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Here  we  describe  a model  of medial  temporal  lobe  organization  in  which  parallel  “what”  and  “where”
processing  streams  converge  within  the  hippocampus  to represent  events  in  the  spatio-temporal  con-
text  in  which  they  occurred;  this  circuitry  also mediates  the  retrieval  of  context  from  event  cues  and
vice  versa,  which  are  prototypes  of  episodic  recall.  Evidence  from  studies  in animals  are  reviewed  in  sup-
port of  this  model,  including  experiments  that  distinguish  characteristics  of  episodic  recollection  from
eywords:
pisodic memory
ippocampus
ecollection
amiliarity
ontext

familiarity,  neuropsychological  and  recording  studies  that  have  identified  a key  role  for  the  hippocampus
in recollection  and  in  associating  events  with  the  context  in  which  they  occurred,  and  distinct  roles  for
parahippocampal  region  areas in separate  “what”  and  “where”  information  processing  that  contributes
to  recollective  and  episodic  memory.

© 2011  Elsevier  Ltd.  All  rights  reserved.

lace cells

ontents

1. Do  rats  have  episodic  memory  – is the  hippocampus  involved?  . . . . . . . .  . . . . . . .  .  . . . . . . . . .  .  .  . . .  .  .  . .  . . . .  .  . . .  . . . . . . .  . . . . . . .  .  .  . .  .  .  .  .  . .  .  .  .  .  . .  . . . . . . . .  . 1598
1.1.  Is  the  hippocampus  essential  for  episodic  recollection?  . . . .  . .  .  .  .  . .  .  . .  . . . .  . . .  . . .  . .  . . . . .  .  . . . .  . . . .  . . . .  .  . .  . . .  . . . .  . . . . . . .  .  .  .  .  . . . .  .  . . . . .  .  .  .  . . . . 1600

2.  What  is the  functional  organization  of  the MTL  that  supports  the  features  of  episodic  memory? . . . .  .  . . . . . .  . . . . . . . . . .  .  . . . .  .  .  . . .  . . . . . . .  . . .  .  .  .  .  . . 1600
2.1.  Animal  models  of  recognition  memory  . . . .  . . .  .  . . . .  . .  . . . . . . .  . . . . . .  . . . .  . . . .  . . .  . . .  . . .  .  . . .  . . .  . . . . .  . . . . . . . .  . .  .  . . . . .  . . .  .  . . . . . . . . . . .  . .  .  . . .  . .  .  .  .  . .  1601
2.2.  Activity  patterns  of  single  neurons  in  the  MTL  . . .  .  . . . . . .  .  . . . .  . .  .  . . . .  . . .  . . . . . .  . . .  . . .  . . . . .  . . . . . . .  .  . .  . . . .  .  .  . . . .  .  . .  .  . . . . .  .  .  . . .  .  .  . . . .  .  . . . . . .  . .  .  1603
2.3.  The  development  of  hippocampal  neuronal  representations  of  events  in  their  spatial  and  temporal  context  predicts

successful  learning  .  . .  .  . . .  .  . . .  .  . .  . . . .  .  . .  .  .  . .  .  .  . .  .  .  . .  .  .  . .  . . .  .  .  . .  . . . . .  . . . . .  . . .  .  . . . .  . . .  . . . . .  .  .  . . .  .  . . . .  . . .  . . . .  . . . . .  . .  .  .  . . . . .  . .  .  .  .  .  . . . . . . .  . . .  .  . .  .  1604
3.  Conclusions  .  . .  .  . . . .  .  . . . .  . . .  .  . . .  .  . . .  .  . . .  . . . .  . . .  . . . .  . . .  .  . . .  .  . . .  . . . .  .  . .  . . . . .  .  . . . .  . . .  . . .  . . . . .  . .  . .  . . .  . . .  . . . .  . . .  .  . . .  .  .  .  .  . . .  .  . .  .  .  . . .  .  . . . . . .  . . . .  . .  .  .  .  .  . . . .  . 1606

References  .  . . .  .  . . .  .  . . .  .  . . .  . . .  .  . . .  . . . .  . . .  . . .  .  .  . .  .  .  . .  .  . . .  .  . . .  . . .  . . . .  . . . . . . . .  . . . .  . .  .  . . . . . .  .  . .  . . . .  .  .  . . . .  . . .  . . .  . . .  . . . .  .  . . . . .  .  . . . . . . . . .  . . . .  . .  .  .  . .  . . . . . . . . 1606

For over 50 years we have known that the medial temporal
obe (MTL) plays a critical role in memory, and since the 1980s it
as become clear that this role is especially important for episodic
emory, our ability for recollection of specific events in their spa-

iotemporal context. A fundamental question, then, is how does
he MTL  support episodic memory? Recent studies have suggested

 functional organization of the MTL  that could support encoding

which will be described below. Work in our laboratory is focused on
the development of an animal model of episodic memory, because
a complete and detailed understanding about the distinct roles of
specific MTL  areas and how they represent information relevant to
episodic memory will depend on experiments where interventions
can be localized within particular brain areas and where neural
activity throughout the MTL  system can be systematically charac-
terized.
nd retrieval of events in context (Davachi, 2006; Eichenbaum et
l., 2007; Diana et al., 2007). The model is based on a combination of
vidence from amnesia and functional imaging in humans, as well
s lesion and single neuron recording studies in animals, several of

∗ Corresponding author. Tel.: +1 617 353 1426; fax: +1 617 358 3296.
E-mail address: hbe@bu.edu (H. Eichenbaum).

149-7634/$ – see front matter © 2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.neubiorev.2011.07.006
Here we  will first consider whether animals, and in particu-
lar rats, have memory capacities that parallel episodic memory
in humans, and we  will consider the role of the hippocampus in
this capacity. Then we will provide an overview of the MTL  model

and describe experiments that are beginning to identify the func-
tional roles of specific components of the MTL, consistent with this
model.

dx.doi.org/10.1016/j.neubiorev.2011.07.006
http://www.sciencedirect.com/science/journal/01497634
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. Do rats have episodic memory – is the hippocampus
nvolved?

A major challenge in the development of an animal model of
pisodic memory concerns the question of whether animals have
his capacity and how to measure it. In humans, episodic memory
s readily observed in the verbal recall of specific experiences, but
his approach is obviously not possible in animals. Our own work
owards addressing this question has adopted a different, quan-
itative methodology that has been used extensively in humans
o investigate distinctions between recall of episodic memories
nd a sense of familiarity for previous experienced materials. This
ethod uses the Receiver Operating Characteristic (ROC) function

o generate separate indices of episodic recollection and familiarity
n accordance with theories that consider these two processes as
istinct and independent (Yonelinas, 2002).

In a typical ROC experiment on recognition of single items (e.g.,
ords, faces), human subjects are initially given a study list then

ater tested with a longer list that includes both the items that were
tudied (old items) and an equal number of not studied items, and
he subjects must declare each test item as “old” or “new.” The
roportion of correct identifications of old items (“hits”) is com-
ared to the proportion of incorrect identifications of new items
s “old” (“false alarms”) across a large range of response criteria,
ither manipulated by varying the payoff ratio of rewards for hits
nd correct rejections or by using subjects’ confidence judgments
n each response (Macmillan & Creelman, 1991). The ROC function
s typically characterized by two prominent features, an above-zero
-intercept that makes the curve asymmetrical, and a bowing of the
urve away from the chance line, making the function curvilinear
Fig. 1a). According to the dual process model, the magnitude of
he asymmetry reflects the contribution of recollection, whereas
he degree of curvilinearity indexes the contribution of familiar-
ty (Yonelinas, 2001). Thus, when episodic recollection is favored,
he ROC function becomes linear and asymmetrical (Fig. 1b). Con-
ersely, when familiarity is favored, the ROC becomes curvilinear
nd symmetrical (Fig. 1c).

A striking aspect of ROC analysis is that this method is equally
pplicable to studying memory in animals as it is in humans,
ecause subjects are not required to explicitly recall studied items;

nstead they simply have to respond differentially to new and old
tems under a range of response biases. To perform an ROC analysis
f recognition memory in rats, the memory cues were taken from a
arge pool of ordinary household odors (e.g., lemon, thyme, cumin)

ixed in sand within small plastic cups (Fortin et al., 2004). Ini-
ially, rats sampled a series of 10 stimuli, each baited with a bit of
weetened cereal buried in the sand of each stimulus cup; digging
or the reward in each cup ensured that the animal had sampled all
f the odors. After a 30 min  memory retention period, recognition
emory was tested using a series of 20 test stimuli, which involved

 random ordering of the 10 odors presented in the sample phase
old odors) plus 10 new odors taken from the pool. Rewards were
ased on a non-match response contingency, such that rats could
btain rewards by digging only in test cups containing new odors.
n addition, when old test odors were presented, rats were required
o refrain from digging in the test cup in order to obtain a reward
n an alternate cup located in the back of the cage. To manipulate
he animal’s response bias towards “old” or “new” responses, both
he height of the test cup and the ratio of reward magnitude in the
est cup versus that in the alternate cup were varied. If the effort
o dig in the test cup was high (tall cup) and the reward amount
as small, then rats were biased to refrain from digging, which is
heir signal that the test cup was “old” (i.e., was experienced in the
tudy phase). This bias condition is equivalent to a liberal criterion
or the “old” response in humans and results in high hit and high
alse alarm rates. Conversely, if the effort was low (short cup) and
havioral Reviews 36 (2012) 1597–1608

the reward amount relatively large, then rats were biased to dig in
the target cup, that is, to emit a “new” response. This bias condition
is equivalent to a conservative criterion for the “old” response in
humans and results in lower hit and false alarm rates.

Results across several studies showed that the ROC curve of
rats for odor recognition contained both an asymmetrical compo-
nent (above-zero Y-intercept) and a strong curvilinear component
(Fig. 1d; Fortin et al., 2004; for review see Eichenbaum, 2010). This
pattern is strikingly similar to the ROC function in humans on ver-
bal recognition performance (Fig. 1a) and is consistent with the
view that, as in humans, in rats both recollection and familiarity
contribute to recognition memory.

In further studies, we modified our behavioral protocol to exam-
ine whether the recollection and familiarity components of the
ROC function of rats were independent and influenced by mem-
ory demands that, in humans, favor the use of recollection and
familiarity consistent with the dual process model. In humans, a
requirement to remember stimulus associations, called associative
recognition, has been shown to favor the use of recollection and
reduce the contribution of familiarity (Yonelinas, 1997, 1999). We
developed a version of the associative recognition paradigm for rats
using stimulus pairs composed of combinations of an odor mixed
into one of several digging media (e.g., wood chips, beads, sand)
contained in a cup (Sauvage et al., 2008). Rats can readily learn to
separately attend to odors and media as distinct stimulus dimen-
sions (Birrell & Brown, 2000), so we expected the rats to distinguish
these elements and to rely on recollection of their associations (e.g.,
lemon is associated with wood chips). Each day the animals would
initially sample a series of 10 odor-medium pairings; then, follow-
ing a 30 min  delay, the rats had to distinguish re-presentations of
the 10 original (old) pairings from 10 rearranged (new) pairings of
the same odors and media. We  employed the same non-matching
rule and manipulations of bias that were used in our study on
odor recognition described above. Consistent with the findings on
associative recognition in humans, the resulting associative recog-
nition memory ROC function was highly asymmetrical, indicating
the presence of a strong recollection component (Fig. 1e; Sauvage
et al., 2008). Furthermore, the shape of the ROC was linear, indicat-
ing the absence of a significant familiarity component. This finding
indicates that the contribution of recollection can be isolated from
that of familiarity by manipulating the memory demands of the
recognition task.

A full dissociation of ROC parameters of recollection and famil-
iarity requires that we  are also able to manipulate the task in
a way that will produce the opposite pattern, reduction in the
contribution of recollection while sparing familiarity, thereby gen-
erating results complementary to those observed in the associative
recognition experiment. Several theoretical views have suggested
that familiarity is characterized as a perceptually driven, pattern
matching process which is completed rapidly, whereas recol-
lection is characterized as a conceptually driven, organizational
process which requires more time (for reviews see Yonelinas, 2001;
Mandler, 2008). Therefore we tested the prediction from dual pro-
cess theory that the addition of an early response deadline at the
memory test phase would reduce the contribution of the slower
recollection process while sparing that of the more rapid familiar-
ity process (Sauvage et al., 2010a).  We  initially trained and tested
animals using the odor recognition task (Fortin et al., 2004) with
no response deadline and observed an ROC function that was both
asymmetrical and curvilinear, replicating our earlier results. In
subsequent ‘deadline’ testing, we  invoked response deadlines that
were half that of the unrestricted response latencies, by covering

the test cup when the deadline arrived. The deadline ROC func-
tion was  curvilinear, suggesting that performance was  supported
by familiarity (Fig. 1f: Sauvage et al., 2010a).  However, in strik-
ing contrast to the ROC function in the no-deadline condition, the
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Fig. 1. Ideal ROC functions for human recognition memory predicted by Dual Process Signal Detection (DPSD) theory (see Yonelinas, 2001) and observed ROC  functions for
recognition memory in rats. (a–c) Humans. (a) Item recognition. The ROC curve is typically asymmetrical and curvilinear. Quantitiative measurements of the contributions
of  recollection (R) and familiarity (F) are calculated as probability estimates shown in the inset of this and other figures (see Yonelinas, 2002). (b) ROC function observed
when  performance is based only on recollection. (c) ROC function observed when performance is based only on familiarity. (d–f) Rats. (d) Item recognition (data from Fortin
et  al., 2004). Recollection and familiarity components are both robust, similar to the ideal item recognition ROC in humans (Panel a). (e) Associative recognition (data from
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auvage et al., 2008). The ROC becomes linear, similar to the ideal ROC of humans
peeded response deadline demand (data from Sauvage et al., 2010a). The ROC beco
s  based on familiarity only (Panel c).
OC function in the deadline condition became almost perfectly
ymmetrical, suggesting that recollection did not contribute sig-
ificantly to recognition performance. These observations support
he view that familiarity-based responses are made more rapidly
n performance is based on recollection only (panel b). (f) Item recognition with a
ymmetrical and curvilinear, similar to the ideal ROC of humans when performance
than recollection-based responses, consistent with the dual process
model. Furthermore these observations show that the contribution
of familiarity can be isolated from that of recollection by manipulat-
ing memory demands of the recognition task. Moreover, combined
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ith the findings on associative recognition (Sauvage et al., 2008),
hese results doubly dissociate the contributions of recollection and
amiliarity, consistent with the dual process model and inconsistent
ith single process models.

.1. Is the hippocampus essential for episodic recollection?

These analyses of memory performance in intact rats provide
 strong foundation for examining the role of the hippocampus
n episodic recollection. In humans, damage to the hippocam-
us results in a severe deficit in episodic memory. Conversely,

n functional imaging studies, a common observation is that the
ippocampus is selectively activated during episodic recollection
reviewed in Eichenbaum et al., 2007). We  asked whether the hip-
ocampus is also critical to the recollection component of the ROC
unction in rats performing the item recognition task (Fortin et al.,
004). Thus, animals initially trained in the recognition task and
ssessed by the ROC method were given bilateral localized hip-
ocampal lesions and re-tested using the same procedures. The
esults showed that selective damage to the hippocampus did
ot affect animals’ ability to perform the procedures of the non-
atching task, and did not alter response biases. Furthermore,

he ROC function of animals with hippocampal damage remained
urvilinear, indicating intact familiarity. However, the ROC function
ecame symmetrical, indicating loss of the recollection component.
hus hippocampal lesions selectively eliminated the contribution
f recollection while sparing the contribution of familiarity.

Importantly, an alternative interpretation of these data, consis-
ent with the single process model, is that hippocampal damage
imply weakened memory and that the recollection (asymmetry)
omponent of the ROC function was more sensitive to this weak-
ning than the familiarity (curvilinearity) component. To address
his possibility, we examined the ROC function of normal rats with

emory weakened by increasing the delay between study and test
rom 30 min  to 75 min  (Fortin et al., 2004). The single process model
redicts that the ROC should become symmetrical, similar to the
ffects of hippocampal damage. However, the opposite result was
bserved. Thus, under the long delay condition, while both the
ecollection and familiarity components of the ROC function were
ecreased, the curvilinearity (familiarity) component was virtually
liminated, whereas a substantial asymmetry (contribution of rec-
llection) persisted. Furthermore, a direct comparison of the ROC
unctions of rats with hippocampal damage and normal rats with
eakened memory was possible because the overall recognition
erformance (measured by percent correct, which combines the
ontribution of recollection and familiarity) was equivalent under
hese conditions (64% in normal rats at long delay; 66% in rats with
ippocampal lesions at short delay). This comparison revealed that
he recognition performance of the two groups were supported
y distinct performance strategies, such that normal rats exclu-
ively used recollection, whereas rats with hippocampal damage
elied exclusively on familiarity, thus providing a double dissocia-
ion of strategies that is entirely consistent with the dual process

odel, and inconsistent with single process models, and unequiv-
cally shows that the hippocampus supports recollection, but not
amiliarity.

Yet further evidence for the distinction between episodic recol-
ection and familiarity and for a selective role of the hippocampus
n recollection came from our study on associative recognition. Rats

ere initially trained on the associative recognition task described
bove, then retested after selective damage to the hippocampus
Sauvage et al., 2008). In this task, because the rats had been repeat-

dly exposed to the same odors and digging media with many
ifferent pairings, we expected that they would distinguish these
lements and rely on recollection of their associations (e.g., lemon
s associated with wood chips). Alternatively, however, odors and
havioral Reviews 36 (2012) 1597–1608

media could readily be unitized into scented medium configura-
tions (lemon smelling wood chips), allowing the use of familiarity to
make recognition judgments. As described above, the ROC function
of normal rats in associative recognition was  strongly asymmetri-
cal and linear, consistent with strong recollection and absence of
familiarity, respectively (Fig. 1e). This pattern is congruent with the
interpretation that animals recalled the associations between items
and their paired media and did not use the familiarity of the item-
medium combinations to recognize the test stimuli. Consistent
with our earlier observation of recollection impairment in ani-
mals with hippocampal damage performing the item recognition
task, animals with hippocampal damage also suffered a significant
decrease in the asymmetry of the associative recognition ROC, indi-
cating impairment in recollection. However, the shape of the ROC
function became curvilinear in animals with hippocampal dam-
age, consistent with a compensatory enhancement and reliance
on familiarity to recognize old test pairs. This observation is con-
sistent with studies on humans showing that, when recollection
and familiarity were put into competition, memory based on these
processes can be affected in opposite directions by hippocam-
pal damage (Diana et al., 2008; Giovanello et al., 2006; Quamme
et al., 2007). Thus, when the item pairs are processed as two dis-
tinct stimulus elements, memory performance depends largely on
recollection of the acquired associations, as described above. Alter-
natively, when the elements of a pair are readily “unitized” into a
single odor-medium configuration, familiarity can support mem-
ory for stimulus pairings just as it does for single stimuli. Thus,
our results are consistent with the hypothesis that, unlike normal
rats but like patients with amnesia, rats with hippocampal damage
unitize the odor-medium combinations, allowing them to employ
their intact familiarity capacity to support recognition. Thus, in the
absence of hippocampal function, the contribution of familiarity
is exaggerated, again dissociating recollection and familiarity, and
supporting a key role for the hippocampus in recollection.

These studies using ROC analyses of recognition memory pro-
vide strong evidence of distinct processes of episodic recollection
and familiarity in rats, very similar to the results in humans, and
indicate that localized damage to the hippocampus results in a
selective deficit in recollection. These findings validate an inves-
tigation of the functional organization of the MTL  in support of
episodic memory in rodents, which we will describe next.

2. What is the functional organization of the MTL  that
supports the features of episodic memory?

The evidence described above indicates that rats have a mem-
ory capacity that shares features with episodic memory in humans,
and the hippocampus plays an essential role. However, these stud-
ies do not provide insights into how other components of the
MTL  contribute, nor do these studies inform us about the nature
of the neural representations supporting this capacity. Over the
last decade cognitive neuroscience studies have revealed impor-
tant roles in memory for specific areas within the MTL, including
prominently, subdivisions of the parahippocampal region and hip-
pocampus (Davachi, 2006; Eichenbaum et al., 2007; Diana et al.,
2007). These findings can be summarized in a simple model of
the functional organization of this system (Fig. 2). The major cor-
tical inputs to the MTL  originate in two streams. In one stream
(the “what” stream), projections from unimodal and polymodal
sensory areas send inputs about perceptual objects and behav-
ioral events principally to the perirhinal cortex (PRC) and hence

to lateral entorhinal cortex (LEC). In the other stream (the “where”
stream), visuospatial information processed in parietal and retros-
plenial cortex and conveyed to the parahippocampal cortex (PHC)
and medial entorhinal cortex (MEC; Suzuki & Amaral, 1994; Furtak
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Fig. 2. Schematic diagram of the medial temporal lobe memory system in mammals. The “where” stream of the neocortex projects differentially to the perirhinal cortex (PRC)
and  lateral entorhinal area (LEA), whereas the “what” stream of the neocortex projects differentially to the parahippocampal cortex (PHC) and medial entorhinal area (MEA).
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n  those parahippocampal regions, the PRC–LEA represents individual objects (item
he  hippocampus where items are represented in the context in which they were ex
nd  then the neocortical areas, that were the origins of the “what” and “where” stre

t al., 2007; Kerr et al., 2007; Van Strien et al., 2009; Wang et al.,
011). LEC and MEC  then project to each major subdivision of the
ippocampus in different patterns of convergence, supporting hip-
ocampal representations of objects and events mapped within
patial context. The outputs of hippocampal processing return to
he LEC and MEC, thence to PRC and MEC, respectively, then back to
idespread neocortical areas. On a functional level, the encoding of

pisodic memories involves the convergence of information about
vents and their context within the hippocampus. Then, during
he retrieval of episodic memories, cueing by a previously expe-
ienced object can drive the circuit to reactivate the convergent
epresentation in the hippocampus which, via the feedback path-
ay, then reactivates the “where” stream to retrieve the context

epresentation (or vice versa, cuing with context can reactivate
vent information in the “what” stream). The ability to retrieve con-
ext from item information, that is, to remember where an event
ccurred (or vice versa), is a classic prototype of episodic memory.

Key evidence in support of the model is derived from studies
hat distinguish roles of MTL  structures in episodic recollection and

emory for associations of events and context versus familiarity
ith events alone (reviewed in Davachi, 2006; Eichenbaum et al.,

007; Diana et al., 2007). These reviews describe a large number
f studies in which damage to the hippocampus results in deficits
n episodic recollection and memory for associations and context,
s we observed in rats in the studies described above. Correspond-
ngly, these reviews describe a large number of functional imaging
tudies have reported that activation the hippocampus occurs with
pisodic recollection and memory for associations and context,
hereas activation of the perirhinal cortex is linked with familiarity

nd activation of the parahippocampal cortex is linked to context
etrieval. Most striking are double dissociations between deficits

n familiarity or item memory following perirhinal cortex damage
ersus deficits in episodic recollection or associative memory fol-
owing hippocampal damage (Bowles et al., 2010). Parallel to these
bservations, there are striking double dissociations in functional
ereas the PHC–MEA represents contextual information. Those streams converge in
nced. Outputs of the hippocampus are directed back to the parahippocampal areas,
puts.

imaging of hippocampal activation in recollection versus perirhi-
nal cortex activation in familiarity (Ranganath et al., 2003; Daselaar
et al., 2006). These studies strongly support the dual process model
of recognition, in which episodic recollection and familiarity reflect
distinct memory processes that are supported by different neural
substrates.

A prominent alternative view is that the functional distinctions
in MTL  structures described above can be explained by a single
process model in which differences in stronger memory during rec-
ollection of associations versus weaker memory in familiarity for
single items (Squire et al., 2004, 2007; Wixted & Squire, 2010). The
single process model cannot account for the double dissociations
in amnesia and fMRI studies cited above, nor can single process
theories account for the double dissociations between the role of
the hippocampus in recollection and familiarity in our studies on
rats described above. Nevertheless, studies on human amnesia and
fMRI studies continue to build evidence that favors one view or the
other. There is agreement that identifying the key brain areas and
underlying neuronal representations in cortical and MTL  structures
can provide a deeper understanding of the functional organization
of this system (e.g., Wixted et al., 2010; Montaldi & Mayes, 2010)
and now we  will focus on this approach, first comparing findings on
damage to different MTL  areas in animals performing recognition
memory tests, and second, considering how information is encoded
by single neurons within different MTL  areas.

2.1. Animal models of recognition memory

Animal models offer a substantial improvement in the resolu-
tion with which we can examine the effects of selective damage to
particular MTL  areas and in characterizing neural activation at the

level of the units of information processing. These methods have
been applied in models of recognition memory in which monkeys
or rats are trained to respond differentially to new and previously
experienced stimuli or in which we  observe their natural tendency
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o explore novel stimuli. Interpretations of the findings on the role
f the hippocampus and other MTL  areas have been contentious, so
e will begin with an overview of early work then describe more

ecent studies that have clarified the issues. Early on in research
n the roles of MTL  areas in recognition memory, there was a
trong focus on the delayed non-match to sample (DNMS) test. In
he DNMS paradigm (Gaffan, 1974; Mishkin & Delacour, 1975) an
nitially novel three-dimensional “junk” object is presented, then
fter a variable temporal delay, the animal is rewarded for selecting
nother novel (i.e., non-matching) object over the sample. Fol-
owing ablation of the entire medial temporal lobe area, monkeys
erform well if the delay is a few seconds, but memory deteriorates
apidly (Mishkin, 1978; Zola-Morgan & Squire, 1985) modeling the
apid memory decline observed in amnesic patients (Squire et al.,
988; Aggleton et al., 1988). A similar severe and rapid decline in
ecognition memory is also observed after damage limited to the
erirhinal cortex alone or in combination with parahippocampal or
ntorhinal cortex in monkeys (Zola-Morgan et al., 1989; Meunier
t al., 1993) and in rats (Otto and Eichenbaum, 1992; Mumby  &
inel, 1994; Wiig & Bilkey, 1995; reviewed in Steckler et al., 1998;
rown and Aggleton, 2001; although see Winters et al., 2004).

In contrast, monkeys with selective damage to the hippocampus
Murray & Mishkin, 1998) or entorhinal cortex (Buckmaster et al.,
004) perform normally in DNMS at substantial memory delays.
n some studies, a small, but statistically significant deficit was
bserved at a very long delay (Zola et al., 2000), but in other stud-
es no deficit was observed even at long memory delays or when
nimals are required to remember a long list of stimuli (Murray

 Mishkin, 1998). In rats, performance on DNMS is also intact fol-
owing selective hippocampal damage (see Steckler et al., 1998 and

umby, 2001 for detailed reviews), although some studies report
artial impairment at long delay intervals or when the list of sam-
le objects was numerous (Mumby  et al., 1992, 1995; Steele and
awlins, 1993; Wiig and Bilkey, 1995; Dudchencko et al., 2000;
lark et al., 2001).

Succeeding studies have examined recognition memory by
onitoring spontaneous exploration of familiar and novel stimuli,
herein an object or picture is first presented, then re-presented

fter a delay along with another novel stimulus. Animals typi-
ally spend approximately twice as much time investigating the
ovel stimulus over the previously experienced stimulus. Superfi-
ially, these paradigms would seem to present the same memory
equirement for recognition of a novel stimulus as the DNMS task.
owever, there are differences in the nature of the stimuli and
ehavioral responses, as well as in the motivational basis for perfor-
ance, that could influence the use of different memory strategies

n the expression of recognition memory (Nemanic et al., 2004).
ndeed, in monkeys, even the same animals with selective hip-
ocampal or parahippocampal cortex damage that show little or
o deficit in DNMS have severe and rapidly apparent deficits on the
pontaneous novelty exploration task (Zola et al., 2000; Nemanic
t al., 2004). In rats, some studies report no deficit (Save et al.,
992; Mumby  et al., 2002; Lee et al., 2005; Winters et al., 2004;
angston and Wood, 2010) whereas other studies have observed
n impairment at long delays (Clark et al., 2000; Hammond et al.,
004; Rampon et al., 2000), and observation of the deficit may
epend on the amount of damage to the hippocampus (Moses
t al., 2002; Broadbent et al., 2004). In contrast to the variability
f findings on the hippocampus, damage to the perirhinal cortex
onsistently results in a severe and rapidly developing deficit in
onkeys (Nemanic et al., 2004) and in rats (Ennaceur et al., 1996;
umby  et al., 2002; Norman and Eacott, 2004, 2005; Winters et al.,
004; Winters and Bussey, 2005a,b; Young et al., 1997).
Importantly, in variants of recognition tasks where rats must

emember places, the hippocampus consistently plays an impor-
ant role. Hippocampal damage causes severe and immediate
havioral Reviews 36 (2012) 1597–1608

deficits on DNMS tasks in which animals must remember cues
that are composed as visually elaborated arms of a maze (Yee and
Rawlins, 1994; Prusky et al., 2004). In a variant of the sponta-
neous novelty exploration task where an initially presented object
is moved to a new location or to a new environment during the test
phase, selective hippocampal lesions consistently result in deficits
even following relatively small lesions of the hippocampus that
have no effect on exploration of novel objects (Mumby et al., 2002;
Eacott and Norman, 2004; Lee et al., 2005). Similarly, damage to
the parahippocampal cortex does not affect exploration of novel
objects but results in severe impairment in recognizing objects
after a change in position or context (Eacott et al., 2004; Norman
and Eacott, 2005) or sometimes both (Langston and Wood, 2010).
Strikingly, in a double dissociation with perirhinal cortex, Norman
and Eacott (2005) showed that whereas parahippocampal damage
produced a deficit in object-location memory, perirhinal damage
resulted in a deficit in object-object memory. These results suggest
that the hippocampus and parahippocampal cortex may  be partic-
ularly involved in memory for spatial scenes or context whereas the
perirhinal cortex processes object information without context.

Why  do hippocampal lesions result in partial and variable
impairments in recognition memory across tasks and across
species? Based on the findings from human memory, one possibil-
ity is that the hippocampus supports only one of two  processes that
contributes to recognition performance (e.g., recollection) and the
demand for this component varies across behavioral paradigms.
As described above, this hypothesis was  addressed in our study
in which rats were trained on a variant of DNMS in which they
initially sampled a series of odors and then judged old and new
test stimuli across a range of response criteria to derive ROC func-
tions (Fortin et al., 2004). The results of that study revealed that
recognition in rats was  supported by two processes akin to rec-
ollection and familiarity, and that selective hippocampal damage
eliminated the contribution of recollection and spared that of famil-
iarity. These findings offer an explanation of the mixture of findings
on hippocampal damage in previous studies on recognition mem-
ory, suggesting that the presence and magnitude of the deficit is
dependent on the relative contributions of recollection and famil-
iarity processes in the performance of particular tasks.

An additional study provides further evidence that the hip-
pocampus is critical in memory for a combination of information
about what happened, where it happened, and when it occurred,
three key features of episodic memory. In this study we trained rats
on a task which assesses memory for events from single episodes
involving a combination of odors (“what”) presented in unique
places (“where”) and in a specific order (“when”; Fig. 3a; Ergorul
and Eichenbaum, 2004). On each trial, rats sequentially sampled a
unique series of four rewarded odor stimulus cups, each in a differ-
ent place along the periphery of a large open field. Then, memory for
the order of those events was  tested by presenting a choice between
an arbitrarily selected pair of the odor cups in their original loca-
tions, and selection of the earlier presented item was reinforced
with a buried reward. Because rats could employ memory for the
locations of the cups (“where”) without using odor information
(“what”), we also measured responses based purely on location
information in two ways: first, we recorded the initial stimulus the
animal approached; we separately determined that rats cannot tell
which odor is inside until they approach the odor cup. Second, we
presented probe memory tests in which the odors were omitted
and the rats had to use the locations only to identify which odor
was presented earlier.

Normal animals performed well in the standard

what–where–when tests. Furthermore, in the measure of first
cup visited on the test trials, the animals performed less well,
albeit still above chance (Fig. 3b). Therefore, it appears that normal
rats make an initial good ‘guess’ about which item occurred first
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Fig. 3. The hippocampus and “what,” “where,” “when” memory. (a) Behavioral protocol. (b) Control rats make an initial good guess about which item occurred first (“when”)
based  on location information (“where”) and then they confirmed or disconfirmed their choice based on the odor in the cup (“what”). (c) Rats with hippocampal damage
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erform  at chance level on the final choice and below chance in their first visit.

“when”) based on location information (“where”) and then they
onfirmed or disconfirmed their choice based on the odor in the
up (“what”). Furthermore, normal rats fall to chance performance
n the probe tests that omitted the odors, indicating that they con-
idered items that lacked the correct “what” component distinct
rom either correct item. This combination of findings provides
ompelling evidence that normal rats form strongly integrated
epresentations of what happened when and where. Rats with
ippocampal damage were severely impaired on the standard
hat–where–when memory judgments, performing no better

han chance (Fig. 3c). Interestingly, animals with hippocampal
amage tended to first approach the more recently reinforced cup,

n opposition to their training to approach the earlier presented
up, suggesting their performance was driven by an intact system
uided by recent reinforcement. These observations indicate that
ormal rats can remember single episodes of what happened,
here, and when, and that this ability is based on highly inte-

rated what–where–when representations that are supported by
he hippocampus.

The combined findings on recognition memory and our
hat–where–when test strongly support the model illustrated in

ig. 2. Whereas the perirhinal and lateral entorhinal cortex are
ssential to memory for specific objects, the parahippocampal
egion and medial entorhinal cortex are critical to memory for the
ontext in which events occur. These results are consistent with
he idea that the hippocampus is involved in the convergence of
bject and context information and confirm the critical role of the
ippocampus in memory for integrating the what–where–when

eatures of episodic memory. In the next section, we will consider
arallel studies on the nature of memory representations contained

n neuronal activity in MTL  areas.
.2. Activity patterns of single neurons in the MTL

Observations on the responses of neurons in the medial tempo-
al areas in animals performing recognition tasks provides evidence
about the functions of MTL  areas that complement the findings
from lesion studies, and offer insights into the nature of informa-
tion represented within each of the relevant brain areas. There are
three prominent responses of neurons in the perirhinal and lat-
eral entorhinal areas in both monkeys and rats performing delayed
matching and non-matching to sample tasks (reviewed in Brown
and Xiang, 1998; Desimone et al., 1995; Fuster, 1995; Suzuki
and Eichenbaum, 2000). First, many cells encode specific stimu-
lus representations. Second, some cells maintain stimulus-specific
activity during the memory delay when the sample is no longer
present, indicating a persistent a representation of the sample.
Third, many cells show enhanced or suppressed responses to the
familiar stimuli when they re-appear in the memory test. Some
of these neurons show diminished responses to stimulus repe-
tition within a recognition memory trial, but then recover their
maximal responses; these cells could signal the recency of stim-
ulus presentations. Other cells exhibit long lasting decrements in
responsiveness to stimuli, which could support recognition over
extended periods (Brown et al., 1987; Miller et al., 1991). These
findings are consistent with the critical role of the perirhinal
cortex in item recognition, and indicate that the perirhinal cor-
tex supports familiarity by modulation of responses to stimulus
re-presentation.

Unlike perirhinal and lateral entorhinal cortex neurons, neu-
rons in the parahippocampal cortex lack repetition-related changes
in responses to specific stimuli (Riches et al., 1988, 1991).
Instead, neurons in the parahippocampal and medial entorhi-
nal cortex demonstrate strong spatial coding (Quirk et al.,
1992; Burwell et al., 1998; Burwell and Hafeman, 2003; Fyhn
et al., 2004; Hargreaves et al., 2005). These findings are con-
sistent with the lesion studies showing the importance of the
parahippocampal cortex in recognition that relies on spatial

context.

Hippocampal neurons do not show stimulus selective acti-
vations or repetition related firing patterns in monkeys (Riches
et al., 1991), rats (Otto and Eichenbaum, 1992; Young et al., 1997;
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Fig. 4. Hippocampal neurons develop item-place representations in parallel with learning what happens where. (a) Object-context association task. The two contexts
(represented by different shadings) differed in their flooring and wallpaper. The stimulus items (X or Y) differed in odor and in the medium that filled the pots. Items with
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 plus contained reward, whereas those with a minus did not, each depending up
earning  vs. (c) overtraining sessions.

akurai, 1994), or humans (Rutishauser et al., 2006) performing
elayed matching and non-matching tasks where they recognize

ndividual stimuli. Instead, these studies reveal that hippocam-
al neurons show only generic responses to novelty or familiarity
hat are the same across a broad range of stimuli. This finding
ndicates that hippocampal neurons do not encode memories for
pecific stimuli, but rather suggest a role in encoding the out-
ome of recognition experiences. On the other hand, hippocampal
eurons do encode specific sensory stimuli when they are associ-
ted with a location or behavioral context in which they occurred
n rats (Wible et al., 1986; Young et al., 1994; Hampson et al.,
993; Deadwyler et al., 1996; Wood et al., 1999, 2000; Wiebe and
taubli, 1999; Moita et al., 2003, 2004), monkeys (Rolls et al., 1989;
eigenbaum and Rolls, 1991; Wirth et al., 2003; Cahusac et al., 1993;
anike et al., 2004), and humans (Ekstrom et al., 2003; Kreiman
t al., 2000). These results indicate that hippocampal firing pat-
erns reflect unique conjunctions of stimuli with their significance,
he animal’s specific behaviors, and the places and contexts in
hich the stimuli occur (Eichenbaum, 2004). Also, the observations

rom single neuron recordings have been confirmed by differen-
ial activation of the immediate early gene fos in neurons in the

TL  (Zhu et al., 1995; Wan  et al., 1999). In these studies rats are
rained to view visual stimuli that are novel, familiar, or familiar
ut spatially rearranged. Fos is activated by novel stimuli in the
erirhinal and lateral entorhinal cortex, but not in the hippocam-
us or postrhinal cortex. Conversely, fos is expressed in response

o novel spatial arrangements of familiar stimuli, as well as in spa-
ial learning (Vann et al., 2000; Jenkins et al., 2004), selectively
n the hippocampus and postrhinal cortex, but not in perirhinal
ortex.
 spatial context. (b) Changes in proportions of Item-Position and Position cells in

2.3. The development of hippocampal neuronal representations
of events in their spatial and temporal context predicts successful
learning

We have also obtained parallel electrophysiological data show-
ing that hippocampal neurons develop representations of stimulus
elements (“what”) in the context in which they occur (“where”)
in rats while performing a task which requires them to remember
what happened where (Komorowski et al., 2009). In this experi-
ment rats moved between environmental contexts that differed in
visual, textural, and olfactory cues. On each trial, rats were initially
allowed time to orient to the environment; then, they were pre-
sented with two  cups that were distinguished by both their odors
and their digging media. In one environmental context (A), one of
the stimuli (X) had a buried reward and the other stimulus (Y) did
not, whereas in the other environmental context, the contingency
was reversed (Y was  baited and X was  not; Fig. 4a). Therefore the
rat had to learn which of the two  stimuli had been rewarded within
each environment.

We  found that rats required several training sessions to acquire
an initial problem of this type, but a subsequent second problem
with new stimuli and new environmental contexts was typically
acquired in the middle of a single 100-trial training session. This
rapid learning allowed us to track the firing patterns of single neu-
rons during the course of training on the second problem. We  could
therefore examine how neuronal firing patterns in the hippocam-

pus might encode the relevant object-context associations.

We  focused on the firing rates of hippocampal principal cells
in areas CA1 and CA3 for a 1 s period when rats sampled the
stimuli during each trial. Early in training, we  found that a large
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ercentage of neurons fired when animals sampled either stimu-
us in a particular location in one of the two environments (Fig. 4b;
rst 30 trials). These likely correspond to so-called “place cells”
hich fire when rats occupy a location in their environment. Some

f these cells maintained the same place-specific firing patterns
hroughout training. At this stage, the firing patterns of virtually
one of the cells distinguished the stimuli. However, as the ani-
als acquired the conditional discrimination, some neurons began

o fire selectively during the sampling of one of the objects in one
f the contexts and these cells continued to exhibit item-context
pecificity after learning (Fig. 4b; middle 30 trials). The magnitude
f item-context representation was robust in that, by the end of the
raining session, the percentage of hippocampal neurons that fired
electively during the sampling of one of the objects in a particular
ontext equaled that of the percentage of place cells (Fig. 4b; last 30
rials). This item-context representation remained strong through-
ut recording sessions in which animals were highly overtrained on
he task (Fig. 4c). Thus, a large percentage of hippocampal neurons
eveloped representations of task-relevant item-context associa-
ions, and their evolution was closely correlated with learning those
ssociations. Furthermore, subsequent analyses showed that the
tem-context representations developed from pre-existing spatial
epresentations into enhanced activations when particular items
ere sampled in specific locations. Conversely, the representation

f the items alone was minimal throughout learning and the repre-
entation of places where any object was sampled, although strong,
emained unchanged throughout training. These findings strongly
uggest that the development of conjunctive item-context repre-
entations within the hippocampus underlies memories for items
n the places where they occur.

We  have also explored the organization of hippocampal
euronal representations in spatial memory, focusing on how hip-
ocampal and medial entorhinal neurons encode sequences of
laces that compose navigational episodes in a maze. In one study,
ats were trained on the classic spatial T-maze alternation task in
hich successful performance depends on distinguishing left- and

ight-turn episodes to guide each subsequent choice (Wood et al.,
000). If hippocampal neurons encode each sequential behavioral
vent within one type of episode, then neuronal activity at locations
hat overlap in left-to-right and right-to-left turn trials should vary
ccording to the route currently under way. Indeed, virtually all
ells that were active as the rat traversed these common locations
ere differentially active on left-to-right versus right-to-left trials.

or example, the CA1 cell shown in Fig. 5 fired more strongly as the
at traversed the stem when rats performed a right-to-left trial that
hen it performed a left-to-right trial. Although most cells exhib-

ted similar quantitative differentiation of trial types, other cells
red exclusively on one type of trial.

Similar results have subsequently been observed in several ver-
ions of this task (Bower et al., 2005; Ferbinteanu and Shapiro, 2003;
rank et al., 2000; Griffin et al., 2007; Lee et al., 2006; Ainge et al.,
007; Pastalkova et al., 2008; for review, see Shapiro et al., 2006; but
ot all versions of the task Lench-Santini et al., 2001; Bower et al.,
005). Furthermore, these observations are consistent with recent
esults in animals and humans showing that hippocampal neuronal
ctivity captures sequential events that compose distinct memories
Ginther et al., 2011; Paz et al., 2010). These findings suggest a rec-
nciliation of the current controversy about spatial navigation and
pisodic memory views of hippocampal function: Place cells rep-
esent the series of places where events occur in sequences that
ompose distinct, “episodic” memories.

We  have also begun to examine how the cortical areas of the

TL  contribute to spatial episodic memory, and have begun with

he medial entorhinal cortex (MEC), the site of the so-called “grid
ells” that provide a mapping of the environment (Fyhn et al., 2004).

hen animals forage in random directions within an open field the
havioral Reviews 36 (2012) 1597–1608 1605

grid-like spatial representation is composed from increased firing
rates of MEC  neurons that form a hexagonal pattern in the environ-
ment. It is notable, however, that the grid structure breaks down
when animals are constrained to make hairpin turns within the
previously unconstrained open field (Derdikman et al., 2009). This
observation is important because in the standard, random foraging
experimental protocol, spatial cues provide the only regularities
and constraints. In contrast, what differed between the hairpin turn
maze and the open field condition was  the imposition of behavioral
constraints while spatial cues were held constant. Importantly, it
is only in the unconstrained open field condition that hippocampal
cells display purely allocentric spatial firing patterns. It appears that
when stimulus or behavioral regularities are imposed, the activity
of neurons in medial entorhinal cortex, like neurons in the hip-
pocampus, might reflect the corresponding regularities embedded
in the task protocol.

We  have also adopted the same spatial memory task used pre-
viously (Wood et al., 2000) to compare the activity of hippocampal
and medial entorhinal neurons in animals performing a continu-
ous spatial alternation on a T-maze in which hippocampal neurons
encode sequences of locations traversed and disambiguate overlap-
ping routes (Lipton et al., 2007). Consistent with previous reports
(Fyhn et al., 2004; Hargreaves et al., 2005), activity of neurons in
medial entorhinal cortex also signaled an animal’s position along
the maze. However, we did not observe the grid-like firing pattern
of MEC  activity on the T-maze, although some MEC  neurons did
exhibit a high degree of spatial specificity as the animal traversed
multiple loci on the maze (Fig. 5). Many of these MEC  neurons
also exhibited differential firing patterns along the central stem
of the maze during the two  types of trials, similar to hippocampal
neurons. For example, the cell shown in Fig. 5 had different multi-
peaked patterns of activity for right-to-left and left-to-right trials.
This pattern of activity was  an exclusive feature of MEC  neurons
such that, unlike MEC  neurons, no hippocampal units had poorly
localized, trial-type specific firing that extended the length of the
central stem. Consequently, MEC  neurons performed better than
hippocampal neurons at distinguishing left-to-right and right-to-
left trials.

Conversely, hippocampal neurons had smaller place fields,
higher spatial tuning, and higher spatial information content than
MEC  neurons. Therefore, hippocampal neurons showed consider-
ably greater spatial specificity than MEC  neurons. The combined
results of this study suggest that disambiguation of overlapping
experiences occurs prior to the hippocampus, and that hippocam-
pal and medial entorhinal circuits play distinct and complementary
roles in the continuous spatial alternation. MEC neurons more
successfully distinguished what kind of trial the animal was per-
forming, i.e., stronger coding of temporal or meaningful context,
whereas hippocampal neurons more successfully signaled specific
events with the trial the animal was performing. Together both
regions supply requisite elements of a neural code for particular
events as they occur within unique episodes.

These observations suggest that the hippocampus and medial
entorhinal cortex play distinct roles in episodic memory. Consis-
tent with the model presented in Fig. 2, the MEC  may  support a
representation of the spatiotemporal context that distinguishes the
two routes through the maze that distinguish trial episodes. The
hippocampus may  represent specific sequential events, each sig-
naled by the animal’s location, that compose each type of episode.
Broadening this interpretation of MEC  as representing the context
of each memory, we recently found that damage to the dorsocau-
dal MEC, the site of the grid cells, results in a selective deficit in
the contribution of recollection to the ROC function in recognition
memory (Sauvage et al., 2010b), consistent with a role in contextual

representations supporting episodic memory (Eichenbaum et al.,
2007).
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Fig. 5. Spatial firing rate plots for example neurons in CA1 and MEC in rats performing a T-maze alternation task. Left panels show firing rate plots for right-to-left trials and
right  panels show firing rate plots for left-to-right trials. Each trial begins when the rat leaves the reward site (small light-blue circles) on the left or right side of the T-maze
(outlined in white), then the rat runs down the start arm, turns into and traverses the central stem, then turns in the direction opposite to the start arm to receive a reward.
Note  the animal occupies only the central stem on all trials, such that comparisons of firing patterns between left-to-right and right-to-left trials focus on that area alone.
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. Conclusions

The convergence of findings from behavioral, lesion, and record-
ng approaches in animals strongly supports the idea that different
omponents of the MTL  make distinct contributions to the memory
apacities that share features with episodic memory in humans.
he combined findings suggest that perirhinal cortex plays an
ssential role in object recognition memory, and conversely, the
erirhinal cortex can support relatively intact recognition mem-
ry even when the hippocampus is eliminated. Correspondingly,
eurons in the perirhinal cortex encode and maintain representa-
ions of individual stimuli and signal their familiarity. By contrast,
he parahippocampal and medial entorhinal cortex are essential to
patial recognition, and correspondingly, neurons in these areas
onvey information about spatial contextual features of distinct
xperiences and not individual stimuli or locations; the role of
EC  may  also extend to non-spatial context that contributes to

ecollective memory. The hippocampus makes a selective essential
ontribution to recognition memory, specifically to the recollection
omponent of item recognition, associative recognition, and mem-
ry for spatial context, all of which have in common a demand
or representing stimuli in context. Correspondingly, hippocampal

eurons encode configurations items and events in the spatial and
emporal context in which they were experienced, a central feature
f episodic recollection. These findings support a model in which
bject and event information processed by the perirhinal and lat-
eral entorhinal cortex and information about spatial and temporal
context processed by the parahippocampal and medial entorhinal
cortex converge on the hippocampus (Fig. 2). The hippocam-
pus maps events within a spatio-temporal contextual framework,
supporting a “memory space” that binds events and their con-
text and links related memories (Eichenbaum et al., 1999, 2007;
Eichenbaum, 2004).
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