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A Uniﬁed Framework for the Functional Organization of the Medial
Temporal Lobes and the Phenomenology of Episodic Memory
Charan Ranganath*
ABSTRACT:
There is currently an intense debate about the nature of
recognition memory and about the roles of medial temporal lobe subregions in recognition memory processes. At a larger level, this debate has
been about whether it is appropriate to propose uniﬁed theories to
explain memory at neural, functional, and phenomenological levels of
analysis. Here, I review ﬁndings from physiology, functional imaging,
and lesion studies in humans, monkeys, and rodents relevant to the roles
of medial temporal lobe subregions in recognition memory, as well as in
short-term memory and perception. The results from these studies are
consistent with the idea that there is functional heterogeneity in the
medial temporal lobes, although the differences among medial temporal
lobe subregions do not precisely correspond to different types of memory tasks, cognitive processes, or states of awareness. Instead, the evidence is consistent with the idea that medial temporal lobe subregions
differ in terms of the kind of information they process and represent,
and that these regions collectively support episodic memory by binding
item and context information. V 2010 Wiley-Liss, Inc.
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mnemonic experience. In this review, I will touch on
research from several domains examining the contributions of different MTL subregions to different types of
memory tasks (recognition, recall, short-term memory,
perceptual discrimination), retrieval processes (threshold/pattern completion vs. signal detection/global
matching), and conscious mnemonic experiences
(remembering vs. knowing). Many theories of MTL
function emphasize one of these levels of description,
and such approaches can explain a large amount of the
extant evidence. Here, I propose a uniﬁed framework,
the Binding of Items and Contexts (BIC) model, to
explain MTL function across multiple domains and
levels of analysis. The central tenet to this framework
is that MTL function may be explained in terms of the
kinds of information that typically support different
processes, mnemonic experiences, and performance on
different tasks.

INTRODUCTION
This special issue focuses on a speciﬁc and particularly controversial
topic in episodic memory research, which is how best to characterize the
neural substrates of recognition memory. This is an important, but relatively narrow question, which might leave many readers wondering what
the controversy is all about. Make no mistake, however, this debate is
not just about recognition memory, but rather about whether we as a
ﬁeld are ready to propose uniﬁed models to explain the neural and functional organization of memory processes in humans and other mammals.
At one point, it would have been difﬁcult to conceive that neuroscience
or psychology has progressed to the point where such a ‘‘grand uniﬁed
theory’’ could be developed, but now many of us believe that such an
achievement is not only possible, but likely.
Here, I will review research pertinent to our understanding of the
functional organization of the medial temporal lobes (MTL), and how it
relates to the nature of memory processes and the phenomenology of
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WHY RECOGNITION MEMORY? A
HISTORICAL PERSPECTIVE
To understand the controversy about the MTL and
recognition memory, it is useful to consider the recent
history of work on this topic. Interest in the role of
the MTL in memory was stimulated by Brenda Milner and her colleagues (Milner et al., 1968; Milner,
1972), who demonstrated that extensive damage to
the MTL region in humans severely impairs the formation of new memories for events, while sparing
many other processes, such as motor skill learning.
Milner’s ﬁndings stimulated work on animal models
to further pinpoint the roles of different brain regions,
particularly in the MTL, in memory for events. Much
of the work in nonhuman primates focused on the
delayed matching (DMS) or nonmatching to sample
(DNMS) task (Gaffan, 1974; Mishkin and Delacour,
1975), which is a test of object recognition memory.
In DNMS, one or more ‘‘sample’’ objects is shown
and after a retention delay, the subject is shown the
sample object, along with a novel object, and is
rewarded for choosing the novel object. This task is
similar to paradigms used to study short-term memory
(Konorski, 1959), but was adapted by using a large
set of complex stimuli, so that within a given testing
session, each stimulus to be remembered and the cor-
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responding foil object are trial-unique (Gaffan, 1974; Mishkin
and Delacour, 1975). The usage of trial-unique stimuli minimizes the accumulation of proactive interference, making it
possible to perform the task by remembering the sample
object during the memory decision, or by evaluating the difference in familiarity between the sample and foil objects during the memory decision. Monkeys with large MTL lesions
show severe impairment on this task, especially when the
delay length is long or if the list length (i.e., Number of sample objects) is large (Mishkin, 1978; Mahut et al., 1982; Murray and Mishkin, 1984; Zola-Morgan and Squire, 1985; Murray and Mishkin, 1986; Zola-Morgan and Squire, 1986; ZolaMorgan et al., 1993; Meunier et al., 1996). On the basis of
the ﬁndings described above, it was argued that MTL lesions
in monkeys provide an animal model of the kinds of severe
episodic memory impairments seen in amnesia (Mishkin, 1982;
Squire et al., 1988). This was a signiﬁcant breakthrough, in that
it paved the way for careful lesion studies to examine the roles of
speciﬁc MTL subregions in recognition memory.
Building on emerging knowledge of the anatomical organization of the MTL, researchers outlined a ‘‘system’’ of regions
that were likely to contribute to memory performance, including the perirhinal cortex (PRc), parahippocampal cortex
(PHc),i entorhinal cortex (EC), hippocampal formation, amygdala, and diencephalon, which later came to be described as
the ‘‘medial temporal lobe memory system’’ (Squire and ZolaMorgan, 1991).ii Much of the subsequent research on the
MTL memory system has focused on the hippocampus and the
EC, PRc, and PHc, which are the primary sources of neocortical inputs to the hippocampus. This research demonstrated a
clear role for the PRc in object recognition memory, as assessed
by the DNMS task (Murray and Mishkin, 1986; Zola-Morgan
et al., 1989a; Meunier et al., 1993; Suzuki et al., 1993; ZolaMorgan et al., 1993; Meunier et al., 1996; Nemanic et al.,
2004), with one study revealing deﬁcits even with no delay
(Eacott et al., 1994). In contrast, hippocampal lesions (Murray
and Mishkin, 1998; Zola et al., 2000; Nemanic et al., 2004)
or disruption of the hippocampus through fornix lesions
(Gaffan, 1974; Mahut et al., 1982; Zola-Morgan et al., 1989b)
elicited comparatively mild deﬁcits, leading to a debate about
whether the hippocampus makes any contribution to performance on the DNMS task (Baxter and Murray, 2001b; Zola and
Squire, 2001). Consistent with the results in monkeys, numerous studies have shown that object recognition memory is relatively spared in rats with selective hippocampal damage
(Mumby, 2001). The results also converged with a review of
human neuropsychology studies indicating that patients with
relatively selective hippocampal damage show relatively mild
recognition deﬁcits, despite signiﬁcant impairments in recall

i

It is believed that the postrhinal cortex is the rodent homologue of
the PHc.
ii
Other regions not typically included in the MTL memory system,
such as the retrosplenial cortex, septal nuclei, and basal forebrain are
also likely to play a role in episodic memory.
Hippocampus

(Aggleton and Shaw, 1996). That said, there has been sufﬁcient
disagreement amongst studies to fuel a debate about whether
the hippocampus makes any contribution to performance on
item recognition memory tasks (Aggleton and Shaw, 1996;
Manns and Squire, 1999; Baxter and Murray, 2001a; Zola and
Squire, 2001).

TWO COMPONENT MODELS OF THE MTL
Although the role of the hippocampus in object recognition
memory was and is still controversial, most of the available
lesion evidence converges to suggest that, at least in rodents and
monkeys, the PRc makes a more essential contribution than
does the hippocampus. Accordingly, a number of ‘‘two-component’’ models have been proposed to capture the functional differences between the hippocampus and surrounding cortical
regions (particularly the PRc). For instance, the ‘‘relational
memory theory’’ proposed by Cohen et al. (Eichenbaum et al.,
1992; Cohen and Eichenbaum, 1993; Eichenbaum and Cohen,
2001), proposed that: (1) the PRc and PHc (collectively termed
the ‘‘parahippocampal region’’) encode speciﬁc constituent elements of an event, or ‘‘items’’ and (2) the hippocampus encodes
representations of the relationships of the items. Thus, the relational memory theory emphasizes the different kinds of information incorporated in representations formed in the hippocampus versus the parahippocampal region.
Another approach has been to distinguish between the
processes used by the hippocampus and parahippocampal
region. For example, the ‘‘complementary learning systems’’
(CLS) approach (McClelland et al., 1995; O’Reilly and
Rudy, 2001; Norman and O’Reilly, 2003), which builds on
the computational approaches of Marr (Marr, 1971) and
Rolls and Treves (Treves and Rolls, 1994; Rolls, 1996; Rolls
and Kesner, 2006), emphasizes that the hippocampus differs
from neocortical regions in terms of the computational mechanisms of encoding and retrieval. The CLS family of models
essentially proposes that the hippocampus is specialized to
rapidly encode new information, with sparse, minimally overlapping representations that are well suited to encode speciﬁc
episodes. In contrast, the parahippocampal region (and neocortex in general) is proposed to represent stimuli and events
in terms of their constituent features, such that stimuli
with overlapping representations have overlapping neural
representations.
A third idea, proposed by Aggleton and Brown (1999; see
also contributions by Brown et al. and Yonelinas et al. in this
issue) is that the PRc is sufﬁcient to support item recognition
based on familiarity, and that the hippocampus supports recall
or recognition based on conscious recollection. Thus, the
Aggleton and Brown model emphasized that the hippocampus
and PRc differentially support different subjective experiences.
In addition, when viewed in the context of dual process models
of recognition memory (Yonelinas, 2002), their model emphasizes the roles of different roles of the hippocampus and PRc in
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terms of the processes that contribute to performance on different memory tasks.
The three models described above differ in terms of their
areas of emphasis. Whereas the relational memory theory
emphasizes that the hippocampus and parahippocampal region
differ in terms of the kinds of information that they receive
and associate, CLS emphasizes that they differ in terms of their
neurocomputational properties (see Moses and Ryan, 2006, for
a more detailed comparison of the two theories), and Aggleton
and Brown’s model emphasizes both processes and conscious
experience. That said, the three models are compatible with
each other in terms of their predictions about the roles of different MTL subregions in recognition memory. The relational
theory (Konkel and Cohen, 2009) would propose that the recovery of relational information (e.g., recollection of the place
and time that an item was last encountered), should depend on
the hippocampus, but that the PRc should be sufﬁcient to support item recognition without relational information (i.e., familiarity-based recognition). Aggleton and Brown’s (1999)
model makes essentially the same prediction. The CLS model
makes similar predictions, but emphasizes that the process distinction between familiarity and recollection may be better conceived in terms of the degree of overlap in recognition memory
signals elicited by studied items and unstudied lures (O’Reilly
and Norman, 2002; Norman and O’Reilly, 2003; Elfman
et al., 2008). Under typical circumstances, the cortical component of the model produces a signal that indexes the global
match between a cue and all previously learned information, as
a consequence of broad, overlapping stimulus representations.
Thus, the distributions of cortical recognition strength for old
and new stimuli are separate but overlapping, much like two
Gaussian curves. In contrast, the hippocampal component of
the model can produce a somewhat bimodal signal distribution,
such that some proportion of old items are indistinguishable
from new items and others have very strong responses that are
easily distinguishable. This response characteristic is due to the
sparse, highly differentiated representations formed in the hippocampus. Viewed from the perspective of dual process models
(Yonelinas, 2001, 2002; Yonelinas and Parks, 2007, see also
Yonelinas et al., this issue) which assume that recollection
occurs primarily for previously encountered items and that familiarity is more of a signal detection process (i.e., even
unstudied items can elicit a great deal of familiarity), then the
CLS model would suggest that the hippocampus will typically
be more involved in recollection and the parahippocampal
region should be more involved in familiarity (see Norman,
this issue, for a fuller discussion of this topic).

THE BINDING OF ITEMS AND
CONTEXTS MODEL
Based on an extensive review of behavioral, neuropsychology,
neurophysiology, and neuroimaging studies in rats, monkeys,
and humans, Howard Eichenbaum, Andy Yonelinas, and I
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FIGURE 1.
Anatomy of the MTL ‘‘memory system.’’ A: Relative locations of the perirhinal cortex (shown in blue), parahippocampal cortex (shown in green), and hippocampus (red) are shown
on a rendering of a brain with a cutaway to reveal the medial temporal lobes. B: A diagram illustrating our current model of how
the perirhinal and parahippocampal cortex, entorhinal cortex
(with separate pathways from perirhinal and parahippocampal cortex indicated in blue and green, respectively), and hippocampus
may contribute to episodic memory. The anatomical connections
between each region are illustrated with black lines and proposed
roles of each region are shown in italic letters. For simplicity, the
diagram presents only the most signiﬁcant anatomical connections
between these regions and omits other anatomically connected
regions that also may play a role in episodic memory formation or
retrieval.

(Eichenbaum et al., 2007) proposed the Binding of Items and
Contexts (BIC) model to explain the roles of different MTL
subregions in episodic memory (see also Diana et al., 2007;
Ranganath, 2010). The BIC model builds upon the MTL
memory system framework originally outlined by Squire
(1991), in that it proposes differing roles for the PRc and PHc
in memory based on their differential connectivity (Fig. 1).
Speciﬁcally, the PRc primarily receives input from neocortical
areas that process information about the qualities of objects
(‘‘what’’), such as area TE or their reinforcement history (such
as the amygdala). The PHc not only receives input from areas
involved in visual object processing, but also from areas that
process spatial (‘‘where’’) information, such as the posterior parietal cortex. The PHc sends a strong projection to the PRc,
whereas projections from the PRc to the PHc are comparably
weaker (Suzuki and Amaral, 1994). In the rodent brain, the
PRc and PHc preferentially project to the lateral and medial
entorhinal areas (Witter et al., 2000a; Kerr et al., 2007),
respectively, and these inputs converge in the hippocampus.
Hippocampus
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Extrapolating from these aspects of MTL anatomy, we (Diana
et al., 2007; Eichenbaum et al., 2007; Ranganath, 2010) proposed that the PRc may represent information about speciﬁc
items (e.g., who and what), the PHc may represent information
about the context (e.g., where and when) in which these items
were encountered, and the hippocampus may represent bindings between items and context.
The BIC model builds upon Cohen and Eichenbaum’s relational memory theory (Eichenbaum et al., 1992; Cohen and
Eichenbaum, 1993) in that both propose similar roles for the
hippocampus and PRc. Both models also propose that MTL
subregions differ in terms of information content, and that
these differences will often (but not always) lead to dissociations at the level of tasks, processes, and conscious experiences.
Although not directly stated in our original article, BIC is also
compatible with the CLS model, which emphasizes the role of
the hippocampus in pattern separation and completion
(Norman and O’Reilly, 2003). Where BIC differs from the
two-component models is that it proposes a role for the PHc
in representing context information. BIC therefore predicts
functional dissociations between the PHc and PRc. Although
the rest of this article is focused primarily on the BIC model,
it is important to note that other researchers have recently
advanced three-component models of the MTL that are similar
to BIC in many ways (Montaldi and Mayes, this issue; Eacott
and Gaffan, 2005; Davachi, 2006; Bird and Burgess, 2008).iii

LESION EVIDENCE SUGGESTS A
DISPROPORTIONATE ROLE FOR THE
HIPPOCAMPUS IN RECOLLECTION
As noted earlier, the two-component models described above
(Eichenbaum et al., 1992; Aggleton and Brown, 1999; Norman
and O’Reilly, 2003; Eichenbaum et al., 2007) suggest that the
recollection/familiarity distinction is useful for understanding
the relative roles of the hippocampus and PRc in item recognition, although this distinction is more central to some models
than others. This is also the case for the BIC model, which
suggests that familiarity-based recognition is supported by item
representations in PRc, and that recollection should additionally depend on the hippocampus and PHc to recover information about the corresponding study context (i.e., the experience
of recollection is usually associated with the recovery of contextual information). Consistent with this prediction, a number of
labs have reported that patients with hippocampal damage or
dysfunction have disproportionate deﬁcits on measures of recollection as compared with familiarity, which is relatively spared
(Yonelinas et al., 2002, Bastin et al., 2004; Quamme et al.,
2004; Turriziani et al., 2004; Aggleton et al., 2005; Holdstock
et al., 2005; Brandt et al., 2008; Tsivilis et al., 2008; Peters
iii

To my knowledge, these models make similar predictions to those
described here for BIC, although I will not discuss them as such to
avoid misrepresenting their viewpoints.

Hippocampus

FIGURE 2.
Recollection is disproportionately impaired in hypoxia patients and rats with focal hippocampal damage. A: Results
from Yonelinas et al. (2002). At left, receiver operating characteristic (ROC) curves are shown for human patients with likely hippocampal damage due to mild hypoxia and for matched controls. At
right, mean estimates of familiarity and recollection are shown for
each subject group based on a dual-process model ﬁt to the recognition data. B: Results from Fortin et al. (2004). At left, ROC
curves are shown for rats with hippocampal lesions and control
animals. At right, mean estimates of recollection and familiarity
are shown. Note that ROCs are lower and more symmetric for
amnesic humans and rats with hippocampal damage than for the
corresponding control subjects.

et al., 2009; Vann et al., 2009b; Bowles et al., 2010; see
Fig. 2), although different results have been reported for a
group of patients that has been studied by researchers from UC
San Diego (Manns et al., 2003; Wais et al., 2006; Jeneson
et al., 2010; Kirwan et al., 2010). It is important to note that
one can expect a good deal of variability across studies of amnesia patients because of necessarily small sample sizes of
patient groups and correspondingly small sizes of control
groups. The latter issue is particularly important given the high
degree of anatomical, demographic, and functional variability
among ‘‘healthy’’ controls. Studies often claim to study patients
with damage restricted to the hippocampus, but usually these
studies do not include direct comparisons of MRI data from
patients and the control participants in the study. Given the
typical age of matched controls in amnesia studies, these participants might also have substantial hippocampal, cortical, or
white matter atrophy. Another concern is that structural imaging methods can signiﬁcantly underestimate the severity and
extent of MTL damage (Rempel-Clower et al., 1996), and few
studies investigate the integrity of gray and white matter across
the whole brain (i.e., areas outside of the MTL) in amnesia
patients. Finally, some sites select patients on functional criteria
such as amnesic severity (e.g., Squire and Shimamura, 1986)
rather than etiology, thereby leading to a bias towards patients
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with more severe and global memory deﬁcits than would normally be expected given the etiology and extent of brain damage.
The problems described above, for the most part, do not
apply to two recent studies of patients with incidental damage
to the fornix during surgical removal of colloid cysts within the
third ventricle (Tsivilis et al., 2008; Vann et al., 2009b). The
studies capitalized on the fact that fornix lesions in animals
effectively mimic the effects of focal hippocampal lesions, and
on the fact that fornix lesions lead to atrophy of the mammilary bodies. Using a large sample of patients and several converging methods, these researchers found that patients with
likely fornix damage showed signiﬁcant recollection impairments, whereas familiarity was relatively intact. Critically, the
patients with fornix damage and their corresponding controls
were matched for surgical procedure as well as age, IQ, and
time since surgery. These ﬁndings are consistent with the idea
that hippocampal damage affects recollection, while sparing familiarity-based item recognition.
Further evidence for a disproportionate role for the hippocampus in recollection has come from a study of recognition
memory receiver operating characteristics (ROCs) in rats with
hippocampal lesions. ROC curves are constructed by measuring
hit and false alarm rates at different levels of response bias.
Human recognition memory ROC curves typically are not
symmetric, and this has been assumed by some to reﬂect the fact
that some items are recollected and, therefore, can be conﬁdently
recognized even when one adopts a strict response bias (Yonelinas,
1994). In a clever experiment, Fortin et al. (2004) calculated
ROCs for rats by manipulating response bias in DNMS tests
with odor stimuli. As shown in Figure 2, intact rats, like intact
humans, exhibited asymmetric ROCs, whereas ROCs were symmetrical in rats with hippocampal lesions. The striking convergence between these data (Fortin et al., 2004)iv and studies of
ROCs in patients with likely hippocampal damage or dysfunction
strongly support the view that hippocampal lesions impair recollection while generally sparing familiarity-based recognition.

FUNCTIONAL IMAGING EVIDENCE FOR
DISSOCIABLE ROLES OF MTL SUBREGIONS
IN ITEM RECOGNITION
The BIC model not only makes predictions about lesion
effects but it also provides a framework for understanding the
activation of different MTL subregions in relation to the kinds
of information that may support recollection- and familiaritybased recognition. Speciﬁcally, we assume that familiarity is

iv

These data were also analyzed with an unequal variance signal detection (UVSD) model of recognition memory. Both the dual process
and UVSD models revealed similar values for d 0  5 1.01 and both
models revealed no contribution of the other parameter (R 5 0; Vold
5 1) (Norbert Fortin, personal communication). However, the UVSD
model does not provide a principled account of why hippocampal
lesions should eliminate the asymmetry in ROC curves.
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related to the ‘‘strength’’ of an item’s representation, and that
familiarity should emerge as a byproduct of experience-dependent tuning of the representation of an item during encoding
(see contribution by Brown et al., this issue). Thus, PRc activity should differ during encoding of items that will be recognized primarily on the basis of familiarity relative to items that
will be missed, and PRc activity during retrieval should be sensitive to gradations in familiarity. We also assume that recollection depends on the successful encoding of not only the item,
but also of the association between the item and the context
(i.e., spatial, temporal, semantic, social, affective, etc.) in which
the item was encountered, which should depend on the PHc
(context) and hippocampus (item-context bindings). During retrieval, input from PRc to the hippocampus may trigger completion of the activity pattern that occurred during the learning
event and lead to activation of the associated contextual representations in PHc networks. Finally, output from PHc to neocortical regions would elicit the reinstantiation of neocortical
representations of the various aspects of the contextual state at
the time of the original encoding event, thereby leading to recollection (Wheeler et al., 2000; Wheeler and Buckner, 2004;
Johnson et al., 2009). Thus, hippocampal and PHc activity
during encoding and retrieval should be higher for items that
are subsequently recollected relative to items that are subsequently recognized primarily on the basis of familiarity.
Because the BIC model makes predictions about the relationship between MTL activity and recollection and familiarity,
I need to digress for a moment to summarize how these contributions are typically estimated in event-related functional magnetic resonance imaging (fMRI) studies of item recognition. A
number of different measures can be used to disentangle recollection and familiarity, including remember/know, recognition
conﬁdence, or item and source recognition paradigms (see
Yonelinas, 2002 for review). Recollection is typically expected
to differ between remember and know responses, source correct
and source incorrect responses, and the highest conﬁdence
compared to lower conﬁdence responses. Familiarity is typically
expected to differ between recognized, non-recollected items,
and non-recognized items (misses) and it is expected to increase
monotonically with increasing recognition conﬁdence.
Wixted (Wixted, 2007, 2009; Wixted and Squire, in press,
see also Wixted and Squire, this issue) has incorrectly asserted
that the interpretations of such imaging results hinge on strong
assumptions unique to Yonelinas’ (2001 and 2002) dual-process
model of recognition memory. It should be emphasized that
‘‘recollection’’ or ‘‘familiarity’’ contrasts are not expected to be
process-pure and they do not depend upon strong assumptions
from a particular behavioral model of recognition memory. For
instance, consider FMRI studies using the remember-know
method.v In a remember-know recognition test, the participant
is instructed that to give a ‘‘remember’’ (‘‘R’’) response if s/he
v
The same point can be made about studies examining item and source
memory. That is, substitute ‘‘R’’ for recognized items with correct source
judgments and ‘‘K’’ for recognized items with incorrect source judgments,
and the same logic holds true.

Hippocampus
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believes an item was studied based on the recollection of contextual details about the study episode, and to give a Know
(‘‘K’’) response if s/he believes that the item was studied based
on strong familiarity (with little or no recollection). It is common to contrast trials associated with ‘‘R’’ responses and those
associated with ‘‘K’’ responses, to identify neural correlates of
recollection. This interpretation does not hinge on assuming
that recollection is a threshold or all-or-none process, nor that
these measures are process pure. Instead, one need only make
the reasonable assumptions that both recollection and familiarity can contribute to recognition, and that participants can tell
the difference between the two experiences. If so, then when
one recollects a reasonable amount of information, s/he will
probably report it as an ‘‘R,’’ and if an item is highly familiar
and little or nothing is recollected, s/he will use the ‘‘K’’ response
(Dudukovic and Knowlton, 2006; Slotnick, 2010b). Likewise,
‘‘K’’ responses and Misses (or correct rejections) are compared
to identify neural correlates of familiarity. This comparison
would be based on the reasonable assumption that familiarity
should be higher for ‘‘K’’s than for misses. These contrasts are
of course relative, not absolute. On average, the R–K difference should be more sensitive to recollection-related activity
than the K-Miss difference should be, and the K-Miss difference should be more sensitive to differences in familiarity
than the R–K difference should be. To the extent that these
assumptions are incorrect (e.g., when familiarity is also much
higher for R responses than for K responses), then one would
not expect to see reliable dissociations between the responses
of different MTL subregions in contrasts targeting activity
related to recollection and familiarity.vi
A similar point can be made regarding analyses linking brain
activity to item recognition conﬁdence ratings (Ranganath
et al., 2003; Yonelinas et al., 2005; Montaldi et al., 2006; Kirwan et al., 2008). In a 6-point conﬁdence scale, a judgment of
‘‘6’’ indicates the highest degree of conﬁdence that an item was
studied, whereas a judgment of ‘‘5’’ indicates a slightly lower
level of conﬁdence. Typically, memory for contextual details
much higher is much higher for items that receive a ‘‘6’’ than
for items that receive a ‘‘5’’ responses (Slotnick et al., 2000;
Yonelinas, 2001; Ranganath et al., 2003; Slotnick and Dodson,
2005). Accordingly, it is reasonable to contrast ‘‘6’’ and ‘‘5’’
responses to identify a neural correlate of recollection. One can
also look for monotonic changes in activity across conﬁdence
levels 1–5 to identify a correlate of familiarity, under the
assumption that familiarity increases across this range and that
changes in recollection are fairly small. This assumption is reasonable because typically there is little subjective or objective
evidence to suggest that any information is recollected for judgments in the 1–4 range (Slotnick et al., 2000; Yonelinas, 2001;
Ranganath et al., 2003; Slotnick and Dodson, 2005).

vi
Wixted and Squire (this issue) have argued that studies might ﬁnd
artifactual differences amongst MTL subregions due to differences in
neurovascular coupling amongst these regions. In subsequent sections,
I will review evidence which is inconsistent with this argument.

Hippocampus

Even though the assumptions described above are reasonable,
it is essential to note that every method of measuring memory
has limits that must be taken into account. For instance,
although source memory is sometimes treated as a process-pure
and complete measure of recollection (Wais et al., 2008;
Mickes et al., 2009; Wais et al., 2010), familiarity can support
accurate source memory (Yonelinas, 1999; Diana et al., 2008a;
Elfman et al., 2008; Diana et al., 2010; Diana et al., submitted)
and recollection can occur for items that are associated with
incorrect source decisions (Vilberg and Rugg, 2007, 2009).
Likewise, results from the remember-know procedure can be
highly variable and highly sensitive to minor changes in the
instructions for making ‘‘R’’ versus ‘‘K’’ judgments (Eldridge
et al., 2002; Rotello et al., 2005). Studies that combine source
memory and remember-know or recognition conﬁdence ratings
can also produce aberrant results if recognition performance is at
ceiling and subjects must nonetheless distribute their responses
across the range of conﬁdence levels (e.g., Gold et al., 2006;
Wais et al., 2010). In this event, participants can be expected to
recollect a great deal of information on the majority of trials,
including trials with relatively low conﬁdence ratings. Because of
these methodological limitations, one can expect results to vary
somewhat across studies. Accordingly, it is essential to not focus
excessively on any one imaging study, but rather to determine
whether generally similar results have been observed across fMRI
studies using different measurement techniques, materials, etc.
To address this question, we recently reviewed results from
fMRI studies which contrasted trials as a function of memory
outcome (Diana et al., 2007). As shown in Figure 3A, imaging studies have consistently shown that activity in the hippocampus and PHc during encoding or retrieval is generally
increased during processing of items that are recollected (or
items for which recollective strength is high), as compared with
recognized items for which little or nothing is recollected. Furthermore, activity in these regions is generally insensitive to gradations in the familiarity of an item. In contrast, activity in the
PRc is not usually observed in contrasts examining recollection
of items but is often related to familiarity. Thus, imaging results
suggest different roles for the PRc versus the hippocampus and
PHc in item recognition. This pattern is not only evident across
studies (see also Davachi, 2006; Wais, 2008; Mitchell and Johnson, 2009), but also within studies that found qualitative differences in the response properties of these regions during item
encoding or recognition (Davachi et al., 2003; Ranganath et al.,
2003; Daselaar et al., 2006; Kensinger and Schacter, 2006;
Montaldi et al., 2006; Kirwan et al., 2008; Staresina and Davachi, 2009, see Figs. 3B–D).

ASSOCIATIVE AND SOURCE RECOGNITION:
SOME EXCEPTIONS THAT PROVE THE RULE
Earlier, I noted that the BIC model generally suggests that
differences in information content captured by the PRc, PHc,
and hippocampus may drive dissociations in the roles of these
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FIGURE 3.
Functional MRI evidence that MTL subregions
differentially contribute to recognition memory. A: Results from a
review of over 20 FMRI studies that linked trial-by-trial variability
in MTL activity with recognition memory performance (Diana,
et al., 2007). Of the studies that reported analyses targeting recollection, most reported signiﬁcant activation in the hippocampus
(red) and parahippocampal cortex (‘‘PHc,’’ green). Of the studies
that reported analyses targeting familiarity-based recognition, the
majority reported signiﬁcant activation in the perirhinal cortex
(‘‘PRc,’’ blue). B: Results from Davachi et al. (2003) showing that
activation in PRc during encoding of words was predictive of subsequent item recognition, but PRc activation did not differentiate
between recognized items that were associated with correct or
incorrect source memory decisions. In contrast, hippocampal activation was selectively enhanced for recognized items that were
associated with correct source decisions, relative to incorrect
source decisions, but was not sensitive to item recognition accuracy. C: Results from Ranganath et al. (2003) showing that activ-

ity in the hippocampus during encoding was predictive of subsequent source memory accuracy for recognized words. Activity in
this region and other hippocampal regions was not signiﬁcantly
correlated with subsequent item recognition conﬁdence. In contrast, encoding activity in a region situated in left peri/entorhinal
cortex was monotonically related to subsequent familiarity-based
recognition, as indexed by conﬁdence ratings. Activity in PRc and
EC was not, however, correlated with subsequent source memory
accuracy. D: Results from Montaldi et al. (2006). Activation in
bilateral hippocampal regions was speciﬁcally increased during retrieval for items that were subjectively recollected (R), as compared with non-recollected items, and was insensitive to gradations
in familiarity strength. In contrast, activation in bilateral PRc during retrieval monotonically decreased with increasing conﬁdence
[note differences across misses and items that elicited ‘‘familiar’’
responses (F1–F3)], but it did not differ between highly familiar
items (F3) and items that were subjectively recollected.

regions with respect to particular memory tasks or processes.
However, there is no one-to-one mapping between information,
processes, and tasks. Thus, under the right circumstances, information about items that are represented in PRc can support
performance on associative and source recognition tasks,
whether based on recollection or familiarity. For instance, the

model suggests that, when one recollects associations among
items, activation in both the hippocampus and PRc should be
increased. Consistent with this prediction, PRc activation is often correlated with successful encoding and retrieval of item–
item associations (Jackson and Schacter, 2004; Kirwan and
Stark, 2004; Eldridge et al., 2005; Fenker et al., 2005).
Hippocampus
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FIGURE 4.
PRc can support associative recognition based on
familiarity (Haskins et al., 2008). Activation in the vicinity of the
left PRc was increased when encoding word pairs in a unitized
manner, as compared to encoding them in the context of a sen-

tence frame (left graph). In addition, PRc activation during
encoding was monotonically related to subsequent associative recognition conﬁdence, suggesting a role for this region in
familiarity.

Findings from the animal lesion literature also suggest an
important role for the PRc in associative memory. For instance,
rats (Bunsey and Eichenbaum, 1993) and monkeys (Murray
et al., 1993) with hippocampal lesions can show intact learning
of novel associations between items, whereas performance on
these tasks is signiﬁcantly impaired by PRc lesions. Importantly,
recent evidence suggests that associative recognition may be
qualitatively different in intact animals and animals with hippocampal lesions. For instance, Sauvage et al. (2008b) examined
ROC curves in rats during recognition of associations between
odors and a digging media (e.g., wood chips, beads, and sand).
Although rats with hippocampal lesions did not show overall
recognition impairments, the basis for their performance was
qualitatively different than that for intact rats. Analysis of recognition ROC curves revealed that rats with intact hippocampi
relied on recollection to support associative recognition,
whereas rats with hippocampal lesions relied primarily on familiarity. The BIC model can explain this data by assuming
that rats with an intact hippocampus encoded the odor and
medium as two separate items (e.g., cinnamon and wood) that
were arbitrarily associated, and that when the relationship
between the two items was retrieved, they exhibited recollection-like responses. In contrast, rats with hippocampal lesions
might have been forced to rely on item representations in PRc
by encoding each pairing as a single item (e.g., cinnamonscented wood), such that they made familiarity-based decisions
based on the match between each test pairing and the previously acquired item representations.
In studies of human verbal memory, it is easy to manipulate
the extent to which two items can be perceived or encoded as a
single item (Graf and Schacter, 1985; Yonelinas et al., 1999;
Rhodes and Donaldson, 2007). For instance, an association
between ‘‘house’’ and ‘‘boat’’ could be remembered as a single

compound word, ‘‘houseboat’’ (which is a unitized form of the
two individual words). Familiarity can support recognition of
word pairs that comprise a compound word, and amnesic
patients with hippocampal dysfunction show signiﬁcant
improvements in memory for compound word associations
(Giovanello et al., 2006). Interestingly, even novel, unrelated
pairings (‘‘motor’’ and ‘‘bear’’) can be processed as components
of a single compound word (‘‘motorbear’’) by providing a novel
deﬁnition (‘‘a mechanized stuffed animal’’). Processing of word
pairs as compound words (Quamme et al., 2007; Rhodes and
Donaldson, 2007; Haskins et al., 2008; Parks and Yonelinas,
2009) has been shown to increase the ability to subsequently
recognize them based on familiarity (i.e., because the pair has
been processed as a single item, it is more familiar than pairs
that had not been treated as a single item), and signiﬁcantly
improves associative recognition in human patients with recollective impairments and likely hippocampal damage (Quamme
et al., 2007).
According to BIC (Cohen and Eichenbaum, 1993), if one
were to process an unrelated word pair as a single novel compound word, then associative recognition could be supported
the strength of item representations in PRc. Consistent with
this idea, we (Haskins et al., 2008) have found that PRc activation was increased during encoding of word pairs in the context of a deﬁnition (thereby encouraging their treatment as a
single novel item or concept), as compared with encoding of
word pairs in the context of a sentence frame (thereby encouraging them to be treated as separate items). Furthermore, the
magnitude of PRc activation during word pair encoding was
monotonically related to subsequent familiarity at test (Fig. 4).
In the same study, we also found that memory for word pairs
in the compound condition was disrupted by changing the
word order between study and test, as is the case for real com-
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pound words (e.g., ‘‘houseboat’’ vs. ‘‘boathouse’’). Thus, encouraging participants to process each word pair as a compound
word led them to subsequently recognize the pair as though it
were a single item. These ﬁndings, along with the lesion results
described earlier suggest that the PRc can support associative recognition based on familiarity, particularly if the items to be
linked can be treated as a single conﬁguration. The results from
these studies are important because they support the counterintuitive point that item representations formed by the PRc can
support performance on associative recognition tasks.
Some evidence suggests that the PRc might spontaneously
form associations between different elements even when this is
not explicitly demanded by a task. For instance, single-unit recording studies have reported the existence of object-selective
‘‘pair coding’’ neurons in the PRc that preferentially responded
to objects that had previously been paired together (Miyashita,
1988; Sakai and Miyashita, 1991; Erickson and Desimone,
1999). The responses of pair coding neurons might reﬂect representations that are developed over the course of training
which treat the two objects as a single, fused item. Related to
this idea, some ﬁndings indicate that the PRc might spontaneously associate co-occurring items that are from the same domain (e.g., an association between two faces). For instance,
some patients with damage restricted to the hippocampus have
been shown to perform well at recognition of associations
between stimuli from the same domain, despite severe impairments in cross-domain associative recognition (Vargha-Khadem
et al., 1997; Mayes et al., 2004). On the basis of these ﬁndings, Mayes et al. (2007, see also Montaldi and Mayes, this
issue) recently proposed that the PRc might generally associate
item pairs from the same domain, such that the pairing could
subsequently recognized based on familiarity.
The studies described above illustrate how the distinction
between item and associative recognition tasks can be misleading, as the key determinant of MTL involvement is really the
type of information that is used to support task performance.
Another example of this principle comes from studies in which
the distinction between item and source information has been
manipulated. In source recognition studies, participants are
shown an item and asked to make a decision (usually forced
choice) about contextual information associated with the item,
such as the study task, spatial position, or background color
associated with an item. As with associative recognition, it is
generally agreed that source recognition depends more on recollection of contextual information than does item recognition.
However, research has also shown that item information can
contribute to source recognition (Diana et al., 2008a, 2010,
submitted; Zimmer and Ecker, 2010), and that the involvement of different MTL regions in source memory depends on the
extent to which item or context information supports performance
(Staresina and Davachi, 2006, 2008; Diana et al., 2010).
For example, in one fMRI study, participants were scanned
while encoding concrete words against a colored background
(Staresina and Davachi, 2006). To encourage participants to associate each word with the background color, they were
instructed to decide whether it would be plausible to see the
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item in that color. Following scanning, participants were asked
to recall the words that were previously studied. Next, they
were tested on item recognition, and for items judged old, they
were asked to make a source judgment about the associated
background color. Consistent with previous results (Davachi
et al., 2003; Ranganath et al., 2003), hippocampal activity during encoding was predictive of subsequent recall performance
and source recognition. A different pattern of activity was
observed in PRc, where activity was correlated with subsequent
source recognition, but not with recall of the items. Staresina
and Davachi (2006) speculated that, unlike previous studies,
participants in this study were encouraged to think of source
information (i.e., the screen color) as an item feature (e.g., a
red balloon), rather than an arbitrary contextual association.
On the basis of these results, Staresina and Davachi proposed
that PRc can support the encoding of intra-item associations,
which reﬂect ‘‘binding of a concrete item feature (color) with
the item (word/object representation) itself, as opposed to binding of more contextual/abstract information such as the experimental task in which the item was encountered.’’ To test this
proposal, Staresina and Davachi (2008) ran a replication study
in which participants completed source memory tests for both
the item-color associations and for the orienting task that was
used to study the item. Consistent with their prediction, they
replicated the ﬁnding that PRc activity was predictive of subsequent memory for item-color associations, but activation was
not predictive of subsequent source memory for the orienting
task (unless color information was also successfully retrieved).
In contrast, hippocampal activity was predictive of subsequent
memory for all types of associations, and activation increased
with the amount of information that was retrieved.
The results from Staresina and Davachi (2006 and 2008) are
consistent with the idea that the hippocampus and PRc play
different roles in encoding of item and context information,
but are limited by the fact that the dissociations they observed
were based on different retrieval tests. It would be preferable to
show that, even while holding the retrieval task constant, one
can see dissociations between different MTL subregions according to the type of information one is using to make the decision. Rachel Diana, Andy Yonelinas, and I therefore conducted
an experiment which examined the neural correlates of source
memory retrieval, while manipulating the extent to which participants made their decisions based on item or context information (Diana et al., 2010). In this experiment, participants
were asked to learn associations between a word and a background color, either by encoding color as a feature of the item
that they are encoding (e.g., ‘‘The elephant is red because it is
sunburned’’) or as a contextual association (e.g., ‘‘The elephant
stopped at the red light’’). Our behavioral and event-related
potential data suggest that (as in most studies) color source
memory was supported primarily by recollection if color was
encoded as a contextual association, but source memory was also
supported by familiarity if color was encoded as an item feature
(Diana et al., 2008a, 2010, submitted; see Fig. 5A). In an fMRI
study using the same paradigm, we observed a qualitative difference in the involvement of different MTL subregions during
Hippocampus

FIGURE 5.
PRc can support source memory for item details.
Counter-clockwise from right. A: Results from Diana et al. (2008a).
Source (color) memory ROCs were more curvilinear when color was
encoded as an item detail than when it was encoded as a contextual
detail. Note that the ROCs cross over, indicating that this cannot be
explained as an overall change in memory strength. Instead, the results
suggest that encoding background color as an item feature increased
the contribution of familiarity to source recognition. B and C: Results
from Diana et al. (2010). B: Regions showing MTL activation in each
contrast are plotted simultaneously to reveal areas of overlap across:
familiarity/weak memory in the item detail condition (red), recollection/strong memory in the item detail condition (yellow), and recollection/strong memory in the context detail condition (blue). Common areas of activation for item detail familiarity/weak memory and

recollection/strong memory occurred in PRc (plotted in orange).
Common areas of activation for recollection/strong memory in both
the item detail and context detail conditions occurred in the hippocampus (plotted in green). C: Parameter estimates extracted from the
common areas of activation in A (orange and green areas) reveal signiﬁcant PRc activation for the item detail conditions only and signiﬁcant hippocampal activation only for responses that were associated
with subjective recollection. D: PRc activation is not related to memory strength. A plot of PRc activation (y-axis) against discriminability
(x-axis) for each retrieval condition reveals that the relationship
between the two is nonmonotonic. Thus, PRc activation was related
to the kind of information that supported source decisions, and not to
overall memory strength.
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the retrieval test (Diana et al., 2010). Consistent with results
from previous imaging studies, we found that hippocampal and
parahippocampal activity was enhanced during color memory
decisions when participants indicated that their decisions were
based on recollected contextual details (Fig. 5C). In the PRc,
however, activity was only correlated with successful color
memory if color was encoded as an item feature, and this was
true for recollection-based responses or familiarity-based
responses (Figs. 5B,C).
It should be mentioned that the results of Diana et al.
(2010) also address a concern raised by Squire et al. about the
interpretation of dissociations between MTL subregions in
memory studies (Squire et al., 2007). Squire et al. speculated
that dissociations amongst MTL subregions in FMRI studies
might be due to differences in neurovascular coupling. Speciﬁcally, their concern is that differences among MTL areas in
responses to recognition conﬁdence, remember versus know
responses, etc., could really reﬂect differences in the coupling
between BOLD responses and neural responses that signal overall
memory strength (based on both recollection and familiarity). If
this is the case, one could make a clear prediction about the
results from the study of Diana et al. (2010), which is that MTL
activation should be monotonically related to discriminability, as
opposed to the way items were encoded. As shown in Figure 5D,
results were not consistent with this prediction, as BOLD
responses in PRc did not monotonically vary with discriminability. Instead, PRc activity was related to recollection of item details
(i.e., a condition of high memory strength), and to familiarity of
item details (i.e., a condition of low memory strength), and it was
not related to recollection of contextual details (i.e., a condition
of high memory strength). Thus, the relationship between PRc
activation and memory strength is nonmonotonic (see also Staresina and Davachi, 2008). Indeed, informal inspection of results
from many studies indicates that activity in the hippocampus is
also not monotonically related to memory strength (e.g., see Figs.
3B–D, see also Cohn et al., 2009).
The consistent message from imaging studies of associative
memory is that MTL subregions do not merely differ in the
relationship between overall memory strength and BOLD signal, nor do they not differ solely in terms of their contributions
to item versus associative memory tasks or familiarity versus
recollection processes. Instead, MTL subregions appear to differ
in a more fundamental manner that is related to the kind of
information that is processed by these regions.

THE MTL IS NOT THE SITE OF CONSCIOUS
RECOLLECTION
As noted earlier, the BIC model makes predictions about
recollection and familiarity based on the assumption that MTL
subregions differ in terms of the types of information they
receive and process (Diana et al., 2007; Eichenbaum et al.,
2007; Ranganath, 2010). This does not mean that the MTL is
the site where conscious mnemonic experiences arise. Neal
Cohen and colleagues (Cohen et al., 1997; Konkel and Cohen,
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2009) have made this point more emphatically, proposing that
the MTL can support recovery of information about the past
even in the absence of awareness. Although few studies have been
able to successfully disentangle conscious/explicit retrieval from
access to item, context, or relational information, results from
these studies indicate that the MTL may support performance
even in some tasks that do not require explicit memory. For
example, the MTL has been implicated in contextual cueing tasks
(Chun and Phelps, 2000; Manns and Squire, 2001; Preston and
Gabrieli, 2008), implicit detection of changes in scenes through
eye-movements (Ryan et al., 2000), and conceptual priming
(Voss et al., 2009; Wang et al., in press). Of course, there are
also many kinds of implicit memory that are spared following
MTL lesions (see Squire et al., 1993 for review), so it is probably
most appropriate to conclude that the MTL can support recovery
of some kinds of information about the past, and this information does not always correspond to conscious experience.
If this is the case, how do we make sense of the role of the
hippocampus in conscious experiences like recollection?
Although the availability of contextual information is generally
a prerequisite for recollection, recollective experience ultimately
is the outcome of a constructive process by which recovered information is used to make an attribution about the past (Bartlett, 1932; Johnson and Raye, 1981; Johnson et al., 1993;
Schacter et al., 1998). Thus, recollection should involve not
only the MTL regions that support access to item and context
information but also neocortical areas, such as prefrontal and
parietal regions, which may be required to construct conscious
attributions about this information (Moscovitch, 1992, 1995,
2008). It follows that attributions about the past will not
always correspond to the information that is output from the
MTL (Cabeza et al., 2001; Preston and Gabrieli, 2008; Hannula and Ranganath, 2009; Slotnick, 2010a).
Debbie Hannula and I found evidence for this idea in a
recent fMRI study in which we used eye movements to indirectly measure the expression of relational memory, separate
from participants’ explicit attributions (Hannula and Ranganath, 2009). Participants were asked to learn a series of scene–
face pairs and were tested on these pairings while their eye
movements were monitored (Fig. 6A). On each test trial, a
studied scene was shown, and after a delay, a test display consisting of the scene and three previously studied faces was presented. Consistent with previous studies using a similar paradigm (Hannula et al., 2007), participants tended to disproportionately look at the face that was previously paired with the
scene, suggesting that eye movements were inﬂuenced by the
previously learned face–scene association. Activity in the hippocampus and PRc during initial presentation of the scene was
predictive of the extent to which participants subsequently
viewed the correct face, even when they failed to explicitly recognize it as the associate (Fig. 6B). Interestingly, activity in the
lateral prefrontal cortex was more closely correlated with
response accuracy than it was with eye movement measures of
relational memory, and functional connectivity between the
prefrontal cortex and hippocampus was higher on correct trials
than on incorrect trials.
Hippocampus

FIGURE 6.
Hippocampal activity predicts expression of relational memory through eye movements, even when recollection
fails (Hannula and Ranganath, 2009). A: Participants studied a series of faces, each superimposed on a scene context. On each test
trial, a previously studied scene cue was shown, and after a delay,
three studied faces were superimposed, and participants were
instructed to select the associated face. B: Hippocampal activation
in response to the scene cue was signiﬁcantly higher on trials for
which participants disproportionately ﬁxated on the associated
face (‘‘Disproportionate Match’’) than on trials for which participants spent more time viewing another face (‘‘Disproportionate
Mismatch’’). Furthermore, even on trials for which explicit mem-

ory decisions were incorrect, hippocampal activity was correlated
with the amount of time spent viewing the correct face. C: Activation in dorsolateral (‘‘DLPFC’’) and ventrolateral (‘‘VLPFC’’) prefrontal regions during the scene cue was increased on correct relative to incorrect trials (left). Furthermore, during presentation of
the test display, the correlation between activity in the DLPFC
and hippocampus was increased during correct trials, relative to
incorrect trials (right). The results suggest that hippocampal activity is related to the recovery of relational memory even when conscious recollection fails. Furthermore, recollection may involve a
broader cortical network which includes regions in the PFC.
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The ﬁndings are consistent with the BIC model—when participants successfully recovered items in response to a context
cue (i.e., the studied scene), activation was increased in the hippocampus (corresponding to the activated item-context association) and PRc (corresponding to the reactivated item representation). The data go even further, however, in that they demonstrate that output from the hippocampus does not always
correspond to conscious experience. The results suggest that hippocampal activity only reﬂects the recovery of relational information, and that accurate conscious attributions about this information (i.e., recollection) may require interactions between the hippocampus and other brain areas such as the PFC (see below).
The idea that conscious recollection depends on cortical
regions that receive hippocampal input is not just an academic
issue. There is now a growing appreciation of the fact that dysfunction of areas in the frontal and parietal cortices might play a
role in memory dysfunction that occurs in ‘‘normal’’ aging (Nordahl et al., 2006; Andrews-Hanna et al., 2007), dementing disorders (Nordahl et al., 2005; Buckner et al., 2008), and psychiatric conditions like schizophrenia (Ranganath et al., 2008,
2009). For instance, we have shown that, even among cognitively typical elderly individuals, age-related changes in white
matter integrity are associated with reduced ability to recruit prefrontal regions during episodic and working memory tasks (Nordahl et al., 2006). Furthermore, white matter deterioration can
eventually lead to memory impairments that are comparable to
that seen in preclinical stages of Alzheimer’s disease, even in the
absence of gross hippocampal atrophy (Nordahl et al., 2005). It
is possible that these memory deﬁcits might be addressed
through development of pharmaceutical (McDowell et al., 1998;
Minzenberg and Carter, 2008) and/or behavioral (Nyberg et al.,
2003; Olesen et al., 2004; Davidson et al., 2006; McNab et al.,
2009) interventions to improve frontal and parietal functioning.

BEYOND LONG-TERM MEMORY: MTL
CONTRIBUTIONS TO SHORT-TERM MEMORY
AND PERCEPTION
The work reviewed in the previous sections focused on the
role of the MTL in long-term memory. However, a representational view of MTL organization implies that the involvement
of the MTL in a memory task is not dependent on the length
of the retention interval. Instead, the issue is whether a particular task requires access to information that is disproportionately
supported by MTL subregions (for a similar perspective, see
Cowell et al., this issue). If so, one should be able to ﬁnd evidence of MTL involvement in retention of information across
brief delays of seconds, or possibly even in perception.
Although this idea would have seemed ridiculous to neuroscientists 15 years ago, there is now substantial evidence to suggest that the MTL may play an important and previously
unappreciated role in short-term memory (Ranganath and Blumenfeld, 2005; Hasselmo and Stern, 2006; Jonides et al.,
2008; Ranganath, 2009) and perception (Murray et al., 2007;
Baxter, 2009; Graham et al., 2010).
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Initial hints of MTL involvement in short-term memory
came from studies in monkeys showing MTL activation during
short-term memory tasks (Sybirska et al., 2000; Davachi and
Goldman-Rakic, 2001) and that cooling of the MTL (Horel
and Pytko, 1982; Horel et al., 1984, 1987; Horel, 1994) or
extensive MTL lesions (Murray and Mishkin, 1986; Suzuki
et al., 1993; Zola-Morgan et al., 1993; Meunier et al., 1996)
could impair object recognition memory even across delays of a
few seconds (Ringo, 1988, 1991). Some ﬁndings from human
amnesics also indicated potential involvement of the MTL in
short-term memory (Aggleton et al., 1992; Holdstock et al.,
1995; Owen et al., 1995, 1996; Buffalo et al., 1998; Holdstock
et al., 2000; Kesner and Hopkins, 2001), but these ﬁndings
were largely ignored, possibly because of the widespread knowledge that many aspects of short-term memory are spared following MTL damage (Cave and Squire, 1992).
Interest in the potential role of the human MTL in shortterm memory was renewed, however, following the publication
of two fMRI studies in 2001. The ﬁrst, by Stern and colleagues
(2001), investigated the neural correlates of WM for novel
scenes. Activity was examined while participants performed a
‘‘2-back’’ task that required them to decide whether each scene
matched the scene that was presented two trials ago. Activity in
the hippocampus was increased during blocks with novel
scenes, as compared to blocks with scenes that were highly familiar. Stern et al. also examined activation in the hippocampus
during performance of a target detection task that placed minimal demands on WM maintenance. Hippocampal activation
did not differentiate between blocks of target detection with
novel stimuli and blocks with highly familiar stimuli. This
ﬁnding suggests that hippocampal activation during the WM
task was not driven by passive processing of novel stimuli, but
rather by the demand to actively maintain these stimuli.
In a separate study, I (Ranganath and D’Esposito, 2001)
used event-related FMRI to investigate the neural correlates of
WM for novel faces. In the ﬁrst experiment, participants performed a delayed recognition task, which required active
maintenace of a face across a 7s delay. The faces presented on
each trial were novel and not repeated on subsequent trials.
We found that hippocampal activation was signiﬁcantly
increased during the memory delay, as might be expected if
this region was involved in maintenance of each novel face.vii
In a second experiment, we replicated our previous ﬁnding of
hippocampal activation during maintenance of novel faces in a
vii
The ﬁnding of hippocampal activation during maintenance of faces
might seem to be inconsistent with the idea that the hippocampus represents items-in-context. However, our study showed that hippocampal
activity was elevated during the delay, but not during recognition decisions. It is possible that, on each working memory trial, participants
repeatedly recalled the previously seen face during the delay. Thus, hippocampal activation in this working memory task might have reﬂected
persistent reactivation of the recent encoding episode, in a similar manner to what might be seen during ‘‘long-term memory’’ tasks such as
free recall. Admittedly, this is a post hoc explanation; however, later in
this section I summarize ﬁndings from studies which more directly test
the predictions of the BIC model.
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new sample of participants, and extended it by demonstrating that
delay period activation in the same region was increased during
maintenance of novel faces, as compared with familiar faces.
The ﬁndings from the studies by Ranganath and D’Esposito
(2001) and Stern et al. (2001) prompted several groups to reexamine the question of whether short-term memory is intact
following MTL damage. For example, one group (Nichols
et al., 2006) ran an FMRI study aimed at replicating our previous ﬁndings (Ranganath and D’Esposito, 2001) and then tested
amnesic patients using essentially the same paradigm. Consistent with our study, they also found that activity in the hippocampus was increased during maintenance of novel faces. In
addition, amnesic participants with medial temporal lobe damage due to anoxia or encephalitis were impaired at performing
the task at a 7 s delay. Similar studies have also reported
impaired short-term memory for novel faces in patients with
MTL damage (Olson et al., 2006a; Shrager et al., 2008). More
recently, an intracranial electroencephalography study showed
that the amplitude of slow potentials and gamma oscillations in
MTL regions during maintenance of novel faces is modulated
by memory load (Axmacher et al., 2008).
The results described above provide strong evidence for
MTL involvement in short-term memory, but they do not indicate the conditions under which the MTL will make a critical
contribution. It is well known that many kinds of information,
such as sequences of letters or digits, can be maintained across
short delays even with severe MTL damage, so the MTL is not
always necessary for short-term memory. Overlearned or simple
stimuli such as digits and letters may be well represented in
other neocortical areas, so this information can be temporarily
accessed without necessitating MTL involvement. Short-term
retention of complex, novel stimuli such as scenes or faces, however, might necessitate activation of item representations in the
PRc, context representations in PHc, or recall of the entire study
event via activation of hippocampal representations.
The BIC framework predicts that the PRc should be involved
in short-term memory for objects, and particularly for novel
objects that are not well-represented in earlier visual areas (e.g.,
inferior temporal cortex). Consistent with that idea, results from
controlled lesion studies in monkeys suggest that MTL lesions
that include the PRc can cause severe STM deﬁcits for novel
objects (Mahut et al., 1982; Murray and Mishkin, 1984; ZolaMorgan and Squire, 1985; Murray and Mishkin, 1986; ZolaMorgan and Squire, 1986; Zola-Morgan et al., 1989a; Meunier
et al., 1993; Zola-Morgan et al., 1993; Eacott et al., 1994), even
when damage to adjacent areas is minimal. Interestingly, one of
these studies even reported impaired performance with a zero
second retention delay (Eacott et al., 1994). Results from singleunit recording studies of monkeys (Miyashita and Chang, 1988;
Miller et al., 1993; Nakamura and Kubota, 1995; Suzuki et al.,
1997) complement the lesion evidence by demonstrating that
perirhinal and entorhinal neurons exhibit persistent, object-selective activity during retention delays in STM tasks—a putative
neural mechanism for active maintenance.
The role of the hippocampus in short-term memory may be
more restricted to situations that require representations of relaHippocampus

tionships between items and/or their context.viii Consistent
with this idea, patients with hippocampal amnesia have been
shown to exhibit impaired short-term memory for object-location associations (Ryan and Cohen, 2004; Hannula et al.,
2006; Olson et al., 2006b; Shrager et al., 2008), spatial layouts
(Hartley et al., 2007), and arbitrary face–scene relationships
(Hannula et al., 2006). Converging evidence has come from
fMRI studies showing hippocampal involvement in short-term
memory for object–location associations (Mitchell et al., 2000;
Piekema et al., 2006; Hannula and Ranganath, 2008). In one
such study, participants were scanned while performing a test
that required short-term memory for the locations of objects
on a 3 3 3 grid. On each trial, participants saw a 3d rendering
of four objects on the grid (see Fig. 7A). After an 11 second
delay, they were shown a test grid (‘‘probe’’) and asked to
decide whether the objects were in the same locations, if one of
the objects changed position (1 object–location binding
changed), or if the positions of two of the objects were
switched (2 object–location bindings changed). Critically, on
each trial, the test grid was rotated 908 from the original viewpoint, so participants could not base their decisions on overall
visual similarity. Results (Fig. 7B) showed that activity in the
hippocampus was predictive of accuracy on this working memory task. Furthermore, hippocampal activity during correct trials was parametrically related to the number of object–location
bindings that were preserved in the test probe. Hippocampal
activity was highest for matching test probes, less so for probes
in which 1 object–location binding was changed, and smallest
for probes in which 2 object–location bindings were changed.
Because both matching and nonmatching probe displays were
visually dissimilar to the display that had been encoded, the
ﬁndings suggest that hippocampal activity must have been sensitive to the relational match between the probe display and
what had previously been encoded. Thus, hippocampal activity
during short-term memory retrieval,ix as in long-term memory,
appears to reﬂect the formation and reactivation of item-context bindings.

viii
Much as the hippocampus can support long-term item recognition
based on recollection, the hippocampus could also support short-term
memory for items based on recollection and also by active maintenance
of a representation of the encoding episode.
ix
It may be worth noting that these effects happened during the retrieval
phase of each trial, rather than during maintenance. This brings up some
thorny semantic issues. Some people feel that ‘‘short-term’’ or ‘‘working
memory’’ should only refer to ‘‘activity-based’’ memory that persists across
memory delays rather than to ‘‘weight-based’’ changes in synaptic strength
that would produce phasic activity changes during retrieval. This view is
completely arbitrary. There are many forms of weight-based changes in
synaptic strength that have a very short time scale, and would be wellsuited to support short-term memory under conditions of high interference
(i.e., during ‘‘working memory tasks’’). In any case, such debates about
semantics miss the larger point. Persistent activity and synaptic plasticity
are phenomena that can be seen in any cortical area, including the areas in
the MTL (Ranganath and Blumenfeld, 2005; Postle, 2006). Thus, there is
no reason to believe that the MTL solely supports weight-based changes in
memory.
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FIGURE 7.
Hippocampal activation predicts accurate shortterm memory for spatial relations (Hannula and Ranganath,
2008). A: Example stimuli and relative timing of events on each
trial. In this task, participants maintained the locations of four
objects in a grid, and were tested with a rendering of the grid that
was rotated 908 clockwise. A ‘‘match’’ probe is shown in this example. B: Three examples of probe displays are shown. C: Hippocam-

pal activation during retrieval decisions was graded as a function
of display type; activity was greatest for correctly identiﬁed match
displays, followed by correctly rejected mismatch-position (in
which one item-location binding changed), correctly rejected mismatch-swap (in which two item-location bindings changed), and
ﬁnally incorrect trials.

Relevant to the ﬁndings described above, recent work indicates a role for the hippocampus in online construction of representations of scenes or episodes (Burgess et al., 2001; Buckner
and Carroll, 2007; Hassabis et al., 2007a; Schacter et al.,
2007). For instance, patients with hippocampal amnesia were
found to be impaired at constructing imagined experiences in
responses to verbal cues (Hassabis et al., 2007b). Furthermore,
hippocampal activation is increased during tasks that require
imagination of hypothetical future events (Addis et al., 2007,
2009). Summarizing this work, Schacter and Addis (2009) proposed that the hippocampus plays a critical role in constructing
simulations of hypothetical episodes as well as in reconstructing
elements of past episodes. They speculated that the involvement
of the hippocampus in episodic simulation may emerge from
its more basic role in the representation of arbitrary associations
between the elements of an event. Considered from the perspective of the BIC framework, episodic simulation involves

maintaining a representation of the elements of an event and
also placing them within a hypothetical context. Accordingly,
the hippocampus, through its role in binding item and context
information, may be involved in the active maintenance of hypothetical events, a process which is extensively and routinely
used to plan future behavior.
If short-term memory is dependent on the MTL, it is reasonable to suspect that the MTL also supports perception. For
instance, when viewing a complex scene, people typically move
their eyes to sample different regions of the scene, and the
acquired information must be integrated into a coherent on-line
representation. Thus, every time one makes an eye movement to
sample a different part of a scene, representations of objects and
their spatial context must be accessed and updated to provide a
stable perceptual experience (e.g., Hollingworth et al., 2001), and
perception in these situations probably relies on the MTL. Even
in situations where trans-saccadic integration is not required, the
Hippocampus
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MTL might still contribute. This is because, anatomically speaking, regions in the MTL are in a position to encode more integrative representations of the world, as compared with unimodal
cortical regions. For instance, whereas extrastriate regions may
represent visual objects in a viewpoint dependent manner (GrillSpector and Malach, 2001), the PRc might form viewpoint-independent object representations which also incorporate semantic
knowledge (Taylor et al., 2006) and reward value (Buckley and
Gaffan, 1998a; Liu and Richmond, 2000; Liu et al., 2004).
Thus, representations in the PRc could be more abstract than
those in extrastriate cortex, while at the same time incorporating
information which could differentiate stimuli whose low-level visual features are highly similar (Bussey and Saksida, 2002). Consistent with this idea, PRc damage has generally been shown to
impair performance on perceptual tasks that require highly differentiated object representations (Buckley and Gaffan, 1997; Buckley et al., 1997; Buckley and Gaffan, 1998b,c; Bussey et al.,
2002; Barense et al., 2005; Lee et al., 2005a,b,c, 2006a; Barense
et al., 2007) (but see also Buffalo et al., 2000; Stark and Squire,
2000), and PRc activation is correlated with performance on
such tasks (Lee et al., 2006b; O’Neil et al., 2009). Less is known
about the role of the hippocampus and PHc in perception, but
some evidence from human studies implicates these regions in
scene perception (Aguirre et al., 1998; Epstein and Kanwisher,
1998; Epstein et al., 1999; Lee et al., 2005b,c), which is consistent with the roles of these regions in representing context and
items-in-context respectively. Further work (Bar and Aminoff,
2003) indicates that the PHc might also contribute to the perception of objects that have a well-deﬁned semantic context (i.e.,
objects that tend to be seen only in certain kinds of situations,
like a microscope). Thus, the PHc might play a role in perception and memory that extends beyond scenes or spatial layouts
(Diana et al., 2008b; Preston et al., 2010). I will return to this
issue later in the article.

THINKING ABOUT THE MTL IN THE CONTEXT
OF EPISODIC MEMORY
The most signiﬁcant innovation of the BIC framework is its
emphasis on context as a key component of episodic memory,
and on the difference between items and contexts. The distinction between items and contexts cannot be easily distilled into a
simple dichotomy,x but it can be operationalized. Unfortunately,

x

The same could be said about any theoretically meaningful distinction
in psychology or neuroscience. For instance, even the distinction
between objects and spatial relations can be difﬁcult to deﬁne. Consider a swarm of bees. Intuitively, the bees are different objects residing
in different spatial locations. But if the bees are at a distance and
move in perfect coherence, a viewer might treat the swarm as a single
object. In other words, it is not trivial to distinguish between an object
(which is a spatial conﬁguration of features) and the spatial relations
between a series of objects. Of course, one can come up with principles to make such a distinction, just as I am proposing principles to
distinguish between items and contexts.
Hippocampus

TABLE 1.
Distinctions Between Items and Contexts in Practice and in Principle
Item
Typical examples
used in
experiments

Objects, faces,
words

Spatial/Temporal
Frequencies
Differentiation
Attentional status

High
High
Foreground, focus
of processing

Context
Spatial locations, scenes,xii
orienting tasks, background
colors, voices, emotional/
physical state,
semantic ‘‘gist’’
Low
Low
Background

neither our previous descriptions of the BIC model nor competing models of MTL organization have made it clear how to do
so. In human behavioral studies, context has been operationalized in a number of ways, including not only spatial location
but also less tangible variables such as cognitive, emotional, and
physical state. Reinstantiating any of these contextual variables
can facilitate memory for events that occurred in a similar context.xi For instance, recall is facilitated if one is in the same
room (Smith, 1979), in the same emotional state (Bower,
1981), or in the same intoxicated state (Goodwin et al., 1969)
during study and test. These ﬁndings suggest that when learning
a list of items, people naturally tend to associate each item with
a particular contextual state, which explains why reinstantiating
the study context facilitates recall of the associated items. Thus,
context, both spatial and nonspatial, is incidentally encoded as
an integral part of any episodic memory (Tulving, 1985).
Based on the behavioral research described above (and some
speculation), we can arrive at three principles to deﬁne contextual variables (see Table 1). One principle is that contextual
variables correspond to states or experiences that extend across
time and/or space. More precisely, context may disproportionately consist of information acquired at low spatial and temporal frequencies. For instance, when viewing a complex scene,

xi

Context-dependent retrieval effects are most pronounced in recall
tasks, in which one must reconstruct the past context in order to generate previously studied items. In contrast, because the items are
directly presented in recognition tests, reinstating a past context does
not help recognition as much as recall.
xii
In many studies, it is implicitly assumed that a scene is a spatial context. Scenes usually have a strong contextual element that is difﬁcult to
ignore, but the information that is encoded can sometimes depend
considerably on the content of the scene and how it is processed. For
instance, a picture of an empty room is likely to be viewed as a context, whereas a picture of four patrons sitting at a bar might be experienced as four items in a context, and a picture of the Statue of Liberty
set against the New York skyline might be viewed as an item (a picture
of a statue).
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context can be apprehended from the information carried in
low spatial frequencies (Bar, 2004). When exploring a novel
environment, context is acquired by gradually integrating
knowledge of one’s current movements and visual cues with information in the recent past. When reading, a semantic context
(or ‘‘gist’’) is gradually built up over the course of reading several sentences. A second principle is that items are differentiated from one another, whereas context is an integrated framework in which items may appear. Thus, one can simultaneously
process two items in the same context, but one cannot process
simultaneously process one item in multiple contexts.xiii The
third principle is that contextual information serves as the
background for current processing. That is, during the experience of an event, some information will be brought to the foreground for processing while other information will be relegated
to the background. Attentional selection probably serves to
dynamically bind foregrounded information into discrete item
representations (Treisman and Kanwisher, 1998), whereas backgrounded information may contribute to what is experienced as
the context. For example, in the Diana et al. (2010) experiment, the color of the background screen that was associated
with each word might normally be processed as a contextual
backdrop, but the color could be encoded as an item feature if
participants were oriented to process the color and item in a
bound manner.
The BIC model suggests a role for the PHc in context representation based on research suggesting that the PHc is critical
for remembering spatial contexts (Aguirre and D’Esposito,
1999; Bohbot et al., 2000; Nemanic et al., 2004), and that
PHc activation is also often correlated with successful recovery
of nonspatial contextual information (such as source memory
for the task that was used to encode a word) (Davachi et al.,
2003; Ranganath et al., 2003). Involvement of the PHc in
source memory (such as the task that was used to encode a
word) is consistent with a role in memory for ‘‘cognitive
context,’’ including task set and goal states (Cohen and
Servan-Schreiber, 1992). This information could be conveyed
to PHc via substantial inputs from the dorsolateral prefrontal
cortex (Petrides and Pandya, 1999). PHc activation is also
sensitive to certain kinds of semantic context, such as information about the kinds of situations in which a particular kind
of object might be encountered (Bar and Aminoff, 2003;
Aminoff et al., 2007, 2008; Bar et al., 2008). In addition, PHc
activation is higher for objects that have a history of repeated
co-occurrence with other objects than for objects that do not
(Aminoff et al., 2007).
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Although there is evidence that the PHc may support encoding and retrieval of both spatial and nonspatial context variables, this hypothesis needs to be more rigorously tested. The
principles described in Table 1 provide a starting point for testing a number of hypotheses. For instance, one could expect
that different patterns of MTL activation might be seen during
recollection, depending on whether an item cue elicits successful activation of the corresponding context or whether a context cue is used to elicit successful activation of an item.
Another testable prediction is that, during processing of a new
item, PHc activity could be modulated as a function of the familiarity of the context. One could also use decoding or classiﬁcation techniques on FMRI or intracranial electroencephalography data to examine the kinds of information incorporated
in PHc representations (e.g., Diana et al., 2008b). I would
expect that PHc activity should carry information about spatial
and nonspatial context, including the semantic gist of recently
processed items (Sederberg et al., 2008) and the currently
active task context (Polyn et al., 2009). I also expect that information about attentionally backgrounded information would
be carried to a greater extent in PHc than in PRc activity.
Substantial evidence also suggests that the hippocampus may
be critical for remembering contexts (O’keefe and Nadel, 1978;
Smith and Mizumori, 2006; Polyn and Kahana, 2008). This
idea is not at odds with the BIC framework, which proposes
that the hippocampus receives and integrates information about
context from the PHc, but it begs the question of how contextual representation differs between the two regions. To extend
the framework I have presented so far, I propose that the PHc
may be encoding different contextual dimensions separately
(e.g., space, task set, semantic gist), and that the EC and hippocampus serve to integrate these different dimensions to arrive at
a more precise, multi-dimensional representation of current context with respect to space, time, and other nonspatial contextual
variables (along with item information conveyed by PRc). This
idea is consistent with evidence from a number of studies of spatial navigation. For instance, the PHc has been shown to encode
spatial context in a relatively global sense, such as the room that
someone is in (Hassabis et al., 2009) or general position relative
to a salient landmark (Aguirre et al., 1998; Ekstrom et al.,
2003; Janzen and van Turennout, 2004; Ekstrom and Bookheimer, 2007; Janzen et al., 2007), and ‘‘grid cells’’ in the medial
EC (which integrates inputs from the PHcxiv) provide a systematic map of spatial contexts (Fyhn et al., 2004). In contrast, the
hippocampus appears to specify position within a particular spatial context (O’Keefe and Dostrovsky, 1971; Ekstrom et al.,
2003; Hassabis et al., 2009) or temporal sequence (Ekstrom and
Bookheimer, 2007; Manns et al., 2007; Pastalkova et al., 2008;

xiii

One can experience different contextual dimensions at the same
time, but one cannot experience different points along a single contextual
dimension at the same time. For instance one can be happy (emotional
context) while sitting in the backyard (spatial context). However, most
people do not experience multiple emotional states or feel as if they are
residing in multiple locations at the same time (quantum mechanics
notwithstanding).

xiv

Technically, because this is in reference to the rodent brain, it is more
accurate to say that the dorsomedial EC receives substantial input from
the postrhinal cortex. In general, researchers treat the postrhinal cortex
as comparable to PHc (Amaral, 1999; Burwell, 2000). I therefore chose
to stick with PHc to minimize confusion for nonspecialists.
Hippocampus
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Tubridy and Davachi, in press; Jenkins and Ranganath, in press).
Hippocampal activity also appears to reﬂect information about
items (Wood et al., 1999; Kreiman et al., 2000; Viskontas et al.,
2006) and conjunctions of item, spatial, and nonspatial context
information (Wood et al., 2000; Komorowski et al., 2009;
Manns and Eichenbaum, 2009). These ﬁndings are consistent
with the idea that contextual representation may be more precise
in the hippocampus than in the PHc, but more research is
needed to directly test this conjecture.

COMPARISON BETWEEN BIC AND OTHER
MODELS IN THIS SPECIAL ISSUE
Because BIC is a framework that attempts to explain MTL
function across different levels of analysis and research
domains, the model shares many features with other models
that have been proposed. For instance, as noted earlier, BIC,
like the two-component models described in this special issue
(e.g., Brown et al., this issue; Norman, this issue; Yonelinas
et al., this issue), can explain dissociations between the roles of
the hippocampus and PRc in contextual recollection and familiarity-based item recognition, and the explanations are largely
compatible with one another. The differences amongst these
two-component models lie primarily in the questions they are
oriented towards (physiology/lesion studies in animal models vs.
computational considerations vs. behavioral dissociations and
human amnesia research). BIC differs from these models in that
it emphasizes separate roles for the PHc and PRc in episodic
memory. BIC also emphasizes information content as the source
of differences between MTL subregions, whereas the other models place greater emphasis on process-related differences and/or
subjective mnemonic experiences. In this regard, the BIC
modelxv has more in common with the models proposed by
Montaldi and Mayes (this issue) and Henson and Gagnepain
(this issue). Shimamura (this issue) and Cowell et al. (this issue),
propose that different MTL subregions differ in terms of supporting relatively weak versus strong memories. This view would
seem to suggest that PHc and PRc should support weaker mem-

xv

Cowell et al. eschew the recollection/familiarity process distinction
and claim that their model is more consistent with the idea that different MTL subregions support strong vs. weak memories. However,
Cowell et al. appear to share my view that recollection and familiarity
are typically associated with the availability of different kinds of information. Cowell et al. imply that familiarity is usually related to activation of item/object representations and that recollection is related to
activation of item/context bindings. If this is to be taken seriously,
then they should agree that one cannot make predictions about the
relative contributions of different MTL subregions to item recognition
tasks unless one can estimate the relative inﬂuences of recollection and
familiarity processes. As noted earlier, dissociations in MTL contributions to recollection vs. familiarity have turned out to be one of the
most consistent sources of evidence for functional heterogeneity in the
human MTL.
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ories and that the strongest memories would recruit the hippocampus, which is at odds with the BIC model. As noted earlier,
PHc activity is often associated with contextual recollection (Diana et al., 2007; Eichenbaum et al., 2007), and in general, activity patterns of different MTL subregions differ in ways that
cannot easily be explained in terms of memory strength (Staresina and Davachi, 2006, 2008; Cohn et al., 2009; Diana et al.,
2010).
BIC is neutral about some issues that are at the heart of
some other models. For instance, Cowell et al. and Norman
fundamentally disagree about whether the hippocampus and
PRc differ more in terms of computational process (pattern
completion vs. global matching) or in terms of information
content (objects vs. spatial). Norman’s CLS account is more
consistent with the dearth of evidence linking the hippocampus
to item familiarity (Brown et al., this issue; Yonelinas et al.,
this issue) and with the fact that hippocampal activity usually
does not covary in a graded manner with recognition conﬁdence, as has been shown for PRc (Ranganath et al., 2003;
Montaldi et al., 2006; Kirwan et al., 2008). In addition, the
CLS model can explain a range of behavioral data (Norman
and O’Reilly, 2003; Norman et al., 2005; Elfman et al., 2008;
Norman et al., 2008; Migo et al., 2009). Cowell et al.’s model
can better explain evidence implicating the PRc in perceptual
discriminations (Bussey et al., 2002) and its emphasis on information content as a key factor in the functional organization of
the MTL is more consistent with the perspective presented
here.
Other papers in the special issue also presented novel ideas
that are potentially compatible with the BIC framework. For
instance, Henson and Gagnepain emphasize the importance of
predictive coding in explaining MTL activation across a variety of tasks. Montaldi and Mayes emphasize that the PRc can
support memory for associations between items from the same
domain, and they distinguish between familiarity for items
and familiarity for inter-item associations. These ideas are
innovative, and more research will be needed to assess their
viability.
Finally, it is difﬁcult to compare the BIC framework with the
contribution of Wixted and Squire (this issue), because they do
not propose a model of MTL organization. Instead, they argue
that: (1) recollection is a continuous process, (2) most fMRI
and lesion experiments of recognition memory rely on the
assumption that recollection is categorical, and (3) results from
these studies are uninterpretable because they confound memory
strength with the recollection/familiarity distinction. As noted
earlier, dissociations in imaging studies between different MTL
subregions can be interpreted even if one does not believe that
recollection is a categorical process (e.g., Mitchell and Johnson,
2009). Furthermore, activity patterns in MTL subregions do
not reliably covary with memory strength, so one cannot explain
previously reported dissociations in terms of a memory strength
confound (Staresina and Davachi, 2006, 2008; Cohn et al.,
2009; Staresina and Davachi, 2009; Diana et al., 2010). Finally,
the measurement approaches that they advocate rely on a number of assumptions, the most problematic of which is that
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source recognition is a process pure and complete measure of
recollection.xvi
The more signiﬁcant problem with Wixted and Squire’s contribution is that, although they clearly eschew the idea that the
recollection/familiarity distinction can explain functional differences between MTL subregions, they fail to articulate a testable
theoretical account to explain the functional organization of the
MTL. Although they cite Squire et al. (2007) as a source of
promising ‘‘alternative ideas about the functional organization
of the MTL,’’ the cited paper does not propose a theory. This
is a signiﬁcant problem because even if one adopts a relatively
neutral stance on the recollection/familiarity distinction, there
is still clear evidence for functional distinctions between MTL
subregions that necessitates some sort of theoretical account.
Squire et al. (2007) acknowledged such evidence but only concluded that, ‘‘What these differences imply about the functional
organization of the medial temporal lobe is not yet clear’’
(p.881). From a scientiﬁc perspective, few would argue that it
is preferable to proceed with no theory than one that is imperfect or incomplete. Accordingly, until Wixted and Squire propose a testable theory that can provide a better account of the
evidence than the theories described in this special issue, their
arguments are of limited use in advancing our understanding
of the functional organization of the MTL.

LIMITATIONS OF THE MOST EXISTING
MODELS
There are several important issues that have not been
addressed by BIC or by most other models of the functional organization of the MTL. Perhaps, the most signiﬁcant of these
issues is the role of the MTL in memory ‘‘systems consolidation.’’ One of the most inﬂuential ideas to come from early
studies of amnesic patients was that the MTL only plays a temporary role in memory storage (Squire, 2009). A logical reﬁnement of this view is that, through cortico-hippocampal interaction, associations among neocortical representations become sufﬁciently strengthened so that the hippocampus is no longer
required to support recovery of the elements of a remote event
(Paller, 1997). An alternative account has been that the hippoxvi

Although they have claimed to demonstrate that hippocampal activity is sensitive to familiarity, Wixted et al. have not shown that hippocampal activation is sensitive to experimental manipulations of familiarity. Instead, their evidence (e.g., Wais et al., 2010) relies on the
assumption that if one fails to accurately remember a particular detail
about a recognized item, then the item must have been recognized
solely on the basis of familiarity. This assumption hinges on the
unstated premise that recollection is an all-or-none process that is perfectly measured by source memory accuracy, which seems to contradict
their assertion that recollection is continuous. In fact, paradigms like
the one used by Wais et al. (2010) are only feasible if item recognition
accuracy is near ceiling, and in this event it is likely that one will recollect something about a successfully recognized item even if the corresponding source judgment is incorrect.
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campus is always necessary for spatial or episodic memory,
although cortico-hippocampal interactions play an important
role in consolidation of semantic information in neocortex
(Nadel et al., 2000). Although this is an important, and currently unresolved debate, systems consolidation has generally
been treated separately from theoretical accounts of the functional organization of MTL subregions. For instance, when
researchers refer to the ‘‘neocortex’’ in systems consolidation theories (McClelland et al., 1995), it is not clear whether they are
referring to the parahippocampal region or to neocortical
regions outside of the ‘‘MTL memory system.’’ This is a potentially important issue because if the parahippocampal region is
the site of ‘‘consolidated’’ episodic memories (e.g., direct connections between PRc and PHc developed through interactions
with the hippocampus), one might expect unusual patterns of
retrograde amnesia following damage to these regions (Kapur,
1993) that would differ from what would occur following hippocampal damage. A comprehensive account of MTL function
will therefore have to incorporate both anatomical speciﬁcity
and statements about the relative roles of these subregions in
systems consolidation.
Another issue that requires further development is the role
of the EC in human episodic memory. A central challenge in
addressing this issue is that, in most fMRI studies, substantial
magnetic ﬁeld inhomogeneity artifacts complicate localization
and interpretation of activity in the EC. There are also basic
questions about the anatomical organization of the EC that
need to be addressed. For instance, it is unclear whether the
human EC can be subdivided into regions that preferentially
receive input from the PRc or PHc, as has been shown in
rodents (Witter et al., 2000b; Hargreaves et al., 2005; Kerr
et al., 2007). Even if this is the case, it is not clear whether
what goes on in medial and lateral EC should be viewed as an
extension of what is processed by the PHc and PRc, or whether
there is an added level of information processing and integration in the EC. The latter seems likely (Witter et al., 2000c),
but there has been little attention given to this question.
The BIC model, like most models of the functional organization of the MTL, treats the hippocampus as a functional unit.
It will be important to incorporate more detail about the roles
of different hippocampal subﬁelds (dentate gyrus, CA1, CA3,
and subiculum). Some insights into this issue have come from
precise lesion studies (Kesner, 2003), single-unit recording studies (Leutgeb et al., 2004; Knierim et al., 2006; Leutgeb et al.,
2007), and immediate early gene imaging studies (Vann et al.,
2000) in rats. High-resolution FMRI studies have provided
interesting insights into the functions of different hippocampal
subﬁelds in humans (e.g., Zeineh et al., 2000, 2003; Kirwan
et al., 2007; Bakker et al., 2008; Olsen et al., 2009; Preston
et al., 2010), although a consistent picture has not yet emerged
from this research (Carr et al., 2010).
Another important issue that has not been addressed by most
models (but see Aggleton and Brown, 2006) is the role of subcortical connections to the hippocampus. It is clear that the anterior and mediodorsal thalamic nuclei (Aggleton and Mishkin,
Hippocampus
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1983) and mamillary bodies (Aggleton and Mishkin, 1985; Tsivilis et al., 2008) play a critical role in memory processes, but
the contributions of these areas, along with other subcortical
regions is unclear. In addition, dopaminergic (Lisman and Grace,
2005) and cholinergic (Hasselmo, 1999; Ranganath and Rainer,
2003) inputs probably play critical roles in modulating plasticity
in the MTL, but further work needs to be done in this area.
Finally, to pick up a point made earlier in this article, recollective experience depends on interactions between the MTL
and other neocortical areas (Hannula and Ranganath, 2009).
Conscious recollection probably involves the synchronous reactivation of networks that are distributed across the disparate neocortical areas that participated in the original memory experience (Johnson et al., 2009). Virtually nothing is known about
how this occurs, but at least there is some knowledge about the
different cortical areas that may be involved in coordinating the
activation of these networks. One such area is the prefrontal
cortex, which is widely believed to play a critical role in cognitive control processes that regulate the processing of information
during encoding and retrieval. During encoding, lateral prefrontal areas probably contribute to the selection of task-relevant information and the implementation of strategies to ﬁnd associations amongst items that are currently being processed (Wagner,
1999; Blumenfeld and Ranganath, 2007; Ranganath and Blumenfeld, 2008). During retrieval, prefrontal areas play a role in
orienting and constraining the retrieval process (Rugg and
Wilding, 2000; Ranganath and Blumenfeld, 2008) to maximize
the likelihood of recovering goal-relevant information that can
guide decisions and actions. Furthermore, prefrontal areas play
a critical role in resolving interference and initiating strategies to
facilitate retrieval (Stuss and Benson, 1984; Buckner et al.,
1999; Wagner, 1999; Shimamura, 2000; Ranganath and Blumenfeld, 2008). For all of these reasons, one would expect the
prefrontal cortex to contribute to episodic memory functioning.
In addition to the prefrontal cortex, results from functional
imaging studies have shown regions in the retrosplenial cortex
and medial and lateral parietal cortex show large increases in activity during recollection of past events. The retrosplenial cortex
is heavily interconnected with regions in the MTL (Kobayashi
and Amaral, 2003; Kerr et al., 2007), and damage to this region
causes amnesia (Valenstein et al., 1987), but little has been done
to functionally characterize the role of this region in memory
(Vann et al., 2009a). In contrast, the role of parietal cortex in
memory processes has received considerable attention recently
(Wagner et al., 2005; Cabeza et al., 2008; Vilberg and Rugg,
2008; Hutchinson et al., 2009; Uncapher and Wagner, 2009).
Activity in left ventrolateral parietal cortex, for instance, has
been reliably associated with recollection in numerous FMRI
studies (Vilberg and Rugg, 2008). Although patients with parietal lobe lesions do not seem to have signiﬁcant deﬁcits in
memory for past events (Ally et al., 2008; Simons et al.,
2008), some evidence suggests that they lack the experience of
conscious recollection (Davidson et al., 2008; Berryhill et al.,
2010; Simons et al., 2010). It is possible that, during retrieval,
lateral parietal areas play a role in dynamic binding of reactivated neocortical representations, which in turn is related to
Hippocampus

the experience of recollection (Vilberg and Rugg, 2008). A
related idea is that lateral parietal areas drive shifts of attention
to recovered information about past episodes in a manner that
is analogous to how other parietal areas contribute to attentional capture by external events (Cabeza et al., 2008). Both of
these accounts suggest a role for the parietal cortex in coordinating the activation of neocortical representations during retrieval, and this process might be critical for the experience of
conscious recollection.

LOOKING TO THE FUTURE
In science, as in politics, ﬁerce debates usually attract a great
deal of attention, but at the expense of polarizing the various
sides and shifting focus away from the most signiﬁcant issues
that are at stake. In this debate, the important question is
whether it is feasible or appropriate to pose uniﬁed models to
explain memory at neural, functional, and phenomenological
levels of analysis. Over the past 4 decades, we have accumulated a critical mass of data about the neurocognitive processes
that support episodic memory, only a fraction of which has
been reviewed here. Given our current knowledge about the
mind and brain of episodic memory, we can no longer be satisﬁed with descriptive behavioral measurement models (Dunn,
2004; Wixted, 2007) and taxonomies of brain systems (Squire
and Zola, 1996; Squire, 2004). It is appropriate at this point
to develop and test theories about episodic memory, and furthermore, it would be scientiﬁcally irresponsible to proceed
without reference to such theories.
Although there is not universal agreement on the best model,
theory, or computational framework, I suspect that readers will
ﬁnd a good deal of common ground among many of the theories presented in this issue. This common ground can be seen as
an indication of the progress we have made in understanding
the neural basis of memory processes. The differences among
the models are just as important, if not more so. Some differences correspond to a preferred level of description or a particular
body of research that is to be explained, and others correspond
to issues that cut across domains. Reconciling the differences
amongst these models and testing their competing predictions
may eventually lead to the development of a uniﬁed framework
to explain memory at the neural, functional, and phenomenological levels. In that spirit, even if future studies falsify some of
the predictions made here, the results will reveal new and important insights into the mechanisms of episodic memory.
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