent experimental findings have provided important
insights into three aspects of hippocampal function. The
first concerns a long-standing debate over the role of the
hippocampus in recognition memory. The second concerns
the role of the human and non-human primate hippocam-
pus in spatial representation, and the third concerns the
development of episodic-like memory tasks in animals.

The hippocampus and recognition memory
Recognition memory underlies our ability to detect that a
stimulus has been experienced previously. Although it is
widely accepted that the perirhinal and entorhinal cortices
surrounding the hippcampus are important for recognition
memory [10–12], the role of the hippocampus itself in this
form of memory has been controversial. The most com-
mon task used to test recognition memory in animals is the
delayed-nonmatching-to-sample (DNMS) task. In this
task, animals are first presented with a sample object.
Following a variable delay interval, animals are then given
a choice between the sample object and a novel object.



They must choose the novel (i.e. non-matching) object to
receive a food reward. One convincing study showed that
selective ibotenate lesions of the hippocampus and amyg-
dala in monkeys produced no impairment on the DNMS
task even when delay intervals were 40 min long [13]. By
contrast, a recent convergence of studies using the DNMS
task in monkeys [14••,15•,16], or analogous tasks in rats
[17,18] and humans [19], shows that hippocampal lesions
produce recognition memory impairments that are most
severe at the longest delay intervals tested.

How can we reconcile these contradictory results? One
theoretical perspective suggests that recognition tasks can
be solved in at least two different ways [20] — either by
recollecting the stimulus or event, thought to be depen-
dent on the hippocampus [21•], or by detecting stimulus
familiarity, thought to be dependent on the surrounding
cortex. Thus, performance on DNMS tasks need not
involve episodic recognition [22••]. Other key issues
include the specific training history of the animals, differ-
ences in the way the lesions have been made across
studies, and the sensitivity of the DNMS task to selective
hippocampal lesions. For example, Murray and Mishkin
[13] gave their animals several hundred training trials on
the task before the lesions were made in a two-step proce-
dure. Both pre-operative training and two-stage lesion
techniques are known to produce milder memory deficits
than post-operative training and single-stage lesions [14••].
In contrast, in the other animal studies, single-stage, bilat-
eral lesions were performed and all training was done
post-operatively. Why is the deficit milder with pre-
operative training and two-staged lesions? One possibility
is that these procedures bias the animals towards a non-
hippocampal strategy (i.e. a strategy dependent on the
surrounding cortex or a habit-like strategy dependent on
the neostriatum), which would remain intact after the
lesion and therefore not affect performance. In contrast,
with post-operative training and single-stage lesions, ani-
mals may use a more hippocampal-based strategy, resulting
in impaired performance.

Yet another important issue to consider is the sensitivity of
the DNMS task itself. Although Murray and Mishkin [13]
relied on the DNMS task to test recognition memory, both
Zola et al. [14••] and Pascalis et al. [16] report that animals
with hippocampal damage are even more impaired on a
visual paired comparison (VPC) task than on the DNMS
task. The VPC task is a recognition task that taps the ani-
mal’s natural tendency to examine novel versus familiar
visual stimuli by measuring eye-movement responses.
Unlike the DNMS task in which animals must be trained
to displace the sample and test objects, the natural eye-
movement responses used in the VPC task do not require
training. In the VPC task, monkeys are first given two
identical novel pictures to look at (i.e. a sample picture).
Following a variable delay interval, they can choose to look
at either the sample picture or a novel picture. Normal ani-
mals spend more time looking at the novel picture even

after long delay intervals. In contrast, animals with hip-
pocampal lesions do not show this novelty preference if
the delay interval is longer than a few seconds. Similarly,
when rats with hippocampal lesions are tested on a task of
spatial recognition memory (a task considered by many to
be highly ethologically significant in rats), they are severe-
ly impaired [18]. More recently, it has been shown that
lesioned rats are also severely impaired on a variety of
ethologically motivated tasks in which they dig in odorized
sand to find food rewards [23] or identify a ‘safe’ food after
a single exposure to the odor of the food on the breath of
another (healthy) rat [24]. Like tasks of spatial memory,
these latter tasks also tap the exquisite natural olfactory
abilities of rats.

Taken together, these studies make two important points.
First, the findings suggest that the hippocampus plays a
key role in many forms of recognition memory. The
involvement of the hippocampus in recognition may
depend on a complex set of factors including the type of
lesion, the training history and the particular strategy the
animal is using to solve the task. Second, the findings point
to the trend in the literature showing that recognition tasks
that are naturally acquired by the animal more clearly
reveal the dependence of these tasks on the hippocampus.
Below, we will explore in more detail the usefulness of
including the ethological relevance of tasks as a factor in
studies of hippocampal function.

The hippocampus and space
The hippocampus has been heavily implicated in solving
spatial tasks in rodents and birds [25], yet it is also clear
that primates have highly developed spatial abilities. In
the laboratory, there have been some exciting new devel-
opments in testing spatial/topographic memory in a more
realistic way in humans and monkeys. In humans, for
example, virtual reality tasks have been developed for use
in positron emission tomography (PET) or functional mag-
netic resonance imaging (fMRI) studies to probe spatial
memory and navigational ability. The major advantage of
these virtual reality tasks is that they capture more accu-
rately the dynamic aspects of navigation compared to
traditional table-top tasks of memory, yet maintain some
degree of experimental control that cannot be captured
when subjects are simply asked to recall the spatial layout
of their neighborhood [26] (but see [27••]). Maguire et al.
[26] used PET to assess hippocampal activation while sub-
jects navigated in a familiar yet complex virtual reality
town either by relying on their memory for the spatial lay-
out of the environment or by following a trail of arrows.
The right hippocampus was more active during navigation
than during trail-following, and there was a highly positive
correlation between accurate knowledge of where places
were located and activation of the right hippocampus.

Unlike previous studies using computer touch screens or
traditional stationary test boxes, recent developments in the
study of spatial representation in the monkey hippocampus
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have begun to examine spatial activity in hippocampal neu-
rons as monkeys walk [28,29•] or drive [30•] around the
environment. One of the two groups reported spatially
selective responses in a significantly higher number of neu-
rons during the locomotion version of the task than during
an analogous computer-screen version of the task [30•].
Using a different experimental protocol, however, the other
group reported similar numbers of spatially selective neu-
rons during the locomotion task [29•] as have been reported
on computer-screen-based spatial tasks [31]. Although these
studies suggest that more realistic spatial tasks can some-
times engage larger numbers of hippocampal neurons,
further studies will be needed to confirm this observation.

As is becoming increasingly clear, the knowledge of which
tasks are particularly ethologically relevant to the animal is
extremely useful in studying the role of brain areas. One of
the most striking examples of this comes from comparative
studies of different species. These studies show that hip-
pocampal volume is increased in mammalian and avian
species that depend critically on spatial memory for sur-
vival. Examples of such critical memory skills include
home-range navigation, migration, brood parasitism, and
memory-based cache recovery in birds that hide food [32].
Thus, the more neuroethologically relevant the spatial
tasks are to the particular animal, the more the hippocam-
pus can be shown to be prominent and to play an
important role in these tasks. Such specialized animals
may be particularly useful for revealing basic features of
hippocampal function across all animals.

Moreover, there may be a direct link between the perfor-
mance of spatial memory tasks and hippocampal size. In a
series of experiments in food-storing birds, Clayton and col-
leagues have shown that the hippocampus of titmice and
chickadees increases in volume in association with the expe-
rience of storing and recovering food caches [33,34]. This
experience-dependent hippocampal growth occurs at a rela-
tively late stage in development, after the young have
fledged from the nest. Furthermore, recent studies show
that post-fledging chickadees require experience of both
storing and cache recovery not only to initiate normal hip-
pocampal growth but also to maintain hippocampal size [35].

A similar experience-dependent relationship between hip-
pocampal size and navigational ability has also recently
been suggested in humans. Maguire et al. [36••] tested the
hypothesis that the ability of taxi cab drivers to navigate
the complex streets of London correlates with hippocam-
pal size. London taxi drivers had larger posterior
hippocampi and smaller anterior hippocampi than age-
matched control subjects. It remains to be seen whether
navigational learning is directly correlated with the struc-
tural change in the hippocampus because control subjects
may have differed from the taxi drivers in a number of
respects, including lifestyle and the time spent in London.
Nonetheless, the results raise the intriguing possibility of
hippocampal plasticity in the healthy adult human brain in

response to environmental demands. This hypothesis can
be tested directly in experimental animals.

Testing episodic memory in animals
Most animal tasks have not distinguished between famil-
iarity-based recognition and episodic recall. Recently,
however, Clayton and Dickinson devised a way to test
episodic-like memory using food-caching birds as the
model system. Food-caching birds hoard food throughout
their winter territories when food is abundant only to
retrieve it days, weeks and even months later when food is
scarce. A wealth of evidence from both the field and the
laboratory shows that spatial memory plays an important
role in cache retrieval [37], an ability that depends upon
the hippocampus [38]. Some species, including jays, cache
perishable items (e.g. worms) in addition to seeds. It there-
fore may be adaptive for these species to encode and recall
information about when a particular food item was cached
and what type of food was cached, as well as where the
food was hidden. In a series of laboratory experiments,
Clayton and Dickinson [39,40••] showed that jays remem-
ber a series of facts about an object (the food item), a place
(where they stored it), a time (how long it was since they
stored the item) and an action (food-storing versus cache
recovery) based on a single caching experience. When
these facts are integrated, the jay has sufficient information
to recall the episode of caching [22••]. The ability to
remember the ‘what, where, and when’ of an event on the
basis of a single past experience is termed episodic-like
memory [22••,39] because the results fulfill the behavioral
criteria for episodic memory [2].

An exciting prospect for the future is the development of
other animal models of episodic-like memory tasks based
on the food-caching paradigm in birds. This could be
achieved either by testing natural food-caching memory in
other animals such as rats [37], or by having an experi-
menter hide food and testing the subjects’ ability to
remember where that food was hidden. The latter model
could be used to investigate the development of episodic
memory in a variety of different animal species and also in
humans. The development of an effective test of episodic
memory in language-impaired patients opens up the possi-
bility of distinguishing between neurological deficits that
cause language impairments and those resulting in a 
disruption of episodic memory.

The neuroethology of the hippocampus
Although the hippocampus is involved in a wide range of
mnemonic functions, three defining features can be iden-
tified. These features include the ability to form new,
complex memories in a single trial, to flexibly update those
memories, and to extract common information between
experiences. Across many species, there are ethologically
motivated tasks that share these defining features, includ-
ing the VPC task in monkeys [14••], social learning of food
odors in rats [24], food caching in jays [39,40••] and episod-
ic memories in humans [3]. Hippocampal-dependent
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memories also include the ability to flexibly update mem-
ory on the basis of current experience. This also applies to
navigation, which has long been known to be highly sensi-
tive to hippocampal damage in animals [41]. Recent
functional imaging studies have confirmed the important
role of the hippocampus for navigation in humans [26]. For
the same reasons, food caching tasks [38] in which animals
must update their memory in a flexible way are also high-
ly sensitive to hippocampal lesions. Finally, the ability to
extract common information across trials may be critically
dependent on hippocampal function. This idea is support-
ed by the fact that selective hippocampal lesions in
adulthood are often associated with semantic memory
impairments [42].

Conclusions
In conclusion, this brief survey of the current literature sug-
gests that the growing body of more-ethologically based
memory tasks in animals tap some of the same key features
emphasized in current theories of hippocampal function. For
example, the episodic theory of hippocampal memory func-
tion suggests that the hippocampus is essential for memories
of the ‘what, where and when’ of common every day events.
Tasks designed with the ethological significance of the ani-
mal in mind may create a more naturalistic event for the
subjects under study to remember and in this way may be
particularly well suited to engage hippocampal memory
function. Similarly, consistent with the relational theory of
hippocampal function, several of the more ethologically
motivated memory tasks include the requirement of forming
fast and flexible relational representations between stimuli
(i.e. spatial/topographic memory). For these reasons, we
believe that an ethological perspective is critical for under-
standing the role of the hippocampus in declarative memory
[43]. The use of highly specialized tasks of known ethologi-
cal relevance may help us to understand how the
hippocampus is involved in memory and what distinguishes
this type of memory from non-hippocampal memory.
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