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In this review, we will discuss the idea that the hippocampus may be involved in both

memory and perception, contrary to theories that posit functional and neuroanatomical

segregation of these processes. This suggestion is based on a number of recent
neuropsychological and functional neuroimaging studies that have demonstrated that the

hippocampus is involved in the visual discrimination of complex spatial scene stimuli. We
argue that these findings cannot be explained by long-term memory or working memory

processing or, in the case of patient findings, dysfunction beyond the medial temporal

lobe (MTL). Instead, these studies point toward a role for the hippocampus in higher-order
spatial perception. We suggest that the hippocampus processes complex conjunctions of

spatial features, and that it may be more appropriate to consider the representations for

which this structure is critical, rather than the cognitive processes that it mediates.

Keywords: hippocampus, perirhinal cortex, medial temporal lobe, memory, perception, amnesia, functional

neuroimaging, neuropsychology

INTRODUCTION

Since the ground-breaking work of Scoville and Milner (1957),

the hippocampus has been considered to be an integral com-

ponent of a medial temporal lobe (MTL) memory system. A

traditional view posits that the hippocampus forms an unitary

memory system alongside other MTL structures, including the

perirhinal cortex (PRC), entorhinal cortex, and parahippocampal

cortex (Squire and Zola-Morgan, 1991; Squire et al., 2004; Squire

and Wixted, 2011). According to this view, the MTL subserves

long-term declarative memory exclusively (Cohen and Squire,

1980) and is crucial for the rapid acquisition of new information

about facts and events. There are thought to be no clear func-

tional differences between the various MTL structures and injury

to any component of the MTL memory system is believed to pro-

duce a deficit in all forms of declarative memory proportional to

the amount of damage to this system (Squire and Zola-Morgan,

1991; Squire et al., 2004; Squire and Wixted, 2011).

Alternative theories for the role of the MTL in memory

argue that there is complete or relative functional segregation

within the MTL, and that each structure is important for dif-

ferent mnemonic processes. One popular theory suggests that

the hippocampus mediates recollective memory (i.e., remem-

bering accompanied by the retrieval of contextual information)

whereas the PRC is important for familiarity-based recognition

(i.e., “feeling of knowing” in the absence of contextual retrieval)

(Aggleton and Brown, 1999; Brown and Aggleton, 2001; Yonelinas

et al., 2010). An alternative view argues that the hippocam-

pus is critical for the rapid formation and retrieval of flexible

associations between items such as individual percepts, context,

and events, whereas the cortex surrounding the hippocampus,

including the PRC, is essential for memory for individual items

(Eichenbaum et al., 1992; Cohen and Eichenbaum, 1993; Moses

and Ryan, 2006). More recently, a number of models related to

these two theories have been suggested, including the Binding

in Context model (BIC, Diana et al., 2007; Eichenbaum et al.,

2007; Ranganath, 2010), and the Convergence, Recollection, and

Familiarity Theory (CRAFT, Montaldi and Mayes, 2010). Both

of these models consider recollection and familiarity to be a key

factor to understanding functional segregation within the MTL,

but critically, highlight the importance of considering the types of

information that are being processed, with the hippocampus sug-

gested to be important for processing associations between items

and context, and the PRC involved in representing item infor-

mation. Discussing the differences between these various views

is beyond the scope of this review. The important point to make

here is that in contrast to a unitary MTL memory view, all of these

theories argue that differing patterns of MTL damage lead to dis-

tinct profiles of memory impairment, with hippocampal damage

producing specific problems in mnemonic processing.

Against the backdrop of an abundant amount of data impli-

cating the hippocampus and other MTL structures in declarative

memory, there has recently been a steady accumulation of stud-

ies suggesting a role for the MTL in perception (e.g., Buckley

and Gaffan, 2006; Bussey and Saksida, 2007; Murray et al., 2007;

Graham et al., 2010). The majority of this work has focused on

the PRC, and a putative role for this structure in the higher-

order perception of objects, that is the processing of combina-

tions of sensory features (e.g., within, but not limited to, the

visual domain), which allow the successful sensation, identifica-

tion, and discrimination of complex objects. More specifically,
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convergent research involving non-human primates (Eacott et al.,

1994; Buckley and Gaffan, 1997, 1998; Buckley et al., 2001; Bussey

et al., 2002, 2003), rodents (Bartko et al., 2007a,b), amnesic

human patients (Barense et al., 2005, 2007, 2010b; Lee et al.,

2005b,c, 2006, 2007; Lee and Rudebeck, 2010a) and computa-

tional modeling (Bussey and Saksida, 2002; Cowell et al., 2006,

2010b) has demonstrated that damage to the PRC results in a

significant impairment in the discrimination of complex objects,

which cannot be explained easily by a deficit in long-term declar-

ative memory (see, however, Stark and Squire, 2000; Levy et al.,

2005; Shrager et al., 2006; Clark et al., 2011; Kim et al., 2011).

For instance, PRC damage has been shown to disrupt simulta-

neous and zero-delay matching-to-sample of perceptually similar

object stimuli (Eacott et al., 1994), impair the discrimination of

simultaneously presented objects that share a high number of

visual features or objects that are presented from different view-

points (Buckley et al., 2001; Bussey et al., 2002, 2003; Barense

et al., 2005, 2007, 2010b; Lee et al., 2005b,c, 2006, 2007; Bartko

et al., 2007a,b), and result in a deficit in the processing of struc-

tural coherency of single objects (Lee and Rudebeck, 2010a).

Critically, these deficits exist in the context of intact perception

of simple visual features such as color and size, as well as per-

formance comparable to that of neurologically healthy control

participants on standard neuropsychological tests of perception,

highlighting the fact that the observed object perception deficits

are only evident under particular circumstances. To consolidate

the conclusions drawn from lesion studies, functional magnetic

resonance imaging (fMRI) work in neurologically healthy par-

ticipants has demonstrated significant PRC activity during the

discrimination of complex, but not simple, objects (Devlin and

Price, 2007; Lee et al., 2008; Barense et al., 2010a). Moreover,

this PRC activity has been shown to be distinct from that asso-

ciated with mnemonic processing (Lee et al., 2008; O’Neil et al.,

2009, 2012; Barense et al., 2011a), highlighting the fact that the

object perception deficits observed following PRC damage are

unlikely to be a result of a primary deficit in long-term memory

processing.

One theory that has been proposed to encapsulate the afore-

mentioned PRC findings and articulate the functions of the PRC

is the representational-hierarchical model (Murray and Bussey,

1999; Bussey et al., 2005; Murray et al., 2007; Saksida and

Bussey, 2010). According to this view, the PRC is an extension

of the representational hierarchy within the ventral visual stream

(Ungerleider and Mishkin, 1982): rostral inferotemporal cortical

regions, including PRC, form representations of complex con-

junctions of stimulus features, whereas more caudal regions (e.g.,

V4, TEO) represent the components from which these conjunc-

tions are formed (Murray and Bussey, 1999; Riesenhuber and

Poggio, 1999; Bussey and Saksida, 2002; Bussey et al., 2002).

As such, the deficits that result from PRC damage can be best

understood in terms of damage compromising high-level con-

junctive representations of features (e.g., those comprising an

object), leaving only lower-level representations (e.g., an object’s

shape or pattern) intact (Cowell et al., 2006). These complex con-

junctive representations are critical when discrimination solely

on the basis of simple features does not provide an easy solu-

tion to a problem (e.g., concurrent visual object discrimination).

For example, if visual features are rewarded when they are part

of one object but not when they are part of another, or if two

objects share many features in common (termed “feature ambi-

guity”), then these conjunctive representations are essential for

successful performance. It is important to point out that while

the representational-hierarchical model argues that the PRC pro-

cesses complex conjunctions of features and, therefore, is critical

to object perception, it does not claim that this structure does not

have a role in memory. Rather, the PRC object representations are

necessary for a variety of cognitive functions, and it is a disrup-

tion to these representations that leads to a deficit in both object

perception and object memory (Saksida and Bussey, 2010; Cowell

et al., 2010a).

Evidence for a critical role for the PRC in higher-order object

perception has led to the possibility that the hippocampus—a

structure heavily interconnected with the PRC, both directly and

indirectly via the entorhinal cortex—may also be important for

higher-order perceptual processing, for instance in the processing

of combinations of spatial features, which allow the successful

sensation, identification, and discrimination of complex spatial

stimuli. Recent data indicating that the HC may be involved in the

discrimination of complex scene stimuli support this idea (Lee

et al., 2005b,c, 2006, 2007, 2008; Barense et al., 2010a). The notion

that the hippocampus may be important for spatial cognition is not

new. Forty years ago, O’Keefe and Dostrovsky (1971) discovered

neurons in the rat hippocampus, which fired selectively when

a rat was in a specific location. The discovery of these “place

cells” pointed toward a role for the hippocampus in spatial

navigation and cognition, and suggested that the hippocampus

may subserve a cognitive map by containing a representation

of our spatial environment (Tolman, 1948; O’Keefe and Nadel,

1978). A large number of studies, primarily in rodents, have

since outlined a number of properties of these cells (O’Keefe

et al., 1998; Best et al., 2001; Moser et al., 2008). The existence

of cells that signal location (Ono et al., 1991, 1993; Hori et al.,

2003) and spatial view information (Rolls et al., 1997; Robertson

et al., 1998; Rolls, 1999) has also been demonstrated in non-

human primates, and lesions to the hippocampus in monkeys

have been shown to impair spatial location memory (Murray

et al., 1998; Hampton et al., 2004; Lavenex et al., 2006). In

addition to this, there has been substantial converging evidence

from studies in humans, with electrophysiological and fMRI

research reporting the presence of place cells or place cell like

activity in the human hippocampus (Ekstrom et al., 2003; Hassabis

et al., 2009), neuropsychological accounts of spatial memory

impairments following hippocampal damage (e.g., Bohbot et al.,

1998; Holdstock et al., 2000; Rosenbaum et al., 2000, 2005; Spiers

et al., 2001; Burgess et al., 2002; King et al., 2002; Feigenbaum

and Morris, 2004; Maguire et al., 2006; Taylor et al., 2007; Bird

et al., 2008), and MRI studies highlighting the involvement of the

human hippocampus in spatial navigation (Maguire et al., 1997,

1998; Spiers and Maguire, 2006, 2007; Igloi et al., 2010; Morgan

et al., 2011).

Despite an overwhelming amount of data supporting a role

for the hippocampus in spatial cognition, it is fair to say that the

vast majority of this work has been in the context of spatial mem-

ory tasks, or paradigms in which the learning and recall of spatial
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information is a vital component (e.g., spatial navigation). The

suggestion that the hippocampus is critical for higher-order spa-

tial perception goes beyond the mnemonic domain and argues

that the hippocampus is critical for complex spatial processing

irrespective of whether mnemonic processing is required (Gaffan,

2001, 2002). In this review, therefore, we will first present evi-

dence from a number of experiments in humans that suggest

a role for the hippocampus in complex spatial perception. We

will focus on studies that have used experimental paradigms that

do not possess an explicit long-term memory component and,

therefore, speak directly to the idea that the hippocampus may

be important for processes beyond declarative memory. We will

then consider human studies that have failed to find hippocampal

involvement in similar spatial perception tasks and attempt to rec-

oncile these disparate findings. Following this, we will discuss how

the hippocampus may contribute to complex spatial perception,

taking into account studies in humans, non-human primates, and

rodents that have involved “perceptual” or mnemonic tasks. In

particular, we will consider how a role in complex spatial per-

ception relates to other hippocampal functions/processes such as

allocentric spatial processing, pattern completion and separation,

and mnemonic processing. Finally, we will propose future direc-

tions of research that could facilitate our understanding of the

perceptual processes for which the hippocampus may be essential.

DIRECT EVIDENCE FOR A ROLE FOR THE HIPPOCAMPUS

IN COMPLEX SPATIAL PERCEPTION

To investigate the role of the hippocampus in spatial perception,

Lee and colleagues performed a series of experiments designed

to tax the perception of complex scene stimuli (i.e., scenes that

could not be discriminated easily on the basis of a single fea-

ture) in the absence of explicit long-term memory demands. In

the first study, amnesic patients with MTL damage were tested

on complex visual discriminations involving pairs of images that

had been morphed together to varying degrees such that they

shared between 0 and 49% of features (Lee et al., 2005c). There

were five image categories in total, with each category consist-

ing of 2 or more pairs of exemplars (each pair administered in

separate trial blocks). The five categories were: faces (2 pairs of

famous faces and 2 pairs of non-famous faces), objects (1 pair

of non-living items and 1 pair of animals), scenes (3 pairs of

outdoor scenes), abstract art (3 pairs) and colors (3 pairs). On

each trial, participants distinguished which of two stimuli was

most similar to a third stimulus, the latter being one of the orig-

inal exemplar images used to create the morphed stimuli. All

stimuli in a given trial were presented concurrently (Figure 1).

The target and foil stimuli on each trial were unique, although

the same two exemplar images were used to create all the tri-

als for each stimulus block. Patients with selective hippocampal

damage performed normally when discriminating face, object,

abstract art, and color stimuli, but were significantly impaired

when discriminating images of real world scenes. Importantly,

the hippocampal patients made an increased number of errors

as the percentage of shared features across the scenes in each

trial increased (i.e., the target and foil stimuli were more simi-

lar to each other due to a greater degree of morphing between

the two exemplar images). Patients with broader MTL damage

FIGURE 1 | Example (A) Scene and (B) Face trials from the visual

discrimination task used in Lee et al. (2005c). On every trial participants

indicated which bottom image was most similar to the simultaneously

presented top exemplar image. The two bottom images were created from

morphing two exemplars. “+” and “−“ indicate correct and incorrect

answers, respectively. (C) Z -scores for patients with selective hippocampal

lesions (HC focal lesion) and those with broader MTL lesions that included

the hippocampus and perirhinal cortex bilaterally (MTL focal lesion).

that included the hippocampus and perirhinal cortex also demon-

strated an impairment in discriminating scenes but, critically,

also showed impairments in discriminating faces, and (to a lesser

extent) objects (Figure 1). Because this experimental paradigm

has a minimal mnemonic demand (the target and choice stim-

uli are presented simultaneously, and there is no requirement

to remember information across trials), these findings indicate

that the hippocampus is critical for discriminating scenes with a

high degree of overlap, whereas the PRC is responsible for dis-

criminating faces and objects that share a large proportion of

features.

An alternative paradigm that has been used to assess the

involvement of the hippocampus in spatial perception is the odd-

ity judgment task. In one such study, participants were asked

to select the odd-one-out from an array of four simultaneously

presented stimuli (Lee et al., 2005b). The stimuli were either

images of 3D virtual reality indoor rooms (see Figure 2) or pho-

tographs of unfamiliar faces, and the stimuli on each trial were

presented either from the same viewpoint (“same view” condi-

tion) or different viewpoints (“different view” condition). For

instance, in the same view scene condition, three identical images

of the same room are presented with a fourth image of a dif-

ferent room. In contrast, in the different view scene condition

three different viewpoints of the same room are shown along-

side another viewpoint of a different room. In both the same and

different view scene conditions, the target scene on each trial is
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FIGURE 2 | Example trials from the (A) Different View Scenes and (B)

Different View Faces oddity judgment tasks used in Lee et al. (2005b,

2006). On each trial participants indicated which image was different from

the other three, simultaneously presented, images. All stimuli were

trial-unique. For both examples, the odd-one-out is in the top right corner.

(C) Z -scores for patients with selective hippocampal lesions (HC focal

lesion), broader MTL lesions that included the hippocampus and perirhinal

cortex bilaterally (MTL focal lesion), cases with Alzheimer’s disease

(predominant HC damage), and patients with semantic dementia

(predominant PRC damage).

similar to the three foils but differs with respect to the size or

location of one or more features such as a wall, room cavity or

window. Notably, successful performance on the different view

scene condition is dependent upon the ability of participants to

process multiple spatial relationships between individual features

in the scene, whereas the same view scene task places a reduced

demand on this process. No stimuli are repeated across trials in

any condition and because the participants are making perceptual

judgments on simultaneously presented stimuli, no explicit long-

term memory is necessary for successful performance. In support

of a role for the hippocampus in complex spatial perception,

cases with selective hippocampal lesions were found to be severely

impaired when the scenes were shown from different viewpoints,

but not when the scenes were shown from the same viewpoint.

Critically, these patients performed normally when the stimuli

to be discriminated were faces, regardless of viewpoint manip-

ulation (Figure 2). In contrast, patients with both hippocampal

and PRC damage demonstrated significant deficits in both scenes

and faces shown from different views, but performed normally

with scenes and faces shown from the same view. In a follow-

up study, the same task was administered to groups of patients

with Alzheimer’s disease (AD) and patients with semantic demen-

tia (SD) (Lee et al., 2006). At least in the early stages of disease

progression, AD and SD are associated with relatively greater hip-

pocampal and PRC atrophy, respectively (Davies et al., 2004), and

thus, provide another patient population for the investigation of

the effects of human MTL damage. To underline previous find-

ings in focal lesion cases, it was found that AD patients were

impaired compared to healthy controls in both viewpoint condi-

tions when scenes were used as the stimuli, but not when faces

were employed. In a striking double dissociation, SD patients

showed intact performance for both scene conditions and the

face same view task, but were impaired when asked to discrim-

inate faces shown from different viewpoints (Figure 2). The AD

group impairment on same view scene oddity judgment was not

predicted given the intact performance of the selective hippocam-

pal lesion patients on this exact condition in Lee et al. (2005b).

It is interesting to note, however, that the range of performance

on this condition was similar across the AD and hippocampal-

lesioned patient groups, despite the hippocampal lesion cases not

being significantly different from their control group. It is con-

ceivable, therefore, that the same view scene oddity judgment task

is not an entirely hippocampal-independent task, and does place

some demand (albeit relatively reduced compared to the different

view scene task) on the spatial perceptual processes for which the

hippocampus may be critical.

To rule out the possibility of dysfunction to regions beyond

the hippocampus underlying the aforementioned findings, con-

vergent evidence from fMRI research in neurologically healthy

participants is crucial. Lee et al. (2008) scanned healthy partic-

ipants while they performed a modified version of the oddity

judgment task from Lee et al. (2005b). In this version, participants

completed blocks of trials of different view face and scene oddity

discriminations, as well as a control size oddity judgment condi-

tion, in which three squares of the same size were presented with

a fourth square of a different size on each trial. When compared

to the size task, the face oddity judgment task was associated with

activation in the left PRC, and bilaterally in the anterior and pos-

terior hippocampus, whereas the scene oddity judgment task led

to bilateral activation in the posterior hippocampus and parahip-

pocampal cortex. Importantly, a direct contrast between the face

and scene oddity conditions revealed that the former was associ-

ated with significantly greater activity in the left PRC and bilateral

anterior hippocampus, highlighting the relative importance of the

PRC to object but not scene perception. On the other hand, sig-

nificantly greater activity was seen in the posterior hippocampus

and parahippocampal cortex bilaterally during the scene oddity

condition.

To examine the effect of stimulus viewpoint, an ensuing study

used fMRI to investigate MTL activity in neurologically healthy

participants during a series of oddity judgments involving faces,

scenes, or novel objects that were presented from either identical

or different viewpoints (Barense et al., 2010a). Consistent with

studies in patients demonstrating the critical importance of view-

point (Lee et al., 2005b, 2006; Barense et al., 2007), increased

perirhinal activity was observed when participants distinguished

between faces and objects presented from different, compared to

identical, viewpoints. The posterior hippocampus, by contrast,

showed an effect of viewpoint for scenes as well as faces. An effect

of viewpoint in the posterior hippocampus for faces was not pre-

dicted given the ability of patients with hippocampal atrophy to

make successful different view face oddity judgments (Lee et al.,

2005b, 2006), and was, at the time of the study, interpreted as a
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reflection of the recruitment of match–mismatch processes that

may be subserved by the hippocampus (Kumaran and Maguire,

2006b, 2007). These processes, which are not specific to any stim-

ulus category, may be involved in the detection of items that are

matching or non-matching on an oddity trial, but are not critical

to successful performance as demonstrated by the intact perfor-

mance of patients with hippocampal damage on face as well as

object oddity judgment (Lee et al., 2005b, 2006; Barense et al.,

2007).

In summary, a series of convergent neuropsychological and

functional MRI studies across different patient groups (i.e.,

focal lesion amnesics and cases with neurodegenerative dis-

ease) and neurologically healthy participants have suggested that

the hippocampus is involved during complex spatial discrimi-

nation problems. The fact that these observations arose from

experimental paradigms in which there is no explicit long-term

memory demand underlines the notion that the MTL is crit-

ical for processes beyond long-term declarative memory, and

suggests that the hippocampus is important for higher-order spa-

tial perception. This is consistent with the well-established role

of the hippocampus in spatial cognition, but crucially, extends

its involvement in spatial processing beyond memory and the

encoding and retrieval of spatial representations.

DOUBTS SURROUNDING A ROLE FOR THE HIPPOCAMPUS

IN COMPLEX SPATIAL PERCEPTION

Given the traditional belief that the hippocampus is a central

component of an exclusive long-term declarative memory system

(Squire et al., 2004; Squire and Wixted, 2011), and the fact that

patients with MTL lesions typically perform within the normal

range on standard neuropsychological assessments of visual per-

ception (for a review see Lee et al., 2005a), it is not surprising that

the idea that the hippocampus may also be important for spatial

perception has come under considerable scrutiny (Baxter, 2009;

Suzuki and Baxter, 2009; Suzuki, 2009). We will discuss some of

the main criticisms leveled at this idea below.

THE HIPPOCAMPUS AND SPATIAL DISCRIMINATION DEFICITS:

PERCEPTION OR LEARNING?

One criticism that has often been raised by proponents of a MTL

memory system is that neuropsychological findings purporting

to support a role for the hippocampus in spatial perception can

be explained by a primary impairment in learning in the patients

with MTL damage. The basis of this claim stems largely from the

design of the visual discrimination paradigm that was used in

Lee et al. (2005c). In this study, although each trial was unique,

the same pair of exemplars was repeatedly blended to varying

degrees to create the target and foil items in each block of tri-

als. It is plausible, therefore, that the matched controls were

able to benefit from learning across trials, leading to a signifi-

cant performance improvement compared to memory-impaired

MTL lesion patients who could not benefit from this learning.

Evidence to support this explanation comes from two recent stud-

ies claiming that the visual discrimination impairments described

by Lee et al. (2005c) disappear when healthy controls are pre-

vented from learning across trials (Shrager et al., 2006; Kim et al.,

2011). In these studies, a similar task to that used by Lee et al.

(2005c) was administered to patients with selective hippocampal

lesions (Shrager et al., 2006; Kim et al., 2011) and patients with

extensive MTL damage (Shrager et al., 2006). In these tasks, par-

ticipants were instructed to indicate which of two images (created

by morphing two exemplar images) was most similar to a third

simultaneously presented image. Critically, however, two versions

of this task were administered: one in which the target and foil

stimuli on each trial were created by the same pair of exemplars

(“repeated” condition, as in Lee et al., 2005c); and another in

which the target and foil stimuli on each trial were created by

different pairs of exemplars (“trial-unique” version). Focusing on

the findings for scene stimuli only, Shrager et al. (2006) found that

both hippocampal and extensive MTL lesion patients were not

impaired in the discrimination of real-world scenes either when

the exemplar pair was repeated or when trial-unique exemplar

pairs were used across trials. On the other hand, Kim et al. (2011)

found that the hippocampal patients were not impaired when

trial-unique exemplar pairs of virtual reality 3D rooms were used

to create the target and foil stimuli, but did exhibit a significant

deficit when the same exemplar pair was used repeatedly.

At first glance, the two aforementioned studies appear to sug-

gest that the spatial discrimination deficits demonstrated by Lee

et al. (2005c) can be explained by learning in controls and that the

hippocampus, therefore, does not subserve higher-order spatial

perception. On further consideration, however, such an expla-

nation seems unlikely for multiple reasons. First, if learning in

controls is believed to take place when the same exemplar pair

is repeated across trials, it is not clear why this did not occur in

Shrager et al. (2006), in which a patient deficit was not observed

for scene discriminations, even though these stimuli had also been

repeated. No explanation has been offered for this discrepancy by

proponents of an exclusive MTL memory system and, from the

perspective of long-term learning facilitating concurrent visual

discrimination, there is no systematic reason why control partic-

ipant learning would occur in one study (Kim et al., 2011) but

not another (Shrager et al., 2006). It is possible that the stimuli

in the former (virtual reality scenes) were more memorable to the

healthy participants than those in the latter (real world scenes),

although there is no obvious reason why this would be the case.

Second, the data from Kim et al. (2011) appear to indicate that

there was a difference in performance between patients and con-

trols even early on in the trial-unique task (i.e., first and second

blocks of trials), with no obvious increment in this difference

as the task progressed. This pattern of findings undermines the

notion of control learning across trials, which one would predict

to occur gradually over a number of trials and lead to a significant

increase in the difference between patient and control discrimi-

nation performance over time. Third, it is important to highlight

that Lee et al. (2005c) specifically plotted performance in con-

trols and patients as a function of time (i.e., accuracy across blocks

of trials) and found that neither patients nor controls improved

their performance as a result of learning over trials. In fact, the

control participants demonstrated a significant decrease in per-

formance over time, suggesting that memory for early trials had

a negative, not positive, impact on their discrimination ability

in later trials. Finally, a learning-based explanation is unable to

account for studies reporting that damage to the hippocampus
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impaired spatial oddity judgment of trial-unique stimuli (Lee

et al., 2005b, 2006). There are no repeating stimuli in this spa-

tial oddity judgment task (i.e., each stimulus is novel) and unlike

the discrimination task used by Lee et al. (2005c), the foils and

targets are not created by blending exemplar stimuli.

Proponents of an exclusive MTL memory system have argued

that in perceptual tasks in which stimuli are truly trial-unique

(i.e., in the oddity judgment paradigms referred to above), the

ability of controls, and not amnesic patients, to rapidly encode

individual items into long-term memory may facilitate the dis-

crimination of simultaneously presented stimuli (Kim et al.,

2011). We now have clear evidence that this is unlikely to be the

case. In a recent study (Lee et al., in preparation), neurologically

healthy participants were scanned using fMRI while they carried

out a large number of different view scene oddity judgment tri-

als. Crucially, the participants were given a surprise recognition

memory test after scanning, in which the trials seen during scan-

ning were intermixed with trials that had not been presented

previously. Thus, each trial could be classified into one of four

categories: (1) correct oddity and subsequently recognized; (2)

correct oddity and subsequently forgotten; (3) incorrect odd-

ity and subsequently recognized; and (4) incorrect oddity and

subsequently forgotten. Across both univariate and multivariate

analysis techniques, it was found that correct oddity judgment tri-

als were associated with significantly greater hippocampal activity

than incorrect oddity judgment trials. Importantly, this difference

was present irrespective of whether a trial was subsequently rec-

ognized or forgotten, undermining the idea that encoding into

long-term memory is necessary (or even beneficial) for successful

spatial oddity judgment.

If incremental learning and long-term memory encoding in

controls can be accounted for, it is not immediately clear how dis-

crepant findings concerning the impact of hippocampal lesions

on concurrent discrimination of spatial stimuli can be reconciled.

One possibility, favored by proponents of an exclusive MTL mem-

ory system, is that variations in the size and extent of patients’

lesions can explain the presence or absence of spatial discrim-

ination impairments following hippocampal damage (see next

section for a discussion of this issue). Our preferred explana-

tion is that the types of spatial stimuli that are presented are

critical to eliciting spatial discrimination deficits in hippocam-

pal lesion patients. More specifically, discriminations that involve

scene stimuli that cannot be discriminated easily on the basis of

single spatial features but necessitate the processing of multiple

spatial features and relationships are likely to be disrupted as a

result of injury to the hippocampus. By contrast, scene stimuli

that can be discriminated using a single-feature matching strategy

would not require the hippocampus. Although the morphing of

scenes has been used to create the stimuli in the aforementioned

contradictory studies (Lee et al., 2005c; Shrager et al., 2006; Kim

et al., 2011), it is important to note that even high-level morph-

ing does not necessarily eradicate the presence of single features

that can facilitate discrimination, perhaps explaining discrepant

findings between studies that have used this approach (Baxter,

2009) (Figure 3). To a certain extent, the different view scene odd-

ity judgment task does not suffer from the same problem (Lee

et al., 2005b, 2006). In this paradigm, the four scenes shown on

FIGURE 3 | Many of the discrepant findings relating to the role of the

MTL in perception have used morphed stimuli [Levy et al. (2005); Lee

et al. (2005c); Shrager et al. (2006); Clark et al. (2011); Kim et al. (2011)].

In this example participants indicated which of the two bottom images was

most similar to the top image [paradigm used in Lee et al. (2005c); Shrager

et al. (2006); Kim et al. (2011)]. Often, focusing on a single feature will

provide sufficient information to solve the task, and thus, these morphed

discriminations may not sufficiently stress processing the spatial

conjunctions that comprise scenes (an example single feature is circled in

red). In this instance, participants could merely determine which bottom

image has darker trees along the shoreline, rather than processing the

scene as a whole. Example from Lee et al. (2005c).

each trial are distinct from one another due to the use of different

viewpoints, and thus, participants cannot solve the discrimina-

tion by simply focusing on a single feature and examining how

this feature varies across the four scenes.

THE HIPPOCAMPUS AND SPATIAL DISCRIMINATION DEFICITS:

DAMAGE BEYOND THE MTL?

One repeated criticism is that the patients who have been reported

to possess visual discrimination deficits may possess unreported

damage to cortical regions beyond the MTL that are more typ-

ically associated with visual perceptual processes (Suzuki, 2009;

Kim et al., 2011), including posterior fusiform and temporal

cortical regions, and extrastriate visual areas such as the parahip-

pocampal place area (PPA) (Epstein and Kanwisher, 1998), lat-

eral occipital complex (LOC) (Malach et al., 1995; Kourtzi and

Kanwisher, 2000), and fusiform face area (FFA) (Kanwisher et al.,

1997; McCarthy et al., 1997), which have been implicated in the

perception of scenes, objects, and faces, respectively. In the neu-

ropsychological studies that first suggested a role for the MTL

in perception (Barense et al., 2005; Lee et al., 2005b,c), elec-

tronic structural MRI scans were not available for the patients

that were assessed. Consequently, brain damage was evaluated via

the qualitative visual assessment of a number of key regions on a

select number of scan slices, using a visual rating scale that has

been previously validated against volumetric measures (Galton

et al., 2001). Although this approach indicated that only two

out of four hippocampal lesion patients had significant damage

beyond the hippocampus to the parahippocampal gyrus (patients

Frontiers in Human Neuroscience www.frontiersin.org April 2012 | Volume 6 | Article 91 | 6

http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive


Lee et al. The hippocampus and visual perception

HC1 and HC3), and one of three patients with extensive MTL

damage (patient MTL1) possessed significant damage to lateral

temporal cortex (Barense et al., 2005), it is possible that that addi-

tional damage in these and other patients went undetected in scan

slices that were not visually rated. To address this issue, we have

now, where possible, re-acquired MRI scans in the same patients

and conducted detailed volumetric analyses. These analyses have

revealed that structural damage to regions beyond the MTL are

unlikely to account for all of the visual discrimination deficits

that have been observed (Lee et al., 2008; Lee and Rudebeck,

2010a; Barense et al., 2011b). For instance, in a detailed descrip-

tion of two of these cases (HC3 and MTL3), Lee and Rudebeck

(2010a) reported that neither patient had significant damage to

the posterior lateral fusiform gyrus or posterior lateral temporal

cortex. Moreover, contrary to the findings of previous qualitative

visual ratings, patient HC3 did not possess significant atrophy

to the parahippocampal cortex. Her damage was entirely con-

fined to the hippocampus, suggesting that the deficit in spatial

oddity judgment cannot be easily explained by structural dam-

age beyond the hippocampus. More recently, detailed volumetric

analyses of another hippocampal lesion patient’s structural MRI

scan (patient HC1) have also been reported, indicating no signif-

icant damage beyond the hippocampus (Barense et al., 2011b).

Given that patients HC1 and HC3 are both significantly impaired

on scene oddity judgment but have no significant atrophy to

regions outside of the hippocampus, we feel confident in con-

cluding that an intact hippocampus is critical for tasks of complex

spatial discrimination.

It is important, however, to acknowledge that the failure to

find obvious structural damage to gray matter in regions beyond

a lesion site does not suggest that any observed cognitive deficits

can unequivocally be attributed to the lesion (e.g., Mumby et al.,

1996). For example, it is possible that the perceptual deficits

observed in patients with MTL damage can be accounted for

by functional impairment in structurally intact regions beyond

the MTL, as well as degeneration in white matter tracts that can

only be detected using techniques such as diffusion tensor imag-

ing (DTI). In response to this uncertainty, it is worth making

three points. Firstly, according to our knowledge, the vast major-

ity of neuropsychological studies that have made claims about

the functions of MTL structures on the basis of impairments in

patients with MTL damage have not carried out detailed struc-

tural MRI, functional MRI, as well as DTI in the patients. Thus,

any doubts concerning functional and white matter integrity

in MTL studies of visual discrimination are equally applica-

ble to MTL studies of mnemonic processing. Secondly, Lee and

Rudebeck (2010a) carried out fMRI on patients HC3 and MTL3

during the presentation of scene, object, and face stimuli (i.e.,

a standard functional localizer task). Not only were function-

ally defined extrastriate areas (i.e., PPA, FFA, LOC) evident in

both of these cases, but the pattern of activity in these regions

was not significantly different to that in matched controls other

than in the LOC in patient HC3, which demonstrated relatively

greater activity in response to scenes and objects. Finally, we have

recently used DTI and fMRI to examine the integrity of white

matter tracts and resting state networks in patients HC3 and

MTL3 and found that there were no obvious differences between

patients and matched controls in the integrity of white matter

tracts outside of the MTL, or differences in resting state networks,

which can account entirely for the patients’ visual discrimination

deficits (Rudebeck et al., in preparation). Thus, these preliminary

analyses further underscore our belief that the visual problems

these patients exhibit cannot be attributed to dysfunction beyond

the MTL.

THE HIPPOCAMPUS AND SPATIAL DISCRIMINATION DEFICITS:

PERCEPTION OR WORKING MEMORY?

An alternative explanation for the spatial discrimination deficits

seen in patients with hippocampal damage is that they reflect an

impairment in short-term spatial working memory, rather than

higher-order spatial perception. Over the past 10 years, there has

been a steady accumulation of findings implicating the MTL in

working memory processes. For instance, the hippocampus and

surrounding MTL structures have been suggested to be involved

in the short-term maintenance of complex (e.g., images of faces

and scenes) and simple (e.g., shapes) visual stimuli, and relational

information (e.g., spatial relationships between individual items)

(Ranganath and D’Esposito, 2001; Stern et al., 2001; Ryan and

Cohen, 2004; Hannula et al., 2006; Nichols et al., 2006; Olson

et al., 2006a,b; Hartley et al., 2007; Hannula and Ranganath, 2008;

Cashdollar et al., 2009; Bird et al., 2010; Warren et al., 2010) (see

however, Shrager et al., 2008; Jeneson et al., 2011). Because stud-

ies that have reported visual discrimination deficits after MTL

damage have all relied on experimental paradigms that require

participants to compare across multiple simultaneously presented

images, it is plausible that poor performance may reflect a deficit

in MTL-mediated working memory processes, and, therefore, an

inability to maintain and compare multiple stimuli in working

memory. Supporting evidence for this view comes from studies

that showed an absence or inconsistent patterns of impairment

when patients with MTL damage were administered visual dis-

crimination tasks involving simultaneously presented stimuli,

but robust differences compared to control participants when a

short delay was implemented between the presentation of the

target and choice stimuli, thereby increasing working memory

demand (Hartley et al., 2007; Cashdollar et al., 2009; Bird et al.,

2010; Warren et al., 2010). For example, Cashdollar et al. (2009)

found that patients with hippocampal atrophy were significantly

impaired on a delayed-match-to-sample task that required the

participants to maintain spatial relational information over a

short period. In this task, a sample scene image was presented

briefly and, after a 5 s delay, the patients were required to select

the matching image from a pair of choices, with the foil dif-

fering from the target by the addition of a new object or the

spatial shifting or deletion of an existing object. Whereas the

patients struggled on this task, no deficit was reported when

the need to maintain spatial relational information in working

memory was removed (for instance when the two choice stim-

uli were unrelated to the sample image and the participants

were asked to determine whether these two stimuli were identi-

cal). A similar effect of working memory maintenance was also

observed by Hartley et al. (2007) and Bird et al. (2010), who

administered a topographical perception and working memory

test to patients with focal hippocampal damage, or hippocampal
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atrophy as a result of AD or amnestic mild cognitive impair-

ment (a-MCI). Participants were presented with an image of a 3D

virtual reality landscape and were required to select a matching

image from an array of choices presented simultaneously (percep-

tual condition), or after a 2 s delay (working memory condition).

The matching image was the same landscape (and, therefore,

contained identical spatial information), but was taken from a

different viewpoint and possessed differing non-spatial features.

Thus, this task was designed to place a demand on viewpoint

independent or allocentric spatial processing (Figure 4). It was

found that only two out of four selective hippocampal lesion

patients were significantly impaired on the perceptual condition,

whereas all four patients struggled in the working memory con-

dition (Hartley et al., 2007). Similarly, there was no significant

difference between either a-MCI and AD patients versus their

matched controls on the perceptual task, but significant impair-

ment in both patient groups when working memory demand

was increased.

Although the findings from these studies can be used to argue

for a role for the hippocampus in spatial working memory but

not spatial perception, alternative explanations must also be con-

sidered. In the case of Cashdollar et al. (2009), the non-working

memory condition involved stimuli that were presented from

the same view, and moreover, stimuli that could potentially be

discriminated on the basis of a single feature that was absent or

spatially moved in the foil stimulus (Cashdollar et al., 2010; Lee

and Baxter, 2010). The findings of Hartley et al. (2007) and Bird

et al. (2010) are more puzzling, given that (1) the stimuli involved

different viewpoints of carefully constructed landscapes, and (2)

two out of the four selective hippocampal lesion patients did, in

fact, demonstrate significant impairment on the perceptual con-

dition (thus supporting a role for the hippocampus in spatial

perception). One possible explanation for the lack of impair-

ment in the remaining selective hippocampal patients and the AD

cases is that these patients relied on less flexible non-hippocampal

processes to solve the perceptual condition trials successfully

(Hartley et al., 2007; Bird et al., 2010), for instance processes

that may involve egocentric representations in parahippocampal

cortex (Epstein et al., 2003). For example, as the authors acknowl-

edge, it may be that in the perceptual conditions participants

with hippocampal damage were able to solve the task by compar-

ing individual features of the scenes using a serial, single feature

matching strategy, rather than forming a more holistic repre-

sentation of the scene. This strategy would be available in the

perceptual condition (because all the stimuli and their features

were simultaneously presented) but not in the working memory

condition (because the target was removed and thus not available

for serial single feature comparison).

FIGURE 4 | Increasing working memory demand is associated with an

increase in hippocampal activity when complex, but not simple, spatial

stimuli are presented Lee and Rudebeck (2010b). Participants were

required to carry out a one-back (A) or two-back (B) working memory task in

an MRI scanner, involving simple spatial arrays or complex virtual reality

rooms (red arrow indicates one-back repetition target, blue arrow indicates

two-back repetition target). The pattern of activity observed in the right

posterior hippocampus is illustrated in (C) (activity rendered on the MNI152

template at p < 0.05 family wise error corrected for multiple comparisons

with a small volume correction for the medial temporal lobe).
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We have recently examined whether the hippocampus is

involved in spatial working memory and/or spatial percep-

tion by using fMRI to investigate how differing demands on

these processes may influence hippocampal activity (Lee and

Rudebeck, 2010b). Participants were scanned while carrying out

a 1- or 2-back working memory task involving simple spatial

stimuli (tracking the spatial location of three shapes within a

2-dimensional array) or complex spatial stimuli (tracking the spa-

tial location of three features within a three-dimensional virtual

reality room) (Figure 4). Since the simple spatial stimuli were

created by scrambling the three-dimensional stimuli, and both

sets of stimuli were unfamiliar to the participants, the primary

difference between the simple and complex stimuli was that the

complex stimuli placed a greater demand on spatial perception

by requiring the processing of spatial information within a three-

dimensional array. In support of the idea that the hippocampus

is critical for complex spatial perception, it was found that there

was a significant increase in activity in the posterior hippocampus

when the complex spatial stimuli were presented in compari-

son to the simple spatial stimuli, irrespective of 1- vs. 2-back

working memory demand (i.e., a main effect of stimulus type).

Moreover, there was no region within the MTL that was associ-

ated with an increase in activity when working memory demand

was increased regardless of stimuli type. Critically, there was an

interaction effect in the posterior hippocampus, in which a sig-

nificant increase in activity was observed when working memory

demand was increased, but only when the complex spatial stim-

uli, and not the simple spatial stimuli, were presented. These

data argue that the type of information to be processed is crit-

ical to the involvement of the hippocampus in spatial working

memory. More specifically, this structure is involved in work-

ing memory tasks to the extent that the perception of complex

spatial information is necessary (Lee and Rudebeck, 2010b), a

suggestion that may account for some of the studies that have not

observed working or short-term memory deficits following hip-

pocampal damage (e.g., Murray and Mishkin, 1998; Jeneson et al.,

2011).

Further evidence suggesting that spatial discrimination deficits

following hippocampal damage can be explained by a spatial

perception deficit and not just an impairment in spatial working-

memory comes from the use of eye-tracking to examine saccades

during visual discrimination. It is conceivable that any difficul-

ties experienced by patients with MTL lesions in the maintenance

and comparison of multiple stimuli in working memory will be

reflected in their eye movements between simultaneously pre-

sented images. This, however, does not appear to be the case.

We have recently examined the eye movements of patients with

selective hippocampal lesions and more extensive MTL damage

during oddity judgment for different view scenes (as well as other

stimulus categories including objects and faces). Crucially, we

found that although behavioral performance is compromised,

there were no clear differences in the eye movements of the

patients compared to controls (Erez et al., in preparation). Of

particular interest is the observation that relative to matched con-

trols, patients did not show a reduction in saccades within a given

scene as compared to saccades across distinct scenes, a finding that

may reflect intact trans-saccadic working memory in the patients.

UNDERSTANDING THE CONTRIBUTION OF THE

HIPPOCAMPUS TO COMPLEX SPATIAL PERCEPTION

One means of gaining insight into how the hippocampus con-

tributes to spatial perception is to consider the types of stimuli

that have been shown to elicit perceptual deficits in hippocam-

pal lesion patients. As described previously, deficits in spatial

perception have been observed in the spatial oddity task when

participants are required to select the odd-one-out from images

of scenes presented from different viewpoints (Lee et al., 2005b,

2006). The deficits observed for spatial discrimination tasks

involving scenes presented from the same viewpoint are less con-

sistent (Lee et al., 2005b, 2006; Cashdollar et al., 2009; Kim et al.,

2011) and furthermore, fMRI work has revealed greater hip-

pocampal activity for different versus same view spatial scene

oddity judgment (Barense et al., 2010a). Thus, one obvious con-

clusion is that the hippocampus contributes to spatial perception

via its role in the processing of viewpoint independent or allocen-

tric spatial representations. Given the existence of hippocampal

cells that indicate absolute location in rodents, monkeys, and

humans (i.e., place cells that fire when an animal is in a specific

spatial location irrespective of the direction the animal is facing,

O’Keefe, 1976; Ono et al., 1991, 1993; Ekstrom et al., 2003; Hori

et al., 2003) and hippocampal cells that signal viewpoint inde-

pendent representations of locations in monkeys and humans

(i.e., spatial view cells, Rolls et al., 1997; Robertson et al., 1998;

Ekstrom et al., 2003), the hippocampus has been suggested to be

critical for allocentric but not egocentric (i.e., viewpoint depen-

dent) representations (Burgess, 2002) (see Gaffan, 1998, however,

for an alternative view). Supporting this idea, hippocampal dam-

age in rodents, monkeys, and humans has been reported to

impair performance on spatial memory tasks that place a demand

on allocentric spatial representations (Morris et al., 1982, 1990;

Holdstock et al., 2000; King et al., 2002, 2004; Lavenex et al.,

2006).

Although a role for the hippocampus in processing allocentric

spatial representations may account for the spatial discrimination

deficits seen during different, but not same, view spatial odd-

ity judgment, it is not immediately obvious how it can explain

deficits in the discrimination of spatial scenes that have been

blended to create a high level of feature overlap and do not place

a demand on allocentric processing (Lee et al., 2005c; see also

Lee et al., 2007). The interpretation of these studies was that the

hippocampus may contribute to spatial perception by processing

distinct complex conjunctions of the features that comprise a spa-

tial scene. Thus, hippocampal damage leads to an impairment in

the discrimination of scenes that are perceptually similar or can-

not be differentiated easily on the basis of a single spatial feature.

To underline this idea, Lee et al. (2005c) found that patients with

hippocampal damage made an increasing number of errors in the

discrimination of two scene stimuli when the level of blending

between the two images was increased.

Converging evidence for the notion that the hippocampus is

important for representing conjunctions of spatial information

comes from studies examining hippocampal involvement in the

discrimination of spatial stimuli of varying complexity (Buckley

et al., 2004; Graham et al., 2006; McTighe et al., 2009; Bonnici

et al., 2011). For example, Buckley et al. (2004) demonstrated
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that destroying the main output pathway of the hippocampus, the

fornix, in monkeys led to deficits in spatial concurrent discrim-

ination learning, but only under some circumstances. Macaque

monkeys were trained to discriminate between “tadpole” stim-

uli (Figure 5), which varied in their position on the screen, angle

of tail orientation, and tail length. Although fornix transections

did not affect recall of a set of 40 preoperatively acquired spa-

tial concurrent discrimination problems, concurrent learning of

new sets of 10 problems was severely impaired. Furthermore,

this deficit became markedly worse when the number of foils

was increased. Another experiment in the same group of ani-

mals found that spatial configural learning was similarly impaired

by fornix transections. As shown in Figure 5A, in this task the

three elemental features (i.e., position on screen, length, and

angle) were maximally overlapping, thus requiring the monkeys

to learn a conjunction of these spatial features. Recent studies in

rodents have demonstrated that hippocampal dysfunction does

not impair all forms of spatial discrimination learning, providing

additional evidence that the hippocampus is critical for complex

but not simple spatial processing (McHugh et al., 2007, Clelland

et al., 2009; McTighe et al., 2009; Talpos et al., 2010). McTighe

et al. (2009) used a novel touchscreen paradigm to show that rats

with lesions to the dorsal hippocampus were impaired at learn-

ing pairs of spatial locations within an array when the spatial

FIGURE 5 | (A) “Tadpole” stimuli used in Buckley et al. (2004). Each panel

represents one of the four problems in the spatial configural task, with the

correct choice for each pair circled in red. Because the three features

(screen position, tail angle, and tail length) were maximally overlapping,

solving the task required learning conjunctions of spatial features (e.g., for

the top problem: short tail, angled down, on the left). (B) Individual and

group mean errors to criterion for the control and fornix-transected

monkeys in learning the spatial configural learning task. Figure adapted

from Buckley et al. (2004).

separation between the locations was small (i.e., separated by

one location), but not when the separation was large (i.e., sep-

arated by 3 or 5 locations). A similar profile of performance was

observed by Clelland et al. (2009) in mice in which neurogen-

esis in the dentate gyrus was ablated through X-ray exposure.

Learning demands were consistent across task conditions and

only the spatial separation between locations was manipulated.

Thus, these findings suggest that the hippocampus is critical in

the discrimination of perceptually similar, but not perceptually

distinct, spatial stimuli.

Given the perceptual deficits in hippocampal damaged

patients in spatial oddity judgment and the discrimination of

morphed scene images, and in the light of the respective demands

of these two paradigms, it is possible that the hippocampus

contributes to spatial perception both via its role in processing

allocentric spatial representations, as well as a potential role in

processing conjunctions of spatial features. One point to consider

is whether these two processes are distinct, overlapping or, in fact,

one and the same. For instance, it is conceivable that the ability to

perceive and recognize the same scene from multiple viewpoints

depends on the ability to successfully process and form a conjunc-

tion of the many intricate spatial relationships that exist between

the features that make up the scene. Thus, even as the visual

appearance of a scene may change across different viewpoints, this

conjunction of spatial relationships remains consistent.

If the hippocampus is critical for processing conjunctions of

spatial features, one question that arises is how this relates to the

role of the PRC and its purported role in processing conjunc-

tions of object features. The representational-hierarchical model

(e.g., Saksida and Bussey, 2010) suggests that the hippocampus

sits above the PRC at the apex of the representational-hierarchy in

the ventral visual stream. Thus, whereas the PRC represents con-

junctions of the features that make up an object, the hippocampus

represents conjunctions of spatial features or objects (for example

those that may comprise a scene), as well as other types of infor-

mation for which the hippocampus may be critical. One such

type of information is likely to be temporal information, with a

number of studies highlighting a role for the hippocampus in the

processing of sequences and temporal context (Fortin et al., 2002;

Kesner et al., 2002; Charles et al., 2004; Jenkins and Ranganath,

2010; Devito and Eichenbaum, 2011; MacDonald et al., 2011;

Tubridy and Davachi, 2011).

This idea of higher-level representations in the hippocampus

is compatible with the notion that this structure is important

for pattern separation and completion (O’Reilly and McClelland,

1994; Treves and Rolls, 1994; Norman and O’Reilly, 2003; Lee

et al., 2004; Leutgeb et al., 2005, 2007; Kirwan and Stark, 2007;

McHugh et al., 2007; Bakker et al., 2008; Bonnici et al., 2011;

Lacy et al., 2011; Yassa and Stark, 2011). Pattern separation refers

to the idea that the hippocampus forms distinct representations

of the spatial and temporal information that comprise an event,

which, therefore, enable similar episodes to be distinguished from

one another. On the other hand, pattern completion is sug-

gested to occur when complete episodes can be retrieved on

the basis of partial cues. Although we certainly do not disagree

with the idea that the hippocampus processes distinct representa-

tions of spatial (and other forms of) information that underlie
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the formation and retrieval of memories, we would argue that

the purpose and function of these representations is not lim-

ited to the mnemonic domain but also extends to perception.

Thus, the hippocampus is critical for tasks that place a demand

on distinct, complex representations of information (particularly

spatial and temporal), regardless of whether these tasks involve

different types of long-term memory (e.g., episodic vs. semantic;

declarative vs. non-declarative), short-term memory or percep-

tual processes. In support of this view, a recent fMRI study

demonstrated that the recall of spatial information was critical to

eliciting hippocampal activity in healthy participants, irrespective

of whether the memory task was episodic or semantic in nature

(Hoscheidt et al., 2010). Additional support comes from studies

that have reported stimulus-specific impairments in patients with

hippocampal damage on recognition memory tests (Cipolotti

et al., 2006; Taylor et al., 2007; Bird and Burgess, 2008), as well as

non-declarative memory tasks that have been traditionally con-

sidered to not be dependent on the MTL (Graham et al., 2006

see also Olson et al., this issue). For example, Taylor et al. (2007)

found that patients with selective hippocampal damage demon-

strated significantly impaired recognition memory for scene,

but not, face stimuli, whereas amnesic cases with broader MTL

damage incorporating both the hippocampus and MTL were sig-

nificantly impaired at recognizing both scene and face images. To

underline this, Bird et al. (2008) administered a receiver opera-

tor characteristic recognition memory task to a developmental

amnesic patient with selective hippocampal damage and found

impaired scene, but not face, recollection and familiarity mem-

ory, suggesting that stimulus type (scenes vs. faces) may be a more

critical determinant of hippocampal involvement than mnemonic

process (e.g., recollection vs. familiarity; see however, Aly et al.,

2010). With regards to non-declarative memory, Graham et al.

(2006) tested patients with specific lesions to the hippocampus

on a perceptual classification paradigm using faces and scenes. In

each trial, participants were shown two exemplars of scenes or

faces, and asked to classify a third stimulus (created by morph-

ing together the exemplars with varying levels of feature overlap)

as being more similar to one exemplar or the other. Patients

with hippocampal lesions demonstrated abnormal performance

for both categorization and perceptual learning when the stim-

uli were virtual reality scenes, but not when the stimuli used were

faces. Moreover, their performance declined as the level of fea-

ture overlap increased. These findings contradict the idea that the

MTL is critical for declarative, but not non-declarative, memory

(Squire et al., 2004) and demonstrate that non-declarative mem-

ory deficits can be seen following hippocampal damage when

spatial stimuli are used (see also, Chun and Phelps, 1999).

In the light of the above, it may be more constructive to

consider the functions of the hippocampus with regards to the

representations that this structure is critical for, rather than the

cognitive processes that it mediates. Thus, although we have

been presenting an argument for a role for the hippocampus

in spatial perception in this review, we are not suggesting that

the hippocampus only subserves spatial perception, or that the

hippocampus is not critical for memory. Rather, we argue that

the hippocampus represents distinct, complex conjunctions of

information (in particular spatial and temporal) that may be

recruited for both perceptual and mnemonic processes (for a

similar suggestion that the hippocampus is critical for process-

ing unique conjunctions of stimulus elements see Aggleton et al.,

2007). From this perspective, one may begin to see how a rep-

resentational account of hippocampal function relates to other

mnemonic theories of MTL function and the evidence on which

these theories are based (i.e., recollection vs. familiarity; rela-

tional vs. non-relational memory) (see also Bird and Burgess,

2008). For instance, recollection memory involves the recall of

rich contextual information, of which spatial and/or temporal

information is typically a critical component. Hippocampal dam-

age, therefore, may disrupt the complex representations that are

necessary for this contextual recall, leading to the observation of

a significant deficit in recollection, but not familiarity, memory

(e.g., Yonelinas et al., 2002; Fortin et al., 2004; Aggleton et al.,

2005; Vann et al., 2009). As described earlier, however, intact rec-

ollection can be seen after hippocampal damage if the stimuli

to be remembered do not place a significant demand on these

hippocampal-dependent representations (Bird et al., 2008). With

regards to the theory that relational memory is dependent on the

hippocampus, we would argue that (1) the complex hippocam-

pal representations that we have described can underlie relational

memory processing but importantly, also contribute to relational

processing in the context of tasks that do not have a mnemonic

demand; and (2) the nature of these hippocampal representa-

tions suggests that the hippocampus does not subserve all forms

of relational processing. Studies of relational memory in humans

have often involved testing memory for the relation of an object

or word and its given location or context (e.g., Davachi et al.,

2003; Giovanello et al., 2004; Ryan and Cohen, 2004; Hannula

et al., 2006; Olson et al., 2006b; Hannula and Ranganath, 2008).

These tests have, therefore, inherently assessed relational memory

for stimuli embedded with spatial information. There is evidence

to suggest that the hippocampus is not necessary for all forms of

relational processing, or at least is recruited to a greater extent

for spatial vs. non-spatial relationships. Functional neuroimag-

ing work has demonstrated significant hippocampal involvement

when spatial relationships are considered, but not when social

relationships between individuals are processed (Kumaran and

Maguire, 2005). Along similar lines, although hippocampal activ-

ity has been observed for both spatial and non-spatial relational

memory, the former has been associated with significantly greater

hippocampal activity (Ryan et al., 2010). In addition to this,

a recent study reported intact associative memory for different

items within the same stimulus category (e.g., faces or words)

in a patient with selective hippocampal damage (Mayes et al.,

2004). This same patient, on the other hand, showed clear recog-

nition memory deficits for associations between different types of

information (e.g., words and locations), with many of the associa-

tive memory tests either assessing memory for objects and spatial

location or their temporal position (see, however, Mayes et al.,

2007 for discussion on unitization of items in memory).

Our suggestion that information type is a critical determi-

nant of hippocampal involvement in any given cognitive task is

shared by other theories of MTL function. In particular, the BIC

model (Diana et al., 2007; Eichenbaum et al., 2007; Ranganath,

2010) argues that the hippocampus is important for the binding
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together of item and context information: this type of informa-

tion is critical for recollective memory but importantly, may also

be necessary for short-term memory tasks, perception or non-

conscious memory depending on the type of stimuli that are

involved. Where our ideas may diverge is that whereas we are

suggesting that the hippocampus is critical for representing con-

junctions of spatial and temporal information, the BIC model

defines the notion of context more broadly, potentially incorpo-

rating conceptual or semantic frameworks, background features

in a visual image or even objects themselves (Ranganath, 2010).

Broadly speaking, although cognitive mnemonic theories of

MTL function have provided and continue to provide valuable

insightintoMTL-dependentprocessing, theycannotaccounteasily

for a growing body of evidence implicating a role for the MTL in

complex visual discrimination. By shaping our understanding of

the different MTL structures (i.e., hippocampus and PRC) with

regards to representations (Murray et al., 2007; Graham et al.,

2010; Saksida and Bussey, 2010) rather than cognitive processes, it

may be possible to understand how these structures can contribute

to both memory and higher-order perception and thus, reconcile

data from visual discrimination tasks to findings from paradigms

assessing mnemonic processing.

CONCLUSIONS AND FUTURE DIRECTIONS

In summary, recent work has demonstrated that amnesic patients

with hippocampal damage exhibit significant impairments in the

discrimination of simultaneously presented complex spatial scene

stimuli. We argue that these deficits are unlikely to be a result

of a primary impairment in incremental learning, incidental

encoding into long-term memory or short-term working mem-

ory. Moreover, these visual discrimination difficulties cannot be

explained easily by unreported structural damage or dysfunction

beyond the MTL. Instead, we suggest that these findings reflect

a role for the hippocampus in higher-order spatial perception,

with this structure being critical for the representation of com-

plex conjunctions of features that constitute spatial scenes. As

has been suggested elsewhere (e.g., Saksida and Bussey, 2010;

Cowell et al., 2010a), these representations are likely to encom-

pass or interact with other types of information for which the

hippocampus may be important, such as temporal information.

Thus, these representations may not only underlie a role for the

hippocampus in episodic memory (e.g., via mechanisms such as

pattern separation and completion), but also other areas of cog-

nition (e.g., perception, non-declarative memory) provided that

the task at hand places a sufficient demand on these represen-

tations, for example by means of the types of stimuli that they

involve. We argue that the role of the hippocampus should be

considered not in terms of broad psychological constructs, but

in terms of neural representations and computational mecha-

nisms. These representations and mechanisms are shared across

several cognitive processes. Damage to the hippocampus, there-

fore, impairs performance on a variety of seemingly disparate

cognitive tasks.

One necessary aim for future research is to understand the

nature and precise composition of these hippocampal representa-

tions. More specifically, although we have suggested that the hip-

pocampus represents complex conjunctions of spatial features,

it is unclear what exactly these features are and what neural

and computational mechanisms create these representations. One

obvious candidate that may be central to clarifying these issues is

the hippocampal place cell, given its well established role in spa-

tial cognition (O’Keefe et al., 1998; Best et al., 2001; Moser et al.,

2008). Indeed, the suggestion that the hippocampus is critical for

distinct spatial representations is consistent (and perhaps in some

respects even synonymous) with the notion that the hippocam-

pus functions as a cognitive map (O’Keefe and Nadel, 1978). The

electrophysiological properties of place cells have been suggested

to reflect or be a product of afferent information (Burgess et al.,

2000; Hartley et al., 2000; O’Keefe and Burgess, 2005; Barry et al.,

2006; McNaughton et al., 2006; Rolls et al., 2006), including that

from boundary vector cells in the subiculum (Lever et al., 2009),

which are believed to signal the distance and directional vector

to an environmental boundary, and entorhinal grid cells (Fyhn

et al., 2004), which are similar to place cells except that each

cell has multiple firing fields organized in a grid-like formation.

Moreover, place cells may be able to provide a code for tempo-

ral information by means of theta phase precession (O’Keefe and

Recce, 1993; Huxter et al., 2003), the phenomenon in which a

place cell fires at increasingly earlier phases of the theta rhythm

when an animal traverses the associated place field. More recently,

hippocampal cells that encode successive moments in an empty

delay period between two successive events have been discovered

in rats (i.e., encountering two objects, followed by encounter-

ing two odors) (MacDonald et al., 2011). These “time cells” may

work in concert with place cells to provide the spatial and tem-

poral information that constitute the complex representations for

which we are suggesting the hippocampus is critical. One area of

uncertainty, however, is whether the type of spatial information

that is conveyed by place cells (i.e., spatial location) is necessary

for some of the spatial discrimination tasks that have been shown

to be hippocampal-dependent. For instance, as discussed in the

previous section, it is not obvious how allocentric representa-

tions of spatial location are related to the ability to discriminate

two highly similar spatial scene images that have been created

by blending two exemplar scenes to different degrees (Lee et al.,

2005c, 2007). This raises the question, therefore, of what other

types of spatial features necessary for the perception of scenes

are processed by the hippocampus, and what the corresponding

underlying neural mechanisms are.

A related question that future research needs to address is

how these spatial features are bound together with temporal

information to create the complex hippocampal representations

that we describe. Within the mnemonic domain, the hippocam-

pus has been shown to be important for binding events or

information across time and/or space (e.g., Rawlins, 1985; Qin

et al., 2007; Staresina and Davachi, 2009), and it has been

suggested that specific neural circuitry and mechanisms within

the hippocampus (e.g., recurrent neuronal network organiza-

tion in CA3; hippocampal theta oscillations) may underlie this

function (e.g., Wallenstein et al., 1998; Lisman, 1999). It is

unclear whether the same circuitry/mechanisms mediate the for-

mation of complex hippocampal-dependent spatiotemporal rep-

resentations, or whether there are alternative mechanisms that

operate at a different spatial and/or temporal scale to create
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these representations that can subserve both perceptual and

mnemonic processes.

A third goal for future work is to understand how a disruption

to complex conjunctions of spatial (and temporal) information in

the hippocampus (e.g., as a result of structural brain damage) may

contribute to or cause deficits in memory. On the basis of com-

putational modeling and empirical findings, the representational-

hierarchical model makes clear predictions about the impact

of PRC damage on object recognition memory for trial-unique

objects (Cowell et al., 2006; Bartko et al., 2010; McTighe et al.,

2010). In a standard test of object recognition memory, delayed-

matching-to-sample, a sample object is presented, followed by a

target and a unique foil object after an intervening delay period.

During this delay period, an individual is often exposed to objects

(real or imagined) that share many lower-level features with the

target—merely by virtue of the fact that the objects in our envi-

ronment have many features in common (e.g., shapes, colors,

etc.). These repeating features lead to massive interference at

the level of the individual features, and at the feature-level, all

the features appear to be familiar. However, because the objects

themselves are trial-unique, the higher-level complex conjunctive

representations in PRC can resolve this feature-level interference.

In the absence of these conjunctive representations, the judgment

of prior occurrence must be on the basis of individual object

features, and thus, PRC damage impairs performance (McTighe

et al., 2010; Saksida and Bussey, 2010). A similar mechanism may

be operating in the hippocampus. Cowell et al. (2006) suggest that

when objects repeat in a delayed-matching-to-sample task (i.e.,

the objects are not trial-unique), the solution requires an even

more complex representation than that contained in the PRC

because in order to disambiguate the repeating objects, each must

be associated with spatial and/or temporal information (Cowell

et al., 2010a). Beyond the delayed-matching-to-sample paradigm,

it is possible that these complex representations of spatial and

temporal information enable the disambiguation of repeating or

overlapping events. As we have argued here, conjunctions of this

type are thought to be processed in the hippocampus. Consistent

with this hypothesis, lesions of the hippocampus or fornix in

rats are known to impair performance on a delayed-matching-to-

sample task with repeating items (Rawlins et al., 1993). Moreover,

the hippocampus is known to be involved in the processing of

overlapping sequences and events (e.g., Levy, 1996; Wood et al.,

2000; Agster et al., 2002; Kumaran and Maguire, 2006a). Even

if this suggestion is supported by future studies, it still remains

to be established how these complex hippocampal representa-

tions can extend to mnemonic processing in the context of other

memory tasks, and whether the additional consideration of tem-

poral information is sufficient to account for all of the memory

deficits that are observed following hippocampal damage. To date,

a number of well-conceived theories and computational mod-

els have linked spatial cognition and memory, with a number of

these placing an emphasis on the importance of allocentric repre-

sentations of location (e.g., Barry et al., 2006; Bird and Burgess,

2008). As future experimental and computational work reveals

further details about the spatial processes that are necessary to

perform the spatial discrimination tasks shown to require the hip-

pocampus (Lee et al., 2005b,c, 2006, 2007; Hartley et al., 2007),

we should have a clearer grasp of how our suggestion that the

hippocampus represents complex conjunctions of spatial features

relates to these other models, and how these representations may

underlie mnemonic processing.
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